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experimental results obtained by Volvo are used to validate the simulations. For different operating conditions, longitudinal and transverse modes are observed in Large Eddy Simulations (LES) and show good agreement with the experimental data in terms of pressure frequency and flow dynamics. In a second step, a semi-industrial case is examined within the European project KIAI. Experiments are conducted by ONERA and LES of this two-phase flow configuration (called Lotar) are carried out. Transverse combustion instabilities are analyzed and key elements which drive instabilities are identified. These observations are used to reformulate the classic Flame Transfer Function (FTF) in order to predict the stability of transverse modes by use of an Helmholtz solver. The results reproduce fairly well the stability map generated by LES.

Résumé

Dans cette thèse les instabilités de combustion sont étudièes sur deux types de configuration. Tout d'abord, un cas académique stabilisé par un dièdre (Volvo) est étudié.

Les simulations sont validées par comparaison avec les données expérimentales. En faisant varier le point de fonctionnement, des modes transverses et longitudinaux sont observés, en bon accord avec les données expérimentales en termes de fréquence des fluctuations de pression et de la dynamique de l'ecoulement. Dans un second temps, une configuration proche des cas industriels a été étudiée dans le cadre du projet européen KIAI (Lotar). Les données expérimentales ont été obtenues lors d'une campagne d'essais à l'ONERA. Plusieurs simulations aux grandes échelles sont conduites sur cette configuration. Les instabilités transverses de combustion sont analysées et les mécanismes essentiels qui les pilotent sont identifiés. Sur la base de ces observations, la forme du modèle à Fonction de Transfert de Flamme est modifiée et associée à un solveur de Helmholtz pour prédire la stabilité des modes transverses. Les résultats obtenus par le solveur acoustique sont en bon accord avec la carte de stabilité obtenue par la simulation aux grandes échelles.
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In nature, the main form of motion is oscillation. It is present everywhere: a demonstrative example is the heart. It pumps blood through the body with every heartbeat.

The beat frequency depends on the breathing rhythm and is harmonic in time, even if the frequency can change. An other example are the planets in the solar system, which periodically travel on their circular orbit. Similar illustrations can be given, where the origin of the oscillation is induced by an external force, e.g. energy level changes of an atom or a strummed guitar string. They are also present in technical systems, either wanted or unwanted: the pendulum clock, where a periodically swinging weight ensures the correct time indication is an example of useful oscillation while vibrating airplane wings (called buffeting) are a significant danger for aircrafts when they leave their flight
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Figure 1.1: Left: The sun as an acoustic cavity: mode pattern [START_REF] Tong | Imaging sunspots using helioseismic methods[END_REF]. Right: Fundamental mode of a guitar [START_REF] Richardson | Guitar making-the acoustician's tale[END_REF].

operation domain [START_REF] Torenbeek | Synthesis of subsonic airplane design: an introduction to the preliminary design of subsonic general aviation and transport aircraft, with emphasis on layout, aerodynamic design, propulsion and performance[END_REF][START_REF] Torenbeek | Advanced Aircraft Design: Conceptual Design[END_REF]. In the latter case, the aerodynamic oscillation frequency (shock waves or boundary layer separation) corresponds to the resonant frequency of the frame structure which leads to its excitation [START_REF] Fung | An introduction to the theory of aeroelasticity[END_REF][START_REF] Schlichting | Aerodynamik des Flugzeuges[END_REF]: the wing is a resonator [START_REF] Filippi | Acoustics: basic physics, theory, and methods[END_REF][START_REF] Kinsler | Fundamental of Acoustics[END_REF].

A system, which is oscillating at its natural frequency is called resonator. Examples are music instruments like an organ pipe or the sun which acts as an acoustic cavity: acoustic waves resonating in the interior of the sun are studied in helioseismology (Fig. 1.1 left) where oscillation periods range from 90 s to 20 min [START_REF] Gough | Seismic observations of the solar interior[END_REF]. In other cases, its not the entire system but rather a cavity that resonates: Schumann resonances can be measured for the zone between earth surface and the upper atmosphere (called ionosphere) induced by lightning discharges [START_REF] Nickolaenko | Resonances in the Earth-ionosphere cavity[END_REF]. Due to the large perimeters, the electromagnetic resonance frequencies are low (around 8 Hz), depending on environmental characteristics (changes of weather, daytime, etc.). The oscillation frequency of a resonator is referred to as natural frequency or normal mode. These modes follow a specific pattern (Fig. 1.1) and depend on the system geometry, its boundary conditions and inhomogeneities of the medium inside the system.

In real systems, the excitation of natural frequencies is undesired as exemplified by the buffeting phenomenon: the energy induced by unsteady aerodynamics feeds the resonance, the oscillation amplitudes can grow and lead to damage or destruction. This phenomena is also a problem in rocket engines or gas turbines and is known as combustion instabilities. Combustion constitutes a specific case in the world of instabilities:

1.1 Oscillations, modes and instabilities of dynamic systems Figure 1.2: Burner configuration. Left: New system. Right: Damages caused by combustion instabilities [START_REF] Huang | Dynamics and stability of lean-premixed swirl-stabilized combustion[END_REF].

because most combustion systems exhibit very high power densities (in the order of GW/m 3 ), any oscillation can lead to dramatic consequences. Since most real flames are turbulent, triggering at all frequencies between integral and Kolmogorov scales due to turbulent eddies can excite resonant chamber modes, leading to catastrophic consequences. Figure 1.2 shows the ability of these modes in destroying a combustor. The mechanism leading to instabilities in flames can be observed in the simplest example The Rijke tube configuration adopted from Feldman [START_REF] Feldman | Review of the literature on rijke thermoacoustic phenomena[END_REF]. Right: Temporal evolution of pressure oscillations measured in an experimental configuration of the Rijke tube [START_REF] Moeck | Analysis, modeling, and control of thermoacoustic instabilities[END_REF].
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of a tube with a heat source (Fig. 1.3): the Rijke tube. Experiments were conducted by Rijke [START_REF] Rijke | Notice of a new method of causing a vibration of the air contained in a tube open at both ends[END_REF][START_REF] Rijke | Notiz uber eine neue art, die in einer an beiden enden offenen rohre enthaltene luft in schwingungen zu ersetzen[END_REF] where sound was generated when the position of the heater grid has been placed at the lower half of the tube. Maximum oscillation amplitudes were observed, when the grid was located one quarter of the entire length from the tube bottom. This event is referred to as thermoacoustic instabilities. Since then, research has focused on various Rijke tube arrangements [START_REF] Feldman | Review of the literature on rijke thermoacoustic phenomena[END_REF][START_REF] Raun | A review of Rijke tubes, Rijke burners and related devices[END_REF] and most studies concentrated on low-frequency oscillations which propagate along flow direction, called longitudinal modes. In some cases, however, high-frequency transverse modes are excited and pressure oscillations propagate between the lateral walls perpendicular to the flow direction.

The study of transverse modes started in the early 1950s because of screech in afterburners or high-frequency modes in rockets and is still an active research topic today for rocket engines but also for gas turbines.

This works focuses on the simulation, prediction and understanding of feedback mechanisms of longitudinal and transverse modes in gas-turbine like configurations. Section 1.2 presents the main characteristics, driving mechanisms and control of combustion instabilities. Section 1.3 discusses the phenomenological differences between longitudinal and transverse modes. Section 1.4 describes the organization of the thesis.

Combustion instabilities: Fundamentals and challenges 1.2.1 Occurrence and causes

Today, combustion is the main energy source covering the fields of power generation (gas turbines, industrial furnaces or heating systems) and propulsion (rocket engines, ramjets, afterburner, jet-propulsion engines) [337]. Combustion processes can be influenced by combustion instabilities: oscillations can grow up to large amplitude pressure fluctuations which cause inefficient fuel consumption and high level of acoustic noise.

Besides, the heat transfer on the combustor walls is enhanced so that thermal stresses are increased and in extreme cases they can destroy the combustion chamber [236,[START_REF] Williams | Combustion Theory[END_REF].

These effects are related to high cost in maintenance and (in worst cases) redevelopment [START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF]. Combustion instabilities result from an interaction of acoustic field, flame perturbation and natural acoustic mode of the combustor. Oscillations are caused e.g. by entropy waves or vortices generated due to flame dynamics [START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF][START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF][START_REF] Motheau | Mixed acoustic-entropy combustion instabilities in gas turbines[END_REF]. They are convected downstream the combustion zone, impinge on a wall or turbine blade and 1.2 Combustion instabilities: Fundamentals and challenges are reflected upstream as acoustic waves. This excites another wave or vortex and this process leads to instability if proper gain and phase conditions are satisfied (Fig. 1.4).

The Rayleigh criterion [START_REF] Rayleigh | The theory of sound[END_REF] can be derived by constructing an evolution equation for acoustic energy E = ( 1 2 ρu 2 + 1 2ρc 2 p 2 )dV as done by many authors [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF]236]:

∂E ∂t + ∇(p u ) = γ -1 γp 0 p q (1.1)
so that a condition for energy transmission from combustion process to the acoustic field is:

T p q dt ≥ 0 (1.2)
The left hand side of Eq. (1.2) is greater than zero when the phase between p and q is less then π/2 so that energy is added to the acoustic field. Energy can also be removed if the phase is larger then π/2. However, knowledge about added or removed energy to the acoustic field at a given time and a given point is not a sufficient condition for detecting combustion instability. This can be done by averaging over the whole chamber and taking the acoustic energy losses L i into account [START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF]:

V T p q dtdV ≥ V T L i dtdV. (1.3)
Losses by viscous dissipation or outgoing acoustic energy (through inlets and outlets) are considered as damping. Equation (1.3) shows that if the left hand side (energy addition) is greater then the damping term on the right hand side, instabilities will occur.

Figure 1.4: Feedback loop leading to resonant combustion instabilities [START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF] 1. INTRODUCTION Figure 1.5: Pressure oscillation growth from linear regime to limit-cycles [START_REF] Poinsot | Suppression of combustion instabilities by active control[END_REF] The Rayleigh criterion is often used for combustion instability analysis but it is not necessarily the correct criterion. For example, a related criterion is proposed by Nicoud & Poinsot [START_REF] Nicoud | Thermoacoustic instabilities: should the rayleigh criterion be extended to include entropy changes ?[END_REF] where non-isentropic flows are considered and an energy including entropy fluctuations is used to derive stability criteria. Following [START_REF] Chu | On the energy transfer to small disturbances in fluid flow (part i)[END_REF], they show that the proper energy needed to define a stability criterion is not 1 2 ρu 2 + 1 2ρc 2 p 2 , but an energy including also entropy fluctuations so that a different criterion is obtained where instabilities occur when fluctuations of temperature and heat release are in phase: T T q dt ≥ 0 (1.4) This criterion differs from the Rayleigh criterion where pressure and heat release fluctuations have to be in phase for instability to grow. In practice, the classical Rayleigh criterion is still used by many authors even though it seems to be incomplete.

The onset of oscillations is a consequence of linear instability. The initial steady state where no oscillations are present is an unstable equilibrium point. Even small perturbations cause an exponential growth of oscillation amplitudes and energy is added to the acoustic field. This region is indicated as the linear zone in Fig. 1.5. After an overshoot, oscillation amplitudes are periodic and constant, showing that a limit-cycle is attained. The energy gain at this state is compensated by the losses through boundaries and of the system itself due to dissipation. A stable limit-cycle is characterized by a well-defined frequency and amplitude indicating that the heat release response is saturated.

1.2 Combustion instabilities: Fundamentals and challenges

Driving and damping mechanisms

The interaction between heat release oscillations, acoustics and velocity disturbances can feed the instability process. Driving mechanisms can be illustrated by examining a swirled combustion chamber (Fig. 1.6). The oxidizer is entering the first section from the left where it mixes with liquid fuel and burns finally in the second section, the combustion chamber. This example illustrates different sources of instability driving mechanisms which will be summarized briefly.

The most obvious cause for instability is flame surface variations due to flow rate oscillations induced by pressure fluctuations. The variation of the flame area is directly linked to the burning rate and thus to heat release fluctuations. This phenomenon has been widely observed [START_REF] Lee | Experimental diagnostics for the study of combustion instabilities in lean premixed combustors[END_REF][START_REF] Marble | An analytical study of the nonsteady behavior of large combustors[END_REF][START_REF] Reuter | Flowfield measurements in an unstable ramjet burner[END_REF][START_REF] Schuller | Dynamics of and noise radiated by a perturbed impinging premixed jet flame[END_REF][START_REF] Straub | Effect of fuel nozzle configuration on premix combustion dynamics[END_REF] e.g. Venkataraman et al. [START_REF] Venkataraman | Mechanism of combustion instability in a lean premixed dump combustor[END_REF] investigated experimentally a coaxial dump combustor and concluded that flame area changes due to flame-flow field interactions drive the instability. Similar observations were made by Reuter et al. [START_REF] Reuter | Flowfield measurements in an unstable ramjet burner[END_REF] studying a ramjet burner. The flame surface is modulated periodically by unsteady vortex shedding at the flame holder and hence unsteady heat release driving instability.

Vortex shedding appears in many combustion systems when shear layers between different densities are built. Due to the mixing process, vortices are generated and shed

.6: Driving mechanisms of combustion instabilities in swirling systems [START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF] 1. INTRODUCTION Figure 1.7: Schematic process of vortex shedding [START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF] in consequence of Kelvin-Helmholtz instability [START_REF] Charru | Hydrodynamic Instabilities[END_REF] (Fig. 1.7). Vortices play a major role in almost all combustion instabilities. Rogers & Marble [START_REF] Rogers | A mechanism for high frequency oscillations in ramjet combustors and afterburners[END_REF] studied a ramjet combustor exhibiting high-frequency oscillations (also known as screech) and observed a transverse mode, generating transverse velocities which excited vortices in the shear layer. These vortices included unburnt gases so that after a time delay they burnt in the hot gases region and pressure waves were produced. The pressure waves in turn excited the modes of the chamber closing the feedback loop. Shonerd [START_REF] Shonerd | Studies of flame-front oscillations[END_REF] studied a flame stabilized on a rod and showed that the vortices shed at the flame rod at the same frequency as the longitudinal mode of the system. The review of Byrne [START_REF] Byrne | Longitudinal pressure oscillations in ramjet combustors[END_REF] compares several experimental observations of combustion instability due to vortex shedding.

Smith & Zukoski [START_REF] Smith | Combustion instability sustained by unsteady vortex combustion[END_REF] show that vortex shedding is responsible for the unsteady heat release which drives the instability. Poinsot et al. [START_REF] Poinsot | Vortex driven acoustically coupled combustion instabilities[END_REF] studied longitudinal modes in a multiple inlet dump combustor experimentally. The global Rayleigh criterion was verified and it was demonstrated that longitudinal modes were vortex-driven and vortex shedding appeared in phase with fluctuations of the acoustic velocity. Similar observations in more complex configurations are reported by Paschereit et al. [START_REF] Paschereit | Structure and control of thermoacoustic instabilities in a gas-turbine combustor[END_REF] where unstable acoustic modes in a low-emission swirl stabilized combustor are excited due to flow instabilities. More examples can be found in the review of Candel [START_REF] Candel | Combustion instabilities coupled by pressure waves and their active control[END_REF].

Another key parameter of heat release oscillations are equivalence ratio fluctuations.

These fluctuations can be generated either from insufficient mixing of fuel and air in combustor fueled by liquid ethanol. The amplification of the first three longitudinal chamber modes was observed by using certain frequencies for periodic atomization: it was demonstrated that continuous atomization did not exceed the theoretical amplitude limit for driving instabilities although the highest amplitude was attained with a single droplet size distribution. As a consequence, a wide droplet distribution leads to lower response amplitudes. However, periodic atomization exceeded the theoretical limit and was clearly identified as an instability forcing mechanism.

As stated in Eq. (1.3) acoustic energy losses can inhibit combustion instabilities if they overweight the acoustic energy gain. Figure 1.9 shows schematically where acoustic losses are encountered in combustion chambers [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF]. A certain amount of energy loss 1.2 Combustion instabilities: Fundamentals and challenges is always present at system boundaries. The simplest case is the propagation of acoustic waves out of the system. The sound energy can also be convected out of the domain by fluid dynamics and the Mach number is a important control parameter for these losses [START_REF] Motheau | Accounting for mean flow effects in a zero-mach number thermo-acoustic solver: Application to entropy induced combustion instabilities[END_REF][START_REF] Wieczorek | Numerical study of mach number effects on combustion instability[END_REF]. Ingard & Singhal [START_REF] Ingard | Effect of flow on the acoustic resonances of an open-ended duct[END_REF] Acoustic energy is also dissipated in the boundary layer [START_REF] Batchelor | An introduction to fluid dynamics[END_REF][START_REF] Pierce | Acoustics: an introduction to its physical principles and applications[END_REF][START_REF] Searby | Prediction of the efficiency of acoustic damping cavities[END_REF]. The zero-velocity and non-fluctuating temperature condition at walls transform impinging acoustic waves into vorticity or entropy fluctuations. Hence, the reflected acoustic wave magnitude is smaller than the incident one due to energy conversion [START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF]. Furthermore, any acoustic wave propagating along a solid surface induces an unsteady boundary layer dissipation which damps the acoustic energy [START_REF] Munjal | Acoustics of Ducts and Mufflers[END_REF]. This dissipation is given by [START_REF] Searby | A lightweight hybrid method to estimate the linear acoustic damping of arbitrarily complex geometries[END_REF]:

dE S dt = 1 2 ρνu 2 ων 2 (1.5)
This dissipation rate of energy per surface unit (E S ) depends on the kinematic viscosity ν, the velocity fluctuation parallel to the wall u and the pulsation frequency ω. The dissipation rate depends on the oscillation frequency and is small for low-frequency fluctuations. Other types of losses are due to flow separation and convection. Scattering of acoustic energy can be understood as a distribution of energy on different frequencies, e.g. in non-linear processes of combustion instabilities, a certain chamber mode f 0 is excited and also its harmonics 2f 0 , 3f 0 [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF].

The effect of damping by the liquid phase was studied by Marble & Candel [START_REF] Marble | Acoustic attenuation in fans and ducts by vaporization of liquid droplets[END_REF]: they investigated analytically the acoustic attenuation due to water droplets in ducts and found out that its strength is proportional to the water vapor mass in the air. This in turn is a function of the air temperature. Especially higher duct modes are strongly abated.

Other effects like chemical kinetics relaxation or homogeneous damping are shown by Williams et al. [START_REF] Williams | Fundamental aspects of solid propellant rockets[END_REF] to be small and are often neglected.

Control methods

Knowledge of the different mechanisms can be useful to control pressure oscillations.

Several control methods are a posteriori options which help to diminish oscillations
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by modifying the energy balance of the system. The aim of these techniques is to interrupt the feedback loop between acoustic and heat release fluctuations. Generally, two different approaches are distinguished:

• passive control: geometric design changes, based on addition of damping devices

• active control: monitoring oscillations and mitigation by external energy supply Both passive and active control methods will be discussed shortly in this section.

As already mentioned, the amplitude of combustion oscillation during limit cycle operation is defined by the balance of energy gain and dissipation. Increasing the energy dissipation leads to smaller amplitudes: this can be achieved by adding damping systems like Helmholtz resonators, quarter-wave tubes or simple holes with cavities at the backside [START_REF] Joos | Technische Verbrennung: Verbrennungstechnik, Verbrennungsmodellierung, Emissionen[END_REF].

A Helmholtz resonator contains a cavity volume and a neck with a certain cross section (Fig. 1.11). The principle of operation can be compared with a spring-mass oscillator [START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF]236,[START_REF] Polifke | Combustion instabilities[END_REF]. If this system is connected to a combustion chamber, pressure oscillations inside the chamber act on the air inside the cavity and in the neck, which can be seen as the spring and the mass, respectively. The movement of air (mass) in the neck effects energy dissipation when the frequency of the oscillations is close to the eigenfrequency of the resonator. Acoustic energy is most effectively dissipated when the resonator geometry mode matches the frequency that has to be damped: the geometry of the resonator determines the attenuation power. Helmholtz resonators have been successfully integrated in many devices including gas turbines. Krebs et al. [START_REF] Krebs | Thermoacoustic design tools and passive control: Siemens power generation approaches[END_REF] carried out experiments on an industrial full-size Siemens gas turbine and achieved high damping rates using Helmholtz resonators to damp pressure amplitudes. A widened operation range by tuning the resonators was found experimentally by Lepers et al. [START_REF] Lepers | Investigation of thermoacoustic stability limits of an annular gas turbine combustor test-rig with and without helmholtz-resonators[END_REF]. 

Combustion instabilities: Fundamentals and challenges

The positions of the resonators play an important role as shown by Krüger et al. [START_REF] Krüger | Prediction and measurement of thermoacoustic improvements in gas turbines with annular combustion systems[END_REF] with theoretical predictions and experiments. In addition, cooling of these dampers is necessary and increases highly the mitigation rate [START_REF] Dupere | The absorption of sound by helmholtz resonators with and without flow[END_REF][START_REF] Dupère | The use of helmholtz resonators in a practical combustor[END_REF]. Alstom reported about the extension of the operating range by Helmholtz resonators in real gas turbines [START_REF] Bellucci | On the use of helmholtz resonators for damping acoustic pulsations in industrial gas turbines[END_REF][START_REF] Bellucci | Thermoacoustic modeling of a gas turbine combustor equipped with acoustic dampers[END_REF].

Quarter-wave tubes work in the same manner as Helmholtz resonators but can only be used for high-frequency oscillations. By definition their length corresponds to a quarter of the wavelength. Mongia et al. [START_REF] Mongia | Challenges and progress in controlling dynamics in gas turbine combustors[END_REF] made use of quarter-wave tubes in a General Electric combustor and showed significant reduction of oscillation amplitudes. Poinsot & Veynante [236] show that for large section ratios S 1 /S 2 quarter-wave tubes oscillate at the same frequency as Helmholtz resonators.

As already mentioned in Section 1.2.2 fuel properties play a significant role in combustion instability. One idea is to use a staged fuel injection whereby the total fuel amount was kept constant. Scarinci [START_REF] Scarinci | Industrial trent combustor : Combustion noise characteristics[END_REF] analyzed a three staged axial fuel injection system where the first and the second stage were able to modulate the temperature.

By mapping pressure amplitudes and fuel distributions, they were able to find stable operating regions and thus control longitudinal mode instabilities. Fuel staging as an instrument of instability abatement is also reported by Mongia et al. [START_REF] Mongia | Challenges and progress in controlling dynamics in gas turbine combustors[END_REF] and has been tested at EM2C in Paris by Barbosa et al. [START_REF] Barbosa | Control of combustion instabilities by local injection of hydrogen[END_REF] and Providakis et al. [START_REF] Providakis | Characterization of the coherent structures in swirling flames stabilized in a two-staged multi-injection burner: Influence of the staging factor[END_REF].

The pilot injection system alone can also be used to control pressure oscillations. In 1. INTRODUCTION Fig. 1.12 its influence can be seen for a Solar lean premixed combustion system worked out by Steele et al. [START_REF] Steele | Passive control of combustion instability in lean-premixed combustors[END_REF] where the injection of 10% fuel amount through the pilot reduced the pressure oscillations significantly. At the same time N O x emissions are increased and the target value is exceeded. This point shows, that adjusting the fuel injection in order to damp combustion instabilities can lead to a shift of flame temperature and possible emission targets can be missed. The compromise between N O x emissions and instability levels was also studied using LES by Schmitt et al. [START_REF] Schmitt | Large-eddy simulation and experimental study of heat transfer, nitric oxide emissions and combustion instability in a swirled turbulent high-pressure burner[END_REF] for an Alstom engine.

The suppression of combustion instabilities can also be achieved by means of active control [START_REF] Bloxsidge | Active control of an acoustically driven combustion instability[END_REF][START_REF] Lang | Active control of combustion instability[END_REF][START_REF] Langhorne | Practical active control system for combustion oscillations[END_REF][START_REF] Mcmanus | A review of active control of combustion instabilities[END_REF] as shown by Cambridge and EM2C with TU Munich in the 80's. Here, a controller is connected to an actuator giving adjusted output signals for instability mitigation. Two types of active control systems exist and are classified as:

• Open-loop control: the controller is programmed to give a fixed output without information of the system stability

• Closed-loop control: pressure and/or heat release fluctuations are monitored and forwarded to the controller which generates an appropriate trigger signal for the actuator Open-loop systems need a priori information about the instability mechanism and its frequency for the controller output. Tests on Rijke tubes were reported by Williams [START_REF] Williams | Review lecture: Anti-sound[END_REF]. The pressure signal was used to introduce "anti-sound" generated by loudspeakers which entered the tube out of phase with respect to the instability oscillation in order to cancel out the pressure oscillations. First applications on laboratory-scale combustors were carried out by Lang et al. [START_REF] Lang | Active control of combustion instability[END_REF] and showed mitigation of unstable modes for all operated conditions. The low energy consumption of the control device was pointed out indicating a possible industrial application. This method was also used to study the growth process of unstable modes [START_REF] Poinsot | Initiation and suppression of combustion instabilities by active control[END_REF]. Lubarsky et al. [START_REF] Lubarsky | Active control of combustion oscillations by non-coherent fuel flow modulation[END_REF] [177] carried out experiments on a swirl combustor using liquid fuel. Combustion instabilities around 400 Hz were completely suppressed when the fuel line was modulated at frequencies between 250 Hz and 330 Hz showing that low-frequency modulations can stabilize combustion systems and a reduced energy amount is needed for the modulation system.

Closed-loop control requires permanent monitoring of the combustion process. To do so, pressure sensors are required to capture the actual signal S(t) during combustion (Fig. 1.13). It is received by a controller which generates the fitted output signal A(t)

for instability mitigation. The actuator is changing the feedback mechanism between acoustic and heat release fluctuations either by loudspeaker or fuel flow modulation.

The closed-loop-control can be additionally equipped with an adaptive filter which surveils the overall-performance of the combustor [START_REF] Billoud | Adaptive active control of combustion instabilities[END_REF]. This allows to suppress instabilities but also to improve the stable combustion process or emission rates. Several configurations ranging from laboratory-scale combustors [START_REF] Bernier | Transfer function measurements in a model combustor: application to adaptative instability control[END_REF][START_REF] Bothien | Active control of the acoustic boundary conditions of combustion test rigs[END_REF][START_REF] Evesque | Adaptive combustion instability control with saturation: theory and validation[END_REF][START_REF] Mcmanus | A review of active control of combustion instabilities[END_REF][START_REF] Murugappan | Extremum-seeking adaptive controller for swirlstabilized spray combustion[END_REF] to heavyduty gas turbines [START_REF] Berenbrink | Suppression of dynamic combustion instabilities by passive and active means[END_REF][START_REF] Hermann | Combination of active instability control and passive measures to prevent combustion instabilities in a 260mw heavy duty gas turbine[END_REF][START_REF] Seume | Application of active combustion instability control to a heavy gas turbine[END_REF] have been used with feedback control and showed successful oscillation reduction. However, active control techniques are not widely used in industrial configurations because of their costs, maintenance and certification process.

Longitudinal/azimuthal vs transverse modes

The overview of combustion instabilities reveals the efforts spent over several decades on this problem. Still, our capacity to predict and control these modes remains insufficient.

One main reason is the unpredictability of the mode nature (longitudinal, transverse or azimuthal) and the dependance on geometrical characteristics. Longitudinal modes may develop in all kind of geometries and are well-known [START_REF] Dowling | The calculation of thermoacoustic oscillations[END_REF][START_REF] Mugridge | Combustion driven oscillations[END_REF]. Some modes appear preferentially in specific geometries, e.g. azimuthal modes in annular combustors [START_REF] Bourgouin | Ignition dynamics of an annular combustor equipped with multiple swirling injectors[END_REF][START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF][START_REF] Worth | Self-excited circumferential instabilities in a model annular gas turbine combustor: Global flame dynamics[END_REF]. Transverse modes may be excited in rectangular [START_REF] Richecoeur | High-frequency transverse acoustic coupling in a multiple-injector cryogenic combustor[END_REF][START_REF] Selle | Joint use of compressible large-eddy simulation and Helmholtz solvers for the analysis of rotating modes in an industrial swirled burner[END_REF][START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF] and cylindrical combustion chambers [START_REF] Schwing | Highfrequency instabilities in cylindrical flame tubes: Feedback mechanism and damping[END_REF][START_REF] Zellhuber | Experimental and numerical investigation of thermoacoustic sources related to high-frequency instabilities[END_REF] but can also appear in annular geometries (Fig. 1.14). Longitudinal modes have been extensively studied but transverse modes • Longitudinal modes propagate in axial direction and have typically low-frequencies (< 500 Hz) whereas transverse modes establish between the lateral chamber walls which are generally closer so that the mode frequencies are higher. Typical frequencies of transverse modes are in the kHz range.

• The wavelength of longitudinal modes is much larger then the length of the flame, 
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Figure 1.17: Left: Pathways of coupling between transverse oscillations and flame [START_REF] O'connor | Transverse combustion instabilities: Acoustic, fluid mechanic, and flame processes[END_REF]. Right: Example of the F T L pathway: Injector coupling [START_REF] Blimbaum | Transverse to longitudinal acoustic coupling processes in annular combustion chambers[END_REF].

allowing to describe the flame as compact (λ l f ). Transverse modes have naturally higher frequencies and the wavelength can be of the same order as the flame length (λ ≈ l f ). As a consequence, the flame can not always be considered as compact and the local heat release distribution becomes important. The acoustic characterization of such systems by means of Flame Transfer Functions (FTF)

can not be based on global heat release models since compactness is not ensured.

Therefore, the FTF should be formulated locally so that local heat release fluctuations are referenced to an acoustic velocity at a reference point [START_REF] Kopitz | Cfd-based application of the nyquist criterion to thermo-acoustic instabilities[END_REF][START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF][START_REF] Zhu | Transfer function calculations for aeroengine combustion oscillations[END_REF].

• The first transverse mode has by definition a half-wave structure because the boundaries are walls (u = 0) and the center axial line is a pressure node. This changes for higher order modes and possible interactions between mode activities and injector nozzle may occur, referred to as "injector coupling" piloting the flame response [START_REF] Culick | Overview of combustion instabilities in liquid-propellant rocket engines[END_REF][START_REF] O'connor | Transverse combustion instabilities: Acoustic, fluid mechanic, and flame processes[END_REF]. The schematic drawing proposed by O'Connor et al.

[213] (Fig. 1.17 right) displays the conversion of transverse perturbations into longitudinal oscillations which finally generate heat release fluctuations.

• Longitudinal oscillations are piloted through axial velocity perturbations. The situation is unclear for transverse modes as shown by O'Connor et al. [START_REF] O'connor | Transverse combustion instabilities: Acoustic, fluid mechanic, and flame processes[END_REF] (Fig. 1.17 left): several pathways from transverse mode perturbations to heat release rate oscillation exist. The present work shows that it can depend on the transverse velocity or, in the case of a swirling flame on the orthoradial flow direction.

Outline of this work

• Longitudinal modes are usually controllable through the outlet boundary by changing the outlet impedance. For transverse modes, however, lateral chamber walls are usually rigid but can also be acoustically tuned by covering them with liners, multi-perforated plates or Helmholtz resonators [START_REF] Merino | Étude de la réponse d'un écoulement avec transfert pariétal de masse à un forçage acoustique: application au refroidissement des chambres de combustion aéronautiques[END_REF][START_REF] Howe | On the theory of unsteady high reynolds number flow through a circular aperture[END_REF][START_REF] Jourdain | Timedomain modeling of screech-damping liners in combustors and afterburner[END_REF][START_REF] Jourdain | Numerical validation of a time domain perforated plate model with nonlinear and inertial effects[END_REF][START_REF] Melling | The acoustic impendance of perforates at medium and high sound pressure levels[END_REF][START_REF] Motheau | Les investigation of the flow through an effusion-cooled aeronautical combustor model[END_REF][START_REF] Scalo | Compressible turbulent channel flow with impedance boundary conditions[END_REF].

• Numerically, the prediction of transverse modes requires to compute shorter acoustic waves (typically of the order of the channel width and not the channel length) but also smaller vortices. From a CFD point of view, this means that the task is more difficult for transverse modes than it is for longitudinal modes:

capturing and computing transverse combustion instability modes will probably require more discretization points and/or higher numerical precision schemes.

• For transverse modes, the position of the flame plays a significant role concerning mode shape and is due to the change of sound speed field, related to a cut-off frequency [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF]236]. This effect is shown in Appendix A by comparing analytical and numerical results for the box test case.

Many aspects pointed out here reveal major differences between transverse and longitudinal or azimuthal modes. In this work, some of these points are discussed in details whereas others are not considered: the next section motivates the studies conducted in this thesis.

Outline of this work

The objective of this thesis is to study self-excited transverse combustion instabilities, focusing on excitation mechanisms, mode structures and the impact on flow and flame dynamics. As pointed out in the previous section, transverse modes can appear in all kinds of combustion chambers including simple unswirled flames or complex swirlstabilized flames.

Flame stabilization and thus the flame position plays an important role in the study of combustion instability [START_REF] Duwig | Study of flame stabilization in a swirling combustor using a new flamelet formulation[END_REF][START_REF] Lieuwen | Unsteady Combustor Physics[END_REF]. Flame dynamics are controlled by fluctuations of equivalence ratio, velocity, pressure and heat release [START_REF] Stone | Combustion instabilities in swirling flows[END_REF] which are defined by the combustor design. In technical configurations, high velocities are expected so that a zone of axial flow-reversal has to be established for flame anchoring [START_REF] Gupta | Swirl flows[END_REF].
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Supersonic air-breathing engines encounter high intake velocities (of the order of Mach 6)

and use normal or angled transverse fuel injections to create a bow shock which allow subsonic mixing prior to combustion [START_REF] Ben-Yakar | Cavity flame-holders for ignition and flame stabilization in scramjets: an overview[END_REF]. Other techniques as the installation of a step before transverse fuel injection in order to produce a larger recirculation zone or more recently cavity flame holders are used all with the goal to support a low-velocity region [START_REF] Gruber | Fundamental studies of cavity-based flameholder concepts for supersonic combustors[END_REF][START_REF] Lin | Flame characteristics and fuel entrainment inside a cavity flame holder in a scramjet combustor[END_REF][START_REF] Mathur | Supersonic combustion experiments with a cavitybased fuel injector[END_REF].

Bluff bodies are widely used in afterburners and ramjets for flame anchoring [START_REF] Lefebvre | Gas turbine combustion[END_REF][START_REF] Longwell | Flame stability in bluff body recirculation zones[END_REF].

The non-reacting flow topology shows three different regimes [START_REF] Shanbhogue | Lean blowoff of bluff body stabilized flames: Scaling and dynamics[END_REF]: a boundary layer on the bluff body, separated shear layers between free stream and recirculation zone (Fig. 1.18 left) and a wake. The shear layers become convectively unstable for Re D > 1200, generating shear layer roll-up to small vortices [START_REF] Prasad | The instability of the shear layer separating from a bluff body[END_REF] due to Kelvin-Helmholtz instability. The wake exhibits large-scale motions for Re D > 50 leading to an absolutely unstable flow [START_REF] Provansal | Bénardvon kármán instability: transient and forced regimes[END_REF]. Asymmetric vortex shedding appears which is formed at the bluff body and represent the most prominent flow feature [START_REF] Perry | The vortexshedding process behind two-dimensional bluff bodies[END_REF]. These hydrodynamic instabilities have been widely studied [START_REF] Blevins | Flow-induced vibration[END_REF][START_REF] Emerson | Density ratio effects on reacting bluff-body flow field characteristics[END_REF][START_REF] Roshko | Structure of turbulent shear flows[END_REF]. In the presence of combustion bluff body dynamics observed in non-reacting flows change and interactions emerge. Hertzberg et al. [START_REF] Hertzberg | Vortex shedding behind rod stabilized flames[END_REF] reported about the effects of vortex shedding on flame blow off dynamics.

Linear stability analysis was used by Anderson et al. [START_REF] Anderson | Classification of absolute and convective instabilities in premixed bluff body stabilized flames[END_REF] to characterize flow topology changes due to combustion and explained different features of the flame and flow field.

The effect of density ratio between fresh and burnt gases was studied numerically by

Erickson & Soteriou [START_REF] Erickson | The influence of reactant temperature on the dynamics of bluff body stabilized premixed flames[END_REF] showing that wake motions are enhanced when low density ratios are considered. This effect was also investigated experimentally by Emerson et al. [START_REF] Emerson | Density ratio effects on reacting bluff-body flow field characteristics[END_REF]. These observations suggest that small changes affect system stability. Most laboratory-scaled experiments are convectively unstable flows where acoustic forcing cause a significant flow response [START_REF] Roshko | Structure of turbulent shear flows[END_REF][START_REF] Shanbhogue | Flamesheet dynamics of bluff-body stabilized flames during longitudinal acoustic forcing[END_REF]. Industrial applications operate with low density ratio flames which are mostly globally unstable. Acoustic forcing of these flows leads to non-linear phenomena such as frequency-locking [10,[START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF][START_REF] Tanida | Stability of a circular cylinder oscillating in uniform flow or in a wake[END_REF]. A major part of published work addresses longitudinal modes which are considered as one-dimensional perturbations while transverse modes are much less studied.

Flame stabilization in gas turbines is achieved by swirling flows where vortex breakdown is created through axial and radial momenta in the flow [START_REF] Gupta | Swirl flows[END_REF]. Vortex breakdown provides a region of stagnation points and reversed flows (Fig. 1.18 right) which support flame stabilization by recirculating hot products into zones of fresh gases [START_REF] Huang | Dynamics and stability of lean-premixed swirl-stabilized combustion[END_REF]. Strong shear layers appear due to the recirculation zone and thus enhance the mixing process of fuel and air which may lead to low-emission combustion but also increase risk of acoustic resonant phenomena [START_REF] Ducruix | Combustion dynamics and instabilities: elementary coupling and driving mechanisms[END_REF]. Swirling flows exhibit hydrodynamic flow events where the most known is referred to as the Precessing Vortex Core (PVC) sketched in Fig 1 .19. This self-sustained global mode oscillates in an absolutely unstable region at a frequency depending on the bulk velocity and close to the rotation velocity of the flow [START_REF] Candel | Dynamics of swirling flames[END_REF][START_REF] Syred | A review of oscillation mechanims and the role of the precessing vortex core in swirl combustion systems[END_REF]. While its presence in non-reacting flows is experimentally and numerically confirmed, the situation in case of combustion is not fully understood. Recent work by the TU Berlin group [START_REF] Oberleithner | Three-dimensional coherent structures in a swirling jet undergoing vortex breakdown: stability analysis and empirical mode construction[END_REF][START_REF] Oberleithner | Why nonuniform density suppresses the precessing vortex core[END_REF][START_REF] Terhaar | Key parameters governing the precessing vortex core in reacting flows: An experimental and analytical study[END_REF] shows that non-uniform density profiles across the flame are shown to suppress PVC formation, an observation which was demonstrated theoretically and experimentally. This hydrodynamic mode is a source of flow perturbation and may lead to combustion instabilities: Stöhr et al. [START_REF] Stöhr | Phaseresolved characterization of vortex-flame interaction in a turbulent swirl flame[END_REF] observed enhanced flame roll up due to the presence of the PVC. Further experiments of Steinberg et al.
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[313] investigated different operating conditions and reported oscillation frequencies in the shear layer and PVC associated to combustion instabilities. Interactions of acoustics and hydrodynamic modes can lead to strong non-linear flow and flame dynamics.

The associated oscillations are observed at the difference of the acoustics and hydro- Adopted from Chanaud [START_REF] Chanaud | Observations of oscillatory motion in certain swirling flows[END_REF].

dynamics frequency [START_REF] Boxx | Temporally resolved planar measurements of transient phenomena in a partially pre-mixed swirl flame in a gas turbine model combustor[END_REF][START_REF] Moeck | Nonlinear interaction between a precessing vortex core and acoustic oscillations in a turbulent swirling flame[END_REF][START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermoacoustically unstable gas turbine model combustor[END_REF]. The acoustic modes encountered in these studies • Part I : Starting with a brief overview of combustion instabilities, computational resources, their use for combustion research and the codes used within this work for combustion instability studies are presented.

• Part II : This part is concerned with longitudinal acoustics, either self-excited

Outline of this work

or forced externally. First, the premixed Volvo test rig [START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Lda measurements of velocities and turbulence in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Validation rig-a tool for flame studies[END_REF] is numerically studied for which a large validation base of non-reacting and reacting velocities is available. Hereafter, the simplest form of acoustic mode is studied in the bluff body configuration where a low-frequency pressure waves perturbs the velocity field. It is shown that the numerical methodology is able to reproduce correctly experimental observations for both longitudinal and transverse modes.

Next, the focus is on swirling spray flames subjected to longitudinal oscillations.

The laboratory-scale combustor operated at Fauga-Mauzac by the Onera contains an industrial swirling device fired by liquid fuel [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF][START_REF] Apeloig | Liquid-fuel behavior in an aeronautical injector submitted to thermoacoustic instabilities[END_REF], representing a realistic spray flame in laboratory conditions subjected to acoustic perturbation.

Literature concerning acoustics and spray flames is still sparse: turbulent twophase flow combustion is complex as such [START_REF] Chiu | Group combustion of liquid droplets[END_REF][START_REF] Jenny | Modeling of turbulent dilute spray combustion[END_REF][START_REF] Réveillon | Analysis of weakly turbulent diluted-spray flames and spray combustion regimes[END_REF] and becomes more challenging when acoustics are at play. Non-swirled spray flame characteristics were reported by Atzler et al. [START_REF] Atzler | Burning rates and flame oscillations in globally homogeneous two-phase mixtures (flame speed oscillations in droplet cloud flames)[END_REF], Nicoli & Haldenwang [START_REF] Nicoli | A resonant response of self-pulsating spray-flame submitted to acoustic wave[END_REF], Sujith [START_REF] Sujith | An experimental investigation of interaction of sprays with acoustic fields[END_REF], Sujith et al.

[320] and indicate the sensitivity of the spray to acoustic perturbations: oscillations in flame speeds, equivalence ratios and evaporation rates are observed.

These features cause heat release rate oscillations which drive combustion instabilities [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF]236] showing the importance of understanding the link between acoustics and sprays.

Recently, some experimental studies were reported of swirling spray flames undergoing combustion instabilities. De la Cruz Garcia et al. [START_REF] De La | Investigations on the self-excited oscillations in a kerosene spray flame[END_REF] reported self-excited oscillations of a liquid fuel combustor. Two different acoustic modes are observed and reveal different spray characteristics. They concluded that these instabilities depend directly on spray characteristics and evaporation. Similar results have been obtained by several authors [START_REF] Bernier | Instability mechanisms in a premixed prevaporized combustor[END_REF][START_REF] Giuliani | Influence of pulsed entries on a spray generated by an air-blast injection device: An experimental analysis on combustion instability processes in aeroengines[END_REF] but detailed investigations between forced flow motions and spray interactions were not conducted. Chishty [START_REF] Chishty | Effects of thermoacoustic oscillations on spray combustion dynamics with implications for lean direct injection systems effects of thermoacoustic oscillations on spray combustion dynamics with implications for lean direct injection systems[END_REF] found in experimental investigations that the increase of the global equivalence ratio changes the flame structure, mainly depending on spray and spray combustion dynamics. It was concluded, that acoustic velocity amplitudes are dominant compared to the convective flow velocities and cause instability. The spray behavior in an aeronautical configuration was investigated by Gajan et al.

[105] and revealed the impact of droplets on instability growth.
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In this section, acoustic forcing is used to characterize the laboratory-scale twophase flow combustion system Lotar by using LES and a Helmholtz solver.

Experimental validation of non-forced and forced results as well as Flame Transfer Functions (FTF) are computed and compared to LES. Nonlinear oscillations which can be described by the Flame Describing Function (FDF) [START_REF] Dowling | Nonlinear self-excited oscillations of a ducted flame[END_REF][START_REF] Mirat | Stability analysis of a swirl spray combustor based on flame describing function[END_REF][START_REF] Noiray | A unified framework for nonlinear combustion instability analysis based on the flame describing function[END_REF][START_REF] Silva | Combining a Helmholtz solver with the flame describing function to assess combustion instability in a premixed swirled combustor[END_REF] are not considered in this work.

• Part III : Here, the main subject of the thesis is targeted: the study of transverse modes for different flames. Again, the Volvo configuration is used where transverse modes were reported experimentally. It is found that the 1Lx-2Ty-0Tz

transverse mode oscillates at a frequency of 1360 Hz and forces the flow field in has not entered the world of CI studies yet despite the fact that combustion research has been one of the first HPC users over the last ten years: in the ASCI projects funded by DOE for example (www.llnl.gov/str/Seager.html), CFD of reacting flows has always been an essential element. Three-dimensional unsteady reacting flows can be computed today with high accuracy CFD codes using massively parallel computers.

These computers have revolutionized the field of numerical combustion: they have opened the door to the construction of virtual burners that can be fully simulated numerically instead of being built and operated experimentally.

Interestingly, these HPC CFD codes have had a limited impact for the moment on CIs studies: most CI analysis tools [START_REF] Crighton | Modern methods in analytical acoustics[END_REF][START_REF] Lieuwen | Combustion Instabilities in Gas Turbine Engines. Operational Experience, Fundamental Mechanisms and Modeling[END_REF]235] still rely on approaches that do not exploit the power of modern computers. The integration of exascale computing in CI methods is required now because it will bring unprecedented precision in this field and allow CI simulations to become truly predictive methods for practical applications.

All the physics required to predict combustion instabilities is contained in the full Navier-Stokes equations (Fig. 2.1). Full equations indicate compressible, reacting, multi-species conservation equations including two-phase flows (for liquid fuels), radiation and heat transfer through combustor walls. Unfortunately, solving these equations • Brute force LES (Large Eddy Simulation): recent progress in LES of reacting flows has allowed to simulate full combustion chambers, first for laboratory-scale burners [START_REF] Branley | Large eddy simulation of a turbulent non-premixed flame[END_REF][START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF] and recently for chambers corresponding to real industrial configurations [START_REF] Fureby | LES of a multi-burner annular gas turbine combustor[END_REF][START_REF] Schmitt | Large-eddy simulation and experimental study of heat transfer, nitric oxide emissions and combustion instability in a swirled turbulent high-pressure burner[END_REF][START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF]. In LES all flow equations are solved in time on a discretized space (using unstructured grids in most combustor cases). It involves only a limited set of assumptions (mainly a filtering operation of the smallest spatial scales of the flow), leading to the most precise method today but also the most expensive. Recent studies demonstrate that HPC codes for combustion can be extended to CI problems. Figure 2.2 shows LES of a self-excited CI in a gas turbine combustion chamber [START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF]: this high resolution LES (40 to 330 million cells) running on a BlueGene machine (production runs on 16 000 processors) • Acoustic codes (called here TA codes for Thermo-Acoustic codes) coupled to forced response LES are the natural companion method for brute force LES. In most CIs, acoustics are the dominant resonant mechanism and multiple studies performed in the last sixty years (most of them inspired by the pioneering work of Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors[END_REF]) have shown that a proper method to decompose the physics of CIs was to use acoustic codes which can track the propagation of waves in the combustor and the growth of eigenmodes [START_REF] Crighton | Modern methods in analytical acoustics[END_REF][START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF]. In this approach, the mean flow is frozen and the solver only tracks the acoustic modes of the system. The A major difficulty for TA codes is that they rely strongly on the accuracy of the FTF.

COMBUSTION INSTABILITIES AND THE LINK TO COMPUTER SCIENCE

FTF can be measured experimentally but the future relies on sophisticated LES which is the proper method to compute FTF if it is coupled with HPC. Computing FTFs with LES is slightly simpler than brute force LES because FTF can be measured by forcing a sector only of the combustor using acoustic waves and quantifying the flame response [START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF]. This response is independent of upstream or downstream boundary conditions [START_REF] Paschereit | Measurement of transfer matrices and source terms of premixed flames[END_REF] and can be viewed as an intrinsic characteristic of the flame which depends only weakly on the acoustics of the combustion chamber itself. A second difficulty for TA codes is that they must include the complete combustor geometry and require sophisticated methods to track eigenmodes and structures when the geometry or the flame is modified. The difficulty is not anymore to predict the stability of one case corresponding to one configuration and one regime (like in brute force LES) but

COMBUSTION INSTABILITIES AND THE LINK TO COMPUTER SCIENCE

to predict complete stability maps (the existence of amplified modes for all regimes for one combustor design) and ultimately the effects on these stability maps of the combustor design in order to suppress CIs by changing the combustor geometry. This leads to a problem combining acoustic analysis and mathematical optimization which is a significant challenge in terms of computations and has not been done yet with the level of precision required for effective CI control.

An additional difficulty in both TA and brute force LES approaches is linked to boundary conditions: like in an organ tube, the modes that appear in a combustion chamber depend directly on the acoustic outlet and inlet conditions. While these conditions may be well known in certain academic cases (for example a combustion chamber terminated by a duct blowing into open atmosphere), they are often unknown in real systems. The most difficult case corresponds to gas turbines where acoustic impedances upstream (compressor side) and downstream (turbine side) of the combustor are difficult to model or measure.

This part of the PhD presents the two classes of methods which were used: LES (Chapter 3) and TA codes (Chapter 4). The LES tool is Avbp, the solver developed at Cerfacs and IFPen. The TA code is Avsp, the Helmholtz solver developed by Cerfacs. For each code, the numerical specificities will be discussed and the link between the two codes will be discussed, especially when TA codes are fed by FTFs obtained using LES.

3

LES methods for combustion instabilities The focus of this work is on combustion chamber dynamics, which may arise due to combustion processes as described in Section 1.2. Throughout this work, the fully-
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compressible code AVBP is utilized on three-dimensional unstructured grids [START_REF] Colin | Taylor-galerkin schemes in avbp[END_REF][START_REF] Rudgyard | A modular approach for computational fluid dynamics[END_REF][START_REF] Schønfeld | A cell-vertex approach to local mesh refinement for the 3-d euler equations[END_REF]. Starting from the Navier-Stokes equations, a basic description for reacting, multispecies Large Eddy Simulation (LES) is provided along with the methods used for combustion modeling. Detailed information is found in the AVBP manual or in papers of Moureau et al. [START_REF] Moureau | Numerical methods for unsteady compressible multi-component reacting flows on fixed and moving grids[END_REF], Schmitt [START_REF] Schmitt | Simulation aux grandes échelles de la combustion étagée dans les turbines à gaz et son interaction stabilité-polluants-thermique[END_REF] and Sengissen et al. [START_REF] Sengissen | LES and experimental studies of cold and reacting flows in a swirled partially premixed burner with and without fuel modulation[END_REF].

Navier-Stokes equations

The evolution of a compressible and reacting flow is defined by the mass, momentum, energy and species balance equations:

∂ρ ∂t + ∂ρu i ∂x j = 0 (3.1) ∂ρu i ∂t + ∂ρu i u j ∂x j = - ∂ ∂x j [pδ ij -τ ij ] + S l-g M i (3.2) ∂ρE ∂t + ∂ρEu j ∂x j = - ∂ ∂x j [u i (pδ ij -τ ij ) + q i ] + S E (3.3) ∂ρY k ∂t + ∂ρu j Y k ∂x j = - ∂ ∂x j [J j,k ] + S k (3.4)
where ρ, u i , p and E are respectively the mass density, the i-th component of the velocity vector, the thermodynamic pressure and the energy per mass unit (specific internal and kinetic energy). The index notation is adopted (Einstein summation convention) for almost all the variables and equations. The exception concerns the index k that is related to species and traditional summation symbol is used in this case, and N is the related number of species. Y k is the mass-fraction of species k and δ ij is the Kronecker delta. Assuming the fluid to be Newtonian (viscous stress tensor is linearly dependent of the strain rate tensor) and neglecting the bulk viscosity, the viscous stress tensor τ ij results:

τ ij = 2µ S ij - 1 3 δ ij S ll (3.5)
with µ the shear dynamic viscosity and S ij the strain rate tensor defined as:

S ij = 1 2 ∂u i ∂x j + ∂u j ∂x i (3.6)

Physical scales of turbulence and combustion

The source term S l-g M i in Eq. (3.2) couples the gas with the liquid phase. In the energy conservation equation Eq. (3.3), the source term S E includes the chemical source term ωT and the heat transfer due to the evaporation process of the droplet S l-g E . In Eq. (3.4) both, production/consumption of the species k and mass transfer due to droplet evaporation are accounted for S k = ωk + S l-g F . The coupling term S l-g F is only applied for the fuel species and is zero for all other species.

The heat and molecular diffusion fluxes are q j and J j,k respectively. E is the total (non-chemical) energy per unit mass calculated as E = H -P/ρ. H represents the total enthalpy:

H = h s sensible enthalpy + 1 2 u i u i kinetic energy (3.7)
with h s = T T 0 C p dT where C p and T being the heat capacity and temperature of the mixture respectively. Mathematically, this is illustrated by splitting the velocity into two parts: Based on these assumptions, an estimation of the required grid points can be given for a turbulent configuration to resolve all scales (DNS). The ratio of the integral and the Kolmogorov length scales L/η is proportional to Re

Physical scales of turbulence and combustion
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u = ū + u (3.
3/4
L which is the Reynolds number based on the velocity fluctuation at the integral length scale [START_REF] Tennekes | A first course in turbulence[END_REF]. Following Ferziger & Perić [START_REF] Ferziger | Computational Methods for fluid Dynamics[END_REF] the required grid resolution for resolving all turbulent length scales is about Re 3

L in case of isotropic turbulence (uniform grid). As an example, the semi-industrial case studied in Section 6 would need 1.6 × 10 13 grid points with Re L = 25000. Mesh sizes of the order of O(10 13 ) are clearly out of reach, even in mid-term future so that DNS is not applicable for such cases.

Chemical reactions increase the level of complexity in the simulation of turbulent flows.

In order to capture accurately the flame/turbulence interactions, it is necessary to

Physical scales of turbulence and combustion

capture not sonly vortices but also to resolve the flame front. A useful dimensionless quantity is the Damköhler number Da = τ t /τ c , which relates time scales originating from turbulence (τ t = l t /u ) to chemical time scales (τ c = δ/s 0 L with δ the flame thickness and s 0 L the laminar flame speed). For Da 1, chemical processes are much faster than turbulent time scales and result in thin reaction zones leading to increased spatial resolution. In this case, the flame structure is smaller then the Kolmogorov length scale: for a fixed computational cost (fixed grid points), the integral length scale l t decreases because it has to be smaller than the computational domain entities.

From this point of view, different approaches have been developed in order to assess the physics of turbulent reacting flows:

• 

The LES concept

DNS resolves all turbulent length scales but only on small domains at high costs. The detailed access to flow informations is huge and even too much for engineering design where often time-averaged flow fields are sufficient. Here, the RANS approach was established in the industrial context and is widely used for design of e.g. combustion chambers of gas turbines. Nevertheless, some flow features are not captured in the mean fields: the mean temperature field does not give information about the fluctuating temperature which is what is needed to compute combustion instabilities. The RANS formulation would leave this kind of unsteady flow feature to some turbulence model.

This information would be directly available in LES. It is considered as an intermediate approach compared to DNS and RANS simulations [START_REF] Pope | Turbulent flows[END_REF]. In LES a spatially localized

Multispecies gas flows

time independent filter of given size ∆ is used to separate turbulent length scales:

vortices larger then the filter size are resolved during simulation whereas smaller sizes are modeled. By doing so, the large scale flow motions are captured and essential configuration dynamics are available.

Multispecies gas flows

Combustion process requires reactants and products. Therefore, the AVBP code solves the full compressible set of Navier-Stokes equations for a multi species reacting flow containing N species.

Equation of state

The equation of state follows the ideal gas law:

P = ρT R W (3.9) 
where R = 8.3143 J/molK is the universal gas constant and W is the mean molecular weight of the gas mixture and reads:

1 W = N k=1 Y k W k (3.10)
Y k is the mass fraction of each species k and is defined by the ratio of each species mass m k to the total mass m of the flow:

Y k = m k /m.

Species transport

Conservation of mass is satisfied as:

N k=1 Y k V k i = 0 (3.11)
where V k i is the diffusion velocity of species k in directions i = 1, 2, 3 for N species. The determination of diffusion velocities for all species requires a complex non-linear system of equations [START_REF] Bird | Transport phenomena[END_REF][START_REF] Ern | Multicomponent Transport Algorithms[END_REF]235,[START_REF] Williams | Combustion Theory[END_REF] and is time-consuming. Therefore a simplified approach can be applied to solve the chemical species transport following the approximation of Hirschfelder et al. [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF]:

Y k V k i = -D k W k W ∂X k ∂x i (3.12)
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with D k , W k and X k being the averaged diffusion coefficient into the mixture, the molar weight and the molar fraction of species k respectively. Since this approximation is not mass conservative, a correction velocity V c i is added in the conservation equation for each species (Eq. (3.11)) resulting in the species diffusion flux for species k:

J i,k = -ρ D k W k W ∂X k ∂x i -Y k V c i (3.13)
where the diffusivity is D k = D th /Le k , with D th being the thermal diffusivity of the mixture.

Multi-species flows need an additional heat flux term which appears in the diffusive heat flux. This term is due to heat transport by species diffusion. The total heat flux vector is then:

q i = -λ ∂T ∂x i Heat conduction -ρ N k=1 D k W k W ∂X k ∂x i -Y k V c i h s,k Heat flux through species diffusion = -λ ∂T ∂x i + N k=1 J i,k h s,k (3.14) 
where λ is the heat conduction coefficient of the mixture and h s,k the sensible enthalpy of the species k.

Transport coefficients

The molecular viscosity µ in multi-species flows is often assumed to be independent of the gas composition and close to the one of air so that the classical Sutherland law can be used. The assumption for a multi-species gas yields:

µ = c 1 T 3/2 T + c 2 T ref + c 2 T 3/2 ref (3.15)
where c 1 and c 2 must be determined to fit the real viscosity of the mixture. Following with P r supposed to be constant in space and time. This assumption is also made for the species diffusion coefficients D k : using reduced chemistries decreases the complexity of the computation of D k . As the Schmidt numbers S c,k are supposed to be constant, the diffusion coefficients are calculated as:

D k = µ ρ S c,k (3.18) 
In reacting flows, thermal heat and molecular diffusivities interact and a dimensionless number is defined for its characterization for each spices k. The Lewis number is defined as:

Le k = D th D k (3.19)
For the simulations presented in this work, the Lewis number is assumed to be constant [235].

Chemical kinetics

The presence of cold combustible reactants and a sufficiently high activation energy can lead to combustion, where the foregoing cold gases are transformed to hot combustion products. This process triggers a reaction chain where (in the simplest case) some hundred species are encountered. Elementary reactions of produced or consumed species can be determined for M reactions and N reactants M k as:

N k=1 ν kj M k N k=1 ν kj M k , j = 1, M (3.20) 
where ν kj and ν kj are the stoichiometric coefficients. The reaction rate progress Q j of reaction j is

Q j = K f,j N k=1 ρY k W k ν kj -K r,j N k=1 ρY k W k ν kj (3.21)
with the forward and reverse rate K f,j and K r,j of reaction j respectively. The reaction rates follow the Arrhenius law

K f,j = A f,j exp - E a,j R 0 T (3.22)
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with A f,j and E a,j denoting the pre-exponential constant and the activation energy of reaction j. The reverse reaction rate writes K r,j = K r,j /K eq (3.23) using the equilibrium constant K eq [START_REF] Kuo | Second Edition Principles of combustion[END_REF]. The reaction rate of species k finally follows

ωk = W k M j=1 ν kj -ν kj Q j (3.24)
and the formation enthalpy of species k, ∆h 0 f,k can be written as:

ωT = - N k=1 ωk ∆h 0 f,k (3.25) 

Reduced chemistries

The complete set of reactions and reactants is often used for laminar one-dimensional flames. Complex chemistry is not applicable for e.g. gas turbine design: full chemistry contains very small time scales and augment computational efforts drastically. Reduced chemistry represents the major reactions of the combustion process and hence reduces the computational costs. 

C 3 H 8 + 3.5 O 2 -→ 3 CO + 4 H 2 O (3.26) CO + 0.5 O 2 ←→ CO 2 (3.27) A j [cgs] E j [cal/mol] Reaction 1 2.0 ×10 12 3.3 ×10 3 Reaction 2 4.5 ×10 10 1.2 ×10 3
Table 3.1: Constants of pre-exponential factor A j and activation energies E j for chemistry modeling. The reaction rates q j follow an Arrhenius law [236]:

q 1 = A 1 ρY C3H8 W C3H8 0.9028 ρY O 2 W O 2 0.6855 exp -E a,1 RT (3.28)
q 2 = A 2 ρY CO W CO 1.0 ρY O 2 W O 2 0.5 - 1 K ρY CO 2 W CO 2 1.0 exp -E a,2 RT (3.29)
The pre-exponential constants A j and the activation energies E j are given in Tab. 3.1 and K is the equilibrium constant given by Kuo [START_REF] Kuo | Principles of Combustion[END_REF]. This two-step scheme was validated against the Gri-Mech 3.0 mechanism (Fig. 3.3) using Cantera. Flame speeds and adiabatic temperatures of the burnt gases are accurately reproduced for a 1D planar flame using DNS. The operating conditions are equivalent to those used for the target configuration (T 0 = 288 K and P 0 = 101 325 Pa).

Filtered Navier-Stokes equations for the gas phase

In order to construct the conservation equations for LES, a spatial filtering operator is introduced to derive a new set of balance equations [235] f

(x) = f (x )F (x -x )dx (3.30)
with F defining the LES filter. To account for density variations, a Favre filtered variable f is used as

ρ f = ρf (3.31)
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Variables can be decomposed in a Favre averaged part f and a fluctuating part f so that:

f = f + f (3.32)
The balance equations for LES are obtained by filtering the instantaneous balance equations 3.2, 3.3 and 3.4 and write:

∂ρ u i ∂t + ∂ρ u i u j ∂x j = - ∂ ∂x j   P δ ij -τ ij + ρ ( u i u j -u i u j ) SGS term   (3.33) ∂ρ E ∂t + ∂ρ E u j ∂x j = - ∂ ∂x j     u i (P δ ij -τ ij ) + q ij + ρ u j E -u j E SGS term     + ωT (3.34) ∂ρ Y k ∂t + ∂ρ u j Y k ∂x j = - ∂ ∂x j     J j,k + ρ u j Y k -u j Y k SGS term     + ωk (3.35)
The convective terms introduce additional unclosed terms in the conservation equations during filtering due to their non-linear character.

  -τ ij t q ij t J j,k t   =     ρ ( u i u j -u i u j ) ρ u j E -u j E ρ u j Y k -u j Y k     (3.36)
These terms represent the contribution of the non-resolved turbulent scales and must be modeled.

Unclosed sub-grid scale terms

The filters balance equations include unclosed terms which are known as subgrid-scale (SGS) terms (Eq. (3.36)):

• The subgrid-scale diffusive species flux vector J j,k t :

J i,k t = ρ u i Y k -u i Y k , (3.37) 
3.7 Filtered Navier-Stokes equations for the gas phase J i,k t is modeled as:

J i,k t = -ρ D k t W k W ∂ X k ∂x i -Y k V i c,t , (3.38) 
with

D t k = ν t S t c,k (3.39) 
• The subgrid-scale heat flux vector q ij t :

q i t = ρ( u i E -u i E), (3.40) 
q i t is modeld as:

q i t = -λ t ∂ T ∂x i + N k=1 J i,k t h s,k , (3.41) 
with

λ t = µ t C p P t r . (3.42) 
where E is the total energy. The turbulent Prandtl number is fixed at P t r = 0.6.

• The Reynolds tensor τ ij t :

τ ij t = -ρ ( u i u j -u i u j ) (3.43)
τ ij t is modeled as:

τ ij t = 2 ρ ν t S ij - 1 3 δ ij S ll , (3.44) 
This relation is known as the Boussinesq approximation [START_REF] Boussinesq | Théorie de l'écoulement tourbillant[END_REF] and ν t is the SGS turbulent viscosity. For the system to be solved numerically, closures need to be supplied for the SGS turbulent viscosity ν t . In this work, the Wale model [START_REF] Nicoud | Dns of a channel flow with variable properties[END_REF] was used and the expression for ν t takes the form:

ν t = (C w ∆) 2 (s d ij s d ij ) 3/2 ( S ij S ij ) 5/2 +(s d ij s d ij ) 5/4
(3.45) with

s d ij = 1 2 ( g 2 ij + g 2 ji ) - 1 3 g 2 kk δ ij (3.46)
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where ∆ denotes again the characteristic filter width, C w = 0.4929 is the model constant and g ij denotes the resolved velocity gradient. The Wale model was developed for wall bounded flows and allows to obtain correct scaling laws near the wall.

Combustion modeling

For reacting turbulent flows, the LES mesh is resolving some of the flow scales but not the flame (Fig. 3.4 left). Butler & O'Rourke [START_REF] Butler | A numerical method for two-dimensional unsteady reacting flows[END_REF] proposed to thicken the flame front artificially depending on the actual mesh resolution (Fig. 3.4 right) which still allows capturing all flame dynamics (ignition, flame/walls interactions, local wall quenching etc.) since reaction rate expressions (Eq. 3.28 and 3.29) are not modified. Asymptotic analysis of premixed flames [START_REF] Williams | Combustion Theory[END_REF] shows the dependence of the flame front thickness δ 0 l to be:

δ 0 l ∝ D A (3.47) 
and the laminar flame speed S L :

s l ∝ √ D • A (3.48)
with the reaction rate pre-exponential constant A and the thermal diffusivity D. The basic idea of the Thickened Flame model for LES (TFLES) [START_REF] Légier | Dynamically thickened flame LES model for premixed and nonpremixed turbulent combustion[END_REF][START_REF] Schmitt | Simulation aux grandes échelles de la combustion étagée dans les turbines à gaz et son interaction stabilité-polluants-thermique[END_REF][START_REF] Sengissen | Simulation aux grandes échelles des instabilités de combustion: vers le couplage fluide/structure[END_REF] is to find a modification of the initial equations such that the flame speed is conserved but the flame thickness becomes large enough to be solved in the LES grid. This can be achieved according to Eq. 3.47 and 3.48 by a factor F: the thermal diffusivity is multiplied by F 3.8 The mesoscopic Eulerian-Eulerian approach while the pre-exponential constant is divided by F which leads to correct laminar flame propagation on the LES mesh.

However, in a real turbulent wrinkled flame the modified flame surface is less influenced by turbulence then the 'real' thin flame which results in a reduced reaction rate since the flame surface is decreased. To account for the flame wrinkling, an efficiency function E introduced by Charlette et al. [START_REF] Charlette | A power-law flame wrinkling model for les of premixed turbulent combustion part i: Non-dynamic formulation and initial tests[END_REF] is used:

E = 1 + min ∆ δ 0 l , Γ ∆ δ 0 l , u ∆ s 0 l , Re ∆ β (3.49)
Here, ∆ defines the implicit filter size of the LES and u ∆ the SGS root-mean-square velocity. The propagation velocity and the thickness of the corresponding laminar flame are s 0 l and δ 0 l . The Reynolds number follows Re ∆ = s 0 l δ 0 l /ν, with ν being the viscosity of the fresh gases and the model parameter is β. For the simulations shown in this work, this parameter is kept constant β = 0.5. The impact of a constant or dynamic parameter is discussed by Schmitt et al. [START_REF] Schmitt | Impact of dynamic wrinkling model on the prediction accuracy using the f-tacles combustion model in swirling premixed turbulent flames[END_REF], Wang et al. [START_REF] Wang | Implementation of a dynamic thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF] but was not considered in this work.

The TFLES method was initially developed for perfectly-premixed flames but was then extended by Légier et al. [START_REF] Légier | Dynamically thickened flame LES model for premixed and nonpremixed turbulent combustion[END_REF] for non-premixed configurations where fuel and air mix partially prior combustion. The Dynamic Thickening model for LES (DTFLES) retains the characteristics of the TFLES model in the flame region but is adapted to the regions outside the flame in order to prevent accelerated mixing in the non-reacting zones. This is achieved by a dynamic formulation of the thickening factor F, ranging from unity in the non-reacting regions and F max in the flame. It writes:

F = 1 + (F max -1)S (3.50)
where S is a sensor which depends on the local reaction rate and F max = N e δ 0 L /∆ depends on the number of elements for flame resolution. Typically, 5 grid points are sufficient to retrieve laminar flame speeds obtained by DNS of 1D flames.

The mesoscopic Eulerian-Eulerian approach

In this work, gaseous and liquid fuels are considered. For liquid fuel, a specific treatment of the dispersed phase is needed. Here, the Eulerian approach is used. It allows to
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Figure 3.5: Velocity decomposition as proposed by Février et al. [START_REF] Février | Partitioning of particle velocities in gas-solid turbulent flows into a continuous field and a spatially uncorrelated random distribution: Theoretical formalism and numerical study[END_REF]. The Lagrangian velocity can be split into a mesoscopic and a random velocity. Adapted from [START_REF] Jaegle | Les of two-phase flow in aero-engines[END_REF].

consider the spray as a continuum where the local mean characteristics correspond to the set of particles [START_REF] Février | Partitioning of particle velocities in gas-solid turbulent flows into a continuous field and a spatially uncorrelated random distribution: Theoretical formalism and numerical study[END_REF][START_REF] Kaufmann | Comparison between lagrangian and mesoscopic eulerian modelling approaches for inertial particles suspended in decaying isotropic turbulence[END_REF][START_REF] Simonin | Connection between two statistical approaches for the modelling of particle velocity and concentration distributions in turbulent flow: The mesoscopic eulerian formalism and the two-point probability density function method[END_REF]. This approach is based on several assumptions:

• particles are non-deformable spherical droplets

• only drag forces are considered between the liquid and the gas phase (ρ l ρ g )

• uniform temperature inside the droplet

• liquid phase is diluted (the liquid volume fraction α l < 0.01)

• droplet interactions are not considered

• gravity is neglected

The main idea of this approach is to decompose the particle velocity in two parts, so that:

u p = ȗl + u p (3.51)
where u p is the particle velocity, ȗl is the mean eulerian velocity (or mesoscopic velocity) and u p is the uncorrelated velocity (Fig. 3.5). This velocity decomposition allows to consider the spray as a set of particles with the same mesoscopic motion ȗl while each particle has its own motion at the uncorrelated velocity u p . In the framework of LES, further theoretical considerations can be found in Hannebique [START_REF] Hannebique | Etude de la structure des flammes diphasiques dans les brûleurs aéronautiques[END_REF], Jaegle [START_REF] Jaegle | Les of two-phase flow in aero-engines[END_REF], Riber [START_REF] Riber | Développement de la méthode de simulation aux grandes échelles pour les écoulements diphasiques turbulents[END_REF], Senoner [START_REF] Senoner | Simulations aux grandes échelles de l'écoulement diphasique dans un brûleur aéronautique par une approche euler-lagrange[END_REF], Sierra Sánchez [START_REF] Sánchez | Modeling the dispersion and evaporation of sprays in aeronautical combustion chambers[END_REF].

3.9 LES equations for the dispersed phase 3.9 LES equations for the dispersed phase

Considering two-phase flow configuration requires conservation equations for the dispersed phase. In this section a brief overview is given since no developments were carried out during this thesis. Extensive derivations and test cases can be found in the foregoing thesis' of Boileau et al. [START_REF] Boileau | Investigation of two-fluid methods for Large Eddy Simulation of spray combustion in Gas Turbines[END_REF], Hannebique [START_REF] Hannebique | Etude de la structure des flammes diphasiques dans les brûleurs aéronautiques[END_REF], Jaegle [START_REF] Jaegle | Les of two-phase flow in aero-engines[END_REF], Lamarque [START_REF] Lamarque | Schémas numériques et conditions limites pour la simulation aux grandes échelles de la combustion diphasique dans les foyers d'hélicoptère[END_REF], Sanjosé [START_REF] Sanjosé | Evaluation de la méthode eulereuler pour la simulation aux grandes échelles des chambres à carburant liquide[END_REF], Senoner [START_REF] Senoner | Développement de méthodes numériques pour la simulation aux grandes échelles de la combustion diphasique[END_REF], Sierra Sánchez [START_REF] Sánchez | Modeling the dispersion and evaporation of sprays in aeronautical combustion chambers[END_REF] 3.9.1 LES Filtering

The LES filtering is identical to the filtering procedure used in Section 3.7 for the gasphase equations. Favre-averaging of the dispersed phase is similar to the Favre average of the gas phase and is obtained using the mesoscopic volume fraction α l instead of the gas density ρ. It writes:

α l f l = αl fl (3.52)
with α l the filtered volume fraction of the liquid. If the spray is monodisperse at the filter size, the liquid Favre average may be equivalently defined with the number density:

nl fl = 6α l π d3 fl = 6 π d3 α l f l = nl f l (3.53)
nl is the filtered number density and d is the mesoscopic diameter assuming that d = d. The filtering of the balance equations for the dispersed phase results in the LES equations utilized in this work and yields:

∂w l ∂t + ∇F l = s l (3.54)
where w l = (n l , ρ l α l , ρ l α l ûl , ρ l α l vl , ρ l α l ŵl , ρ l α l ĥl ) T is the vector of the filtered mesoscopic conservative variables of the liquid phase with ûl , vl and ŵl the three velocity components of the vector ûl = (û l , vl , ŵl ) T . F l is the filtered flux tensor defined by

F l = f l , g l , h l
T and s l the filtered source term. The fluxes f l , g l , h l are split in two contributions:

f l = f M l + f t l g l = g M l + g t l (3.55) h l = h M l + h t l
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with the resolved mesoscopic contributions f M l , g M l , h M l and the sub-grid contributions f t l , g t l , h t l .

Resolved mesoscopic fluxes

The three components of the resolved mesoscopic flux tensor are defined as:

f M l =            n l ûl ρ l α l ûl ρ l α l û2 l ρ l α l ûl vl ρ l α l ûl ŵl ρ l α l ûl δθ l ρ l α l ûl ĥl            , g M l =            n l vl ρ l α l vl ρ l α l ûl vl ρ l α l v2 l ρ l α l vl ŵl ρ l α l vl δθ l ρ l α l vl ĥl            , h M l =            n l ŵl ρ l α l ŵl ρ l α l ûl ŵl ρ l α l vl ŵl ρ l α l ŵ2 l ρ l α l ŵl δθ l ρ l α l ŵl ĥl            (3.56)

Sub-grid fluxes

The three components of the sub-grid flux tensor are written as:

f t l =            0 0 -τ t l,xx -τ t l,xy -τ t l,xz q t θ,x q t h,x            , g t l =            0 0 -τ t l,xy -τ t l,yy -τ t l,yz q t θ,y q t h,y            , h t l =            0 0 -τ t l,xz -τ t l,yz -τ t l,zz q t θ,z q t h,z            (3.57)
with the sub-grid stress tensor of the dispersed phase τ t l defined by:

τ t l,ij = -ρ l α l u l,i u l,j -ûl,i ûl,j (3.58) 
and the sub-grid flux of uncorrelated energy q t θ :

q t θ,i = ρ l α l u l,i δθ -ûl,i δθ (3.59)
and the sub-grid flux of sensible enthalpy q t h as:

q t h,i = ρ l α l u l,i h s,l -ûl,i ĥl (3.60)
Here, sub-grid effects on the resolved liquid enthalpy are supposed to be negligible (q t h,i = 0). The source terms s l are approximated by their unfiltered form, e.g subgridscale terms that would appear in a filtered formulation are neglected. Details on this simplification can be found in the thesis of Boileau [START_REF] Boileau | Simulation aux grandes échelles de l'allumage diphasique des foyers aéronautiques[END_REF].

3.10 Numerical approach 3.9.4 Sub-grid scale models for the dispersed phase By analogy with the LES modeling of gas-phase flows, Riber et al. [START_REF] Riber | Towards large eddy simulation of non-homogeneous particle laden turbulent gas flows using euler-euler approach[END_REF] propose a viscous-type model for the sub-grid scale mesoscopic velocity tensor τ t l . The deviation part is evaluated with the compressible Smagorinsky model [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF] whereas the diagonal part is calculated as proposed by Yoshizawa [START_REF] Yoshizawa | Statistical theory for compressible turbulent shear flows, with the application to subgrid modeling[END_REF]:

τ t l,ij = -ρ l α l u l,i u l,j -ûl , iû l,j (3.61) 
Model:

τ t l,ij = 2ρ l α l ν l,t Ŝl,ij - 1 3 Ŝl,kk δ ij + 2ρ l α l κ l,t Ŝl,ij δ ij (3.62) with: Ŝl,ij = 1 2 ∂ ûl,i ∂x j + ∂ ûl,j ∂x i - 1 3 ∂ ûl,k ∂x k δ ij (3.63)
Smagorinsky model:

ν l,t = (C S,l ∆) 2 2 Ŝl,ij Ŝl,ij (3.64) 
Yoshizawa model:

κ l,t = 2 (C V,l ∆) 2 Ŝl,ij (3.65) 
The model constants are fixed from tests conducted by Moreau et al. [START_REF] Moreau | A priori testing of subgrid stress models for euler-euler two-phase LES from euler-lagrange simulations of gas-particle turbulent flow[END_REF]: C S,l = 0.14 and C V,l = 0.11.

Numerical approach

The LES code AVBP is used for all simulations presented in this work. This massively parallel code solves the compressible Navier-Stokes equations on unstructured grids [START_REF] Schönfeld | Steady and unsteady flow simulations using the hybrid flow solver avbp[END_REF][START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF]. It is based on the finite volume method where the variables are associated to the mesh points (called cell-vertex method) and mean fluxes are obtained by averaging over the cell edges [START_REF] Lamarque | Schémas numériques et conditions limites pour la simulation aux grandes échelles de la combustion diphasique dans les foyers d'hélicoptère[END_REF][START_REF] Rudgyard | Cell vertex methods for steady inviscid flow[END_REF][START_REF] Rudgyard | Cell vertex methods for compressible gas flows[END_REF][START_REF] Schønfeld | A cell-vertex approach to local mesh refinement for the 3-d euler equations[END_REF]. Here, some insights are given concerning numerical schemes and boundary conditions.

Time step and advancement method

The Courant-Friedrichs-Lewy (CF L = u∆t/∆x) condition [START_REF] Courant | Über die partiellen differenzengleichungen der mathematischen physik[END_REF] ensures numerical stability by considering the time step and grid width with the convection speed of the unsteady simulation. For compressible flows, the CFL number should be chosen below a critical CFL number based on the sound speed. In the here presented LES, the CFL number is fixed at 0.7 and the time step ∆t is usually small (in the order of 10 -6 s to 10 -7 s).

A multi-stage Runge-Kutta scheme [START_REF] Jameson | Numerical solution of the euler equations by finite volume methods using runge-kutta time stepping schemes[END_REF][START_REF] Williamson | Low-storage Runge-Kutta schemes[END_REF] advances the discretized equations in
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time and is limited by the grid size (through the CFL number). It is clear that the mesh size parameter controls the computations cost for this explicit scheme and that special care must be taken to avoid very small mesh sizes.

Convection scheme

The filtered Navier-Stokes equations presented in Section 3.7 have to be solved by numerical schemes. Lamarque [START_REF] Lamarque | Schémas numériques et conditions limites pour la simulation aux grandes échelles de la combustion diphasique dans les foyers d'hélicoptère[END_REF] lists in his thesis all implemented numerical schemes available in AVBP and gives detailed informations about the implementation. Here, the schemes used in the scope of the thesis are given briefly.

During initialization of a simulation, for non-reacting or reacting flows, the Lax-Wendroff (LW) [START_REF] Lax | Systems of conservation laws[END_REF] scheme was used which is of second order in time and space. The formulation of Lax & Wendroff [START_REF] Lax | Systems of conservation laws[END_REF] uses an explicit time integration with a single Runge-Kutta step and features low computations costs and good robustness properties. After reaching a statistically stable simulation, the accuracy of the LES quality is increased with a Taylor-Galerkin type scheme (TTGC) proposed by Colin & Rudgyard [START_REF] Colin | Development of highorder taylor-galerkin schemes for unsteady calculations[END_REF]. Here, the cell-vertex framework is used to apply a finite element approach, so that time and space accuracy are now of third order and of fourth order for regular meshes as shown by Moureau et al. [START_REF] Moureau | Numerical methods for unsteady compressible multi-component reacting flows on fixed and moving grids[END_REF]. Its properties in terms of dispersion and dissipation are well suited for simulations of combustion instabilities where acoustics play a major role. Nevertheless, the TTGC scheme requires about 2.5 times more computational resources compared to the LW scheme.

Boundary conditions

Boundary conditions are crucial in LES of combustion instabilities since the acoustics control the system stability. Here, the Navier-Stokes Characteristic Boundary Conditions (NSCBC) formalism [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] was applied. The NSCBC method is based on the decomposition into characteristic waves proposed by Thompson [START_REF] Thompson | Time dependent boundary conditions for hyperbolic systems[END_REF] for the Euler equations (Euler Characteristic Boundary Conditions (ECBC)). Incoming (for inlets)

and reflecting (for outlets) residuals computed by the numerical scheme are replaced by corrected residuals since in subsonic flows some waves are not computed inside the domain and have to be injected based on physical characteristics. More detailed information can be found in Lamarque [START_REF] Lamarque | Schémas numériques et conditions limites pour la simulation aux grandes échelles de la combustion diphasique dans les foyers d'hélicoptère[END_REF], Poinsot & Lele [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] and Porta [START_REF] Porta | Développement[END_REF].

3.10 Numerical approach

Forcing procedure for FTF measurement

To measure the Flame Transfer Function (FTF), it is necessary to introduce perturbations in the LES and to measure the resulting heat release oscillations. The procedure is similar to experiments but requires specific care. Velocity perturbations are introduced by acoustic waves [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF] with a certain amplitude and sampled at a reference point. Chosing the position of the reference point is a difficult question [START_REF] Truffin | Comparison and extension of methods for acoustic identification of burners[END_REF]. If it is chosen too close to the flame, the velocity signal can be affected by the flame presence.

If it is too far away, expressing heat release fluctuations only as a function of velocity fluctuations is not sufficient and pressure fluctuations have to be taken into account.

Truffin & Poinsot [START_REF] Truffin | Comparison and extension of methods for acoustic identification of burners[END_REF] provide a threshold value for the Helmholtz number • non-reacting flows:

H = ωL af c ( 3 
γp 0 ∇ • 1 ρ 0 ∇p + ω 2 p = 0 (4.1)
• reacting flows:

γp 0 ∇ • 1 ρ 0 ∇p + ω 2 p = iω(γ -1)q(x) (4.2)
where the variables p 0 , p, ω, γ and q are the mean pressure, fluctuations of pressure, pulsation, specific heat ratio and heat release fluctuations, respectively. While Eq. distribute the local response so that the global response is satisfied. There is no unique choice and this can be done in many ways: local FTF must be constructed on the Avsp grid in such a way that the global response is the one which must be introduced in the solver. This section presents the methods which were tested and used during this PhD. 

Definitions and units

Flame Transfer Function from experiments

The FTFs from experiments correlate global heat release fluctuations to velocities at a fixed position. The heat release is integrated over the whole (visually accessible) domain and has the unit Watt [W]: 

Q = V q(x)dV f (4.4) Type Name Definition Units Order of magnitude Dimensional n local (x) q û(x ref ) • n ref [J/m 4 ] O(10 9 )
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Type Name Definition Units Order of magnitude where V f is the flame volume. The link between global heat release fluctuations and the local fields for Avsp (n local (x) and τ local (x)) is given by:

Crocco N 1 Q û(x ref ) • n ref γ -1 S f ρ 0 c 2 0 [-] T hot T cold -1 (see [236]) Dimensional N 2 Q û(x ref ) • n ref [J/m] O(10 9 ) Non-dimensional N 3 Q/Q û(x ref ) • n ref /u [-] O(1)
V f n local (x)e iωτ local (x) dV = N 2 e iωτ (4.5) 
There are multiple solutions to satisfy Eq. (4.5). In most cases, we will assume that the time delay τ local (x) is the same everywhere in the flame volume V f and equal to the global time delay τ . This is consistent with the compact flame assumption. In this situation, the exponential term disappears from Eq. (4.5) and the only remaining condition is:

V f n local (x)dV = N 2 (4.6)
so that if we assume that n local (x) is also constant over the flame volume, its value is determined within the flame by:

n local (x) = n local = N 2 V f within the flame (4.7)
where choosing the volume of the flame V f will be the only remaining task. Of course Eq. (4.7) must be complemented by

n local (x) = 0 outside the flame (4.8)
to reflect the fact that no flame response is expected outside of the flame region.

Flame Transfer Function from simulations

In case of LES, the FTF can be obtained by external acoustic forcing as described in Section 3.10.4. Here, the local heat release field is already available but has to be stored as a series of instantaneous solutions. By doing so, the local amplitude n local (x)

and time delay τ local (x) can be extracted and used for Avsp. The advantage of this procedure is that it is not restricted to compact flames. However, a sufficiently long time series has to be stored for Fourier transformation which increase computation cost and memory requirements. This can be overcome by use of Dynamic Mode Decomposition (DMD) [START_REF] Schmid | Dynamic mode decomposition of numerical and experimental data[END_REF] as proposed by Motheau [195]. This methodology is validated on a 2D test case, applied on a industrial 3D configuration and used in this work.

Since global quantities and probe data are stocked as time signals in Avbp, it is much easier to evaluate the FTF based on the global heat release. The velocity signal is recorded at the reference point and can be directly assessed. This approach is also used in Chapter 7. This method provides values for N 2 , N 3 and global time delay τ .

Comparisons with experimental FTF can be done with N 3 whereas N 2 may be used for AVSP as described by Eq. 4.7.

Flame transfer function from theory

Although not used in this work, the theoretical approach is given too. It can be carried out by using the model of Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors[END_REF][START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part II[END_REF]:

N 2 = N 1 S f γP 0 γ -1 (4.9)
The model scales the Crocco interaction index N 1 [-] so that a dimensional amplitude propagating axially through a tube have been studied since Rijke [START_REF] Rijke | Notice of a new method of causing a vibration of the air contained in a tube open at both ends[END_REF][START_REF] Rijke | Notiz uber eine neue art, die in einer an beiden enden offenen rohre enthaltene luft in schwingungen zu ersetzen[END_REF] where a heater supplied the acoustic field with energy. Later, premixed flames were studied for a similar setup by Mugridge [START_REF] Mugridge | Combustion driven oscillations[END_REF] followed by diffusion flames in a similar configuration of Lawn [START_REF] Lawn | Criteria for acoustic pressure oscillations to be driven by a diffusion flame[END_REF]. For both cases, the flame transfer function (FTF) was determined to give information about the system stability.

Flame Transfer Functions (FTF) were first introduced by Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors[END_REF][START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part II[END_REF]. The idea was to use a time lag between the response of the flame and an ingoing perturbation.

Later, Merk [START_REF] Merk | An analysis of unstable combustion of premixed gases[END_REF] linked the fluctuations of heat release Q and velocity u . Within this framework the FTF depends on the forcing pulsation ω and can be written as:

F T F (ω) = Q (ω)/ Q u (ω)/ū = N e iωτ (5.1)
where the fluctuation quantities are normalized by their mean values. This approach allows to link velocity perturbations to heat release fluctuations and is widely used for linear stability analysis. In this work, the FTF is determined using LES and allows to model an active flame for the Helmholtz solver. By doing so, the acoustic solver gives growth rates and the mode can be identified as stable or unstable. This numerical workflow is summarized in Fig. Physical mechanisms can be described analytically and this helps to understand basic principles. For this reason a wide range of different analytical attempts in terms of FTFs can be found in literature [START_REF] Culick | Stability of high-frequency pressure oscillations in rocket combustion chambers[END_REF][START_REF] Dowling | A kinematic model of ducted flame[END_REF][START_REF] Dowling | Acoustic Analysis of Gas Turbine Combustors[END_REF][START_REF] Zinn | Nonlinear combustion instability in liquid propellant rocket engines[END_REF].

A different approach was used by Fleifil et al. [START_REF] Fleifil | Response of a laminar premixed flame to flow oscillations: A kinematic model and thermoacoustic instability results[END_REF] where flame surface kinematics are described by the so called G-equation [START_REF] Kerstein | Field equation for interface propagation in an unsteady homogeneous flow field[END_REF][START_REF] Williams | The Mathematics of Combustion[END_REF]. Here, the surface G = 0 represents the flame front whereas G < 0 characterizes the fresh gases side and G > 0 the burnt gases side. This work was continued and enhanced by Ducruix et al. [START_REF] Ducruix | Theoretical and experimental determinations of the transfer function of a laminar premixed flame[END_REF] so that the model could treat any laminar conical flame tip angle with good accordance to experimental data in the low frequency region. The discrepancies exhibited for higher frequencies were caused by the simplified assumptions they made. Schuller et al. [START_REF] Schuller | A unified model for the prediction of laminar flame transfer functions: comparisons between conical and v-flame dynamics[END_REF] improved this work and good results were obtained even for higher frequencies by taking the mean flow field at fresh gases side into account. Conical and V-flames are considered and it is shown that the latter is more sensitive to combustion instabilities. In a recent work of Palies et al. [START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF] good agreement between experimental results and analytical modeling of premixed swirled flames is achieved. One major point was to take into
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account the axial and azimuthal velocity disturbances induced by acoustic waves after impinging on a swirler.

In the same manner, FTFs can be obtained by numerical simulations. Several authors [START_REF] Giauque | System identification of a large-scale swirled partially premixed combustor using les and measurements[END_REF][START_REF] Hermeth | LES evaluation of the effects of equivalence ratio fluctuations on the dynamic flame response in a real gas turbine combustion chamber[END_REF][START_REF] Tay | Comparative validation study on identification of premixed flame transfer function[END_REF] conducted LES and validated their results with experimental data.

Duchaine et al. [START_REF] Duchaine | Sensitivity analysis of transfer functions of laminar flames[END_REF] investigated with DNS the sensitivity of key parameters, namely laminar flame speed, flame angle, inlet air and duct temperature and wall temperature of the combustor. All parameters influenced the flame response. In particular, high impacts are observed by increasing flame speed or inlet duct temperature. By this, the time delay decreased so that these parameter are of crucial importance.

Up to this point only single-phase configurations are considered where the fuel is a gas.

Flame transfer functions for liquid fuels are not intensively subjected in literature. In a recent work of De la Cruz Garcia et al. [START_REF] De La | Investigations on the self-excited oscillations in a kerosene spray flame[END_REF] self-excited oscillations of a liquid fuel combustor are reported. A gas turbine burner was used with gaseous fuel and no combustion instabilities appeared. However, by changing the phase of fuel (gas to liquid)

the system exhibited high pressure oscillations. They concluded that these instabilities depend directly on spray characteristics and evaporation. Similar results have been obtained by several authors [START_REF] Bernier | Instability mechanisms in a premixed prevaporized combustor[END_REF][START_REF] Giuliani | Influence of pulsed entries on a spray generated by an air-blast injection device: An experimental analysis on combustion instability processes in aeroengines[END_REF] but detailed investigations between forced flow motions and spray interactions are not conducted. Mirat et al. [START_REF] Mirat | Stability analysis of a swirl spray combustor based on flame describing function[END_REF] carried out experiments of a swirled spray flame and determined the Flame Describing Function (FDF) which is not only frequency dependent but also takes into account different forcing amplitudes. One outcome of this work was that the acoustic response of spray flames differs from lean-premixed swirling flames.

In this work, self-excited longitudinal modes are analyzed for an academic configuration (Volvo) in Chapter 6. Chapter 7 analyzes the FTF in a laboratory-scale combustor (Lotar) and compare results to experimental data.

6

Low-frequency longitudinal mode in a perfectly premixed flame stabilized on a bluff-body (Volvo)

In this chapter, the combustion dynamics of a V-flame in an afterburner-type configuration are investigated using high-order compressible LES and a TA code. 

Introduction

Self-excited longitudinal modes and their excitation mechanism are investigated here for a propane/air flame tested experimentally by Volvo [START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Lda measurements of velocities and turbulence in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Validation rig-a tool for flame studies[END_REF] and computed by many others [START_REF] Cocks | Is les of reacting flows predictive? part 1: Impact of numerics[END_REF][START_REF] Erickson | The influence of reactant temperature on the dynamics of bluff body stabilized premixed flames[END_REF][START_REF] Fureby | A computational study of combustion instabilities due to vortex shedding[END_REF][START_REF] Giacomazzi | The coupling of turbulence and chemistry in a premixed bluff-body flame as studied by les[END_REF][START_REF] Jourdain | Analysis of thermo-acoustic properties of combustors and afterburners[END_REF][START_REF] Jourdain | Numerical comparison between the dynamic mode decomposition and the arnoldi extraction technique on an afterburner test case[END_REF]. The regime is perfectly premixed and the complexity of the system reduces because equivalence ratio fluctuations are eliminated.

Numerical configuration 6.2.1 Geometry

The Volvo configuration consists of a rectangular chamber of constant cross section (0.12 m × 0.24 m) and a bluff body for flame stabilization (Fig. 6.1). The total length of the configuration is 1.50 m. The flame holder is an equilateral triangle with an edge length of 0.04 m mounted x = 0.82 m downstream of the inlet.Two elements which were not clearly characterized in the experiments (fuel feeding line and honeycomb) are not considered in the simulations since their impact on the results is marginal, as will be shown in the next sections.

Combustor acoustics

Since the objective of this work is to capture chamber modes, it is useful to compute these before performing LES. The 3D Helmholtz code AVSP [START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF] The modes found by AVSP are summarized in Tab. 6.1 and displayed in Fig. 6.2 and 6.3.

The first longitudinal mode (1Lx-0Ty-0Tz) is a typical quarter wave mode (Fig. 6.3) 

Large eddy simulation methodology

Large eddy simulation methodology

The operating points studied in this chapter are summarized in Tab. 6.2. All correspond to cases tested in the experiments: non-reacting, reacting stable and reacting lowfrequency unstable (buzz). All simulation parameters are kept equal for the different cases except the inlet velocity u bulk and the global equivalence ratio φ.
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Mode 

Numerical setup

The fully compressible high-order code Avbp [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Schönfeld | Steady and unsteady flow simulations using the hybrid flow solver avbp[END_REF] described in Chapter 3 is used for LES to solve the reactive multi-species Navier-Stokes equations on unstructured grids. The two-step Taylor-Galerkin finite-element convection scheme [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF] provides at least third-order accuracy in time and space. m Special attention is needed for inlet and outlet boundary conditions as they control combustion instabilities: they are treated with Navier-Stokes Characteristic Boundary Conditions (NSCBC) [START_REF] Granet | Comparison of nonreflecting outlet boundary conditions for compressible solvers on unstructured grids[END_REF][START_REF] Guezennec | Acoustically nonreflecting and reflecting boundary conditions for vorticity injection in compressible solvers[END_REF][START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF]. The outlet is modeled as a reflecting section (p = 0) with the 3D NSCBC version derived by Granet et al. [START_REF] Granet | Comparison of nonreflecting outlet boundary conditions for compressible solvers on unstructured grids[END_REF]. The inlet is located at x = 0 in Fig. 6.1 (Section 6.3.2). It acts acoustically as a u = 0 surface but is also used to inject turbulence using the method of Guezennec & Poinsot [START_REF] Guezennec | Acoustically nonreflecting and reflecting boundary conditions for vorticity injection in compressible solvers[END_REF]. The walls are modeled as adiabatic no-splip walls. Reduced chemical kinetics for propane/air flames are described in Section 3.6.1.

The middle cut plane of the mesh is shown in Fig. 6.1. The fully tetrahedral mesh contains 3 685 066 nodes and 20 919 678 cells. The mesh size in the reaction zone and
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further downstream is 2 mm which ensures the resolution of at least 80 % of the kinetic energy of the flow [START_REF] Pope | Turbulent flows[END_REF]. This resolution leads to dynamic thickening values of the flames between 15 (stable validation case) to 25 (buzz case). The near wall region of the flame holder and the boundary walls feature dimensionless wall distances of y + = 40 at highest velocity levels. The time step is fixed to ∆t = 3.5 × 10 -7 s and corresponds to an acoustic CFL number of 0.7.

Turbulence injection

The honeycomb and the fuel support line (present in the experiments) are not considered in the LES. A perfectly premixed propane/air mixture with a superimposed homogeneous isentropic turbulence level is injected at the inlet. The turbulence intensity of the inlet section is equivalent to 8 % of the bulk velocity and decreases at the honeycomb position to 3 % which corresponds to data obtained by measurements at this position [START_REF] Sjunnesson | Lda measurements of velocities and turbulence in a bluff body stabilized flame[END_REF]. The integral length scale of the imposed turbulent field is 0.03 m at the injection plane (x = 0 m) corresponding to one quarter of the chamber height. 

Validation of the stable cases

LES results are first validated against experimental results for the stable validation cases. This is done in two steps: first, cold flow results for axial and transverse velocities are compared. In a second step, experimental data for the stable reacting flow is used to validate LES. Figure 6.5 displays the measurement planes for velocities M 1 to M 5

where experimental data was recorded and compared to LES results.

Non-reacting case

The non-reacting flow (u bulk = 16.6 m/s) is averaged for 320 ms corresponding to 4 convective flow through times in the whole chamber. Axial and transverse velocities are in good agreement (Fig. 6.6) for all measurement plane positions. RMS profiles for both axial and transverse velocities are also well reproduced (Fig. 6.7). The recirculation zone is well captured as confirmed by the axial velocity profile on the chamber axis (Fig. 6.8).

During the non-reacting test, vortex shedding appears behind the bluff body and its frequency was determined experimentally to f V S = 105 Hz. In Fig. 6.9 the shedding encountered in the LES is visualized exhibiting a Von Kármán-like flow motion. Its frequency can be determined from the transverse velocity component in z-direction behind the flame holder at the same position as in the experiments (x = 0.82 m). The power spectrum density of the normalized signal is given in Fig. 6.10 and the frequency of vortex shedding in the LES is found to be f V S = 120 Hz (frequency error of ±5 Hz due to the discrete time signal) close to the experimental value (105 Hz).

Reacting case

The first reacting case is the stable run of Tab. A.2 (u bulk = 17.3 m/s, φ = 0.65).

The averaging time is equal to the non-reacting case (320 ms). Experimental and numerical axial (x-direction) and transverse (z-direction) velocity components match well for both mean (Fig. 6.11) and RMS (Fig. 6.12) quantities. The recirculation zone is larger compared to cold flow profiles and is well captured by LES (Fig. 6.13). Slight under predictions of the recirculation velocity are observed for both components as obtained using other LES codes [START_REF] Cocks | Is les of reacting flows predictive? part 1: Impact of numerics[END_REF].
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Longitudinal modes: the buzz case

The first unstable regime computed with LES is the buzz case in Tab. A. 

Conclusion

Further insight into the buzz mode structure can be obtained by using DMD [START_REF] Schmid | Dynamic mode decomposition of numerical and experimental data[END_REF] on 3D solution fields. These are recorded over a period of 0.04 s corresponding to 5 buzz mode cycles (150 snapshots). Pressure amplitude and phase are extracted from DMD results on the middle plane axis (y = 0.12 m) and compared to the Helmholtz solver results presented in section 6.2.2. Results (Fig. 

Conclusion

In this section a self-excited longitudinal mode was studied using LES in the Volvo configuration [START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Lda measurements of velocities and turbulence in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Validation rig-a tool for flame studies[END_REF]. The afterburner was analyzed acoustically using a Helmholtz solver. Here, the first chamber mode was identified as a quarter wave mode with a frequency of 88 Hz. After validation of the stable case against experimental data, the longitudinal mode excited in the LES was compared with experimental observations and good agreement was found. Acoustic waves propagating through the combustor cause flame roll up which are associated to heat release fluctuations. 
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Introduction

While Chapter 6 described a study of a low-frequency mode based on a brute force LES, the present chapter describes a case where LES was used to compute the forced response of a burner and a TA code was used to predict stability as discussed in Chapter 2. This is done for the Lotar setup of the ONERA which is a kerosene/air swirled system.

FTFs have been widely used for laminar [START_REF] Duchaine | Sensitivity analysis of transfer functions of laminar flames[END_REF][START_REF] Durox | Combustion dynamics of inverted conical flames[END_REF][START_REF] Karimi | Linear and non-linear forced response of a conical, ducted, laminar premixed flame[END_REF][START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF] and turbulent configurations [START_REF] Hemchandra | Heat release response of acoustically forced turbulent premixed flames-role of kinematic restoration[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Tay Wo | Identification of flame transfer functions using les of turbulent reacting flows[END_REF] where the systems are fed by gaseous fuel. Much less studies have been published for FTF of two-phase flows even if much effort has been made for unforced reacting two-phase flows [START_REF] Jenny | Modeling of turbulent dilute spray combustion[END_REF][START_REF] Jones | Large eddy simulation of the two-phase flow in an experimental swirl-stabilized burner[END_REF][START_REF] Patel | Simulation of sprayturbulence-flame interactions in a lean direct injection combustor[END_REF][START_REF] Wandel | Direct numerical simulations of turbulent flame expansion in fine sprays[END_REF][START_REF] Zoby | Evaporation rates of droplet arrays in turbulent reacting flows[END_REF]. Simulations of complex geometries with multipoint injection systems and realistic injection profiles have been reported and validated against experimental results [START_REF] Boileau | LES of an ignition sequence in a gas turbine engine[END_REF][START_REF] Hannebique | Etude de la structure des flammes diphasiques dans les brûleurs aéronautiques[END_REF][START_REF] Jaegle | Lagrangian and eulerian simulations of evaporating fuel spray in an aeronautical multipoint injector[END_REF][START_REF] Senoner | Evaluation of numerical strategies for twophase reacting flows[END_REF]. This work aims to extend the range of simulations and to focus on thermoacoustic instabilities and FTFs in twophase flows.

The majority of the literature on combustion instabilities focus on gaseous fuels and liquid fuel studies are rarely reported. The importance of liquid fuel was shown recently by De la Cruz Garcia et al. [START_REF] De La | Investigations on the self-excited oscillations in a kerosene spray flame[END_REF]. A gas turbine burner was used with gaseous fuel and no combustion instabilities were observed while switching to liquid fuel exhibited large self-excited pressure oscillations. They concluded that these instabilities depend directly on spray characteristics and evaporation meaning that it is essential to take these phenomena into account when liquid fueled systems are examined. In the context of combustion instabilities, Flame Transfer Functions (FTF) became important in both laminar [START_REF] Duchaine | Sensitivity analysis of transfer functions of laminar flames[END_REF][START_REF] Durox | Combustion dynamics of inverted conical flames[END_REF][START_REF] Karimi | Linear and non-linear forced response of a conical, ducted, laminar premixed flame[END_REF][START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF] and turbulent cases [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Tay Wo | Identification of flame transfer functions using les of turbulent reacting flows[END_REF] whether obtained numerically or experimentally. Due to the fact that the flame shape is different depending on the state of the fuel [START_REF] Cavaliere | A comparison of the blow-off behaviour of swirl-stabilized premixed, non-premixed and spray flames[END_REF] the flame response will be different. Up to now the role of liquid fuel on FTFs is not known. The approach proposed by Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF] is applied to this case: the fuel line is pulsed at the same frequencies to account for equivalence ratio

Numerical configuration

fluctuations and are added to the FTFs where only the impact of velocity perturbations was identified. This approach is called Multiple-Input-Single-Output (MISO).

For this purpose, a laboratory-scale turbulent two-phase flow combustor is chosen as the target configuration which was tested at the Onera [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF]. Experimentally determined FTFs are available as well as mean gas and liquid velocity profiles. Within this chapter, LES are carried out for one operating point. Liquid fuel is injected and mean fields of non-reacting and reacting flows are compared. In a further step, the FTFs are calculated and are compared with experimental FTFs. Additionally, the multipoint injection system (containing 24 injectors) and the pilot injector are pulsated at different frequencies in order to identify the impact of equivalence ratio fluctuations on the FTF. The chapter is organized as follows: first, the target configuration is presented, followed by an acoustic characterization of the system. In section 7.4, unforced and forced results of the reacting two-phase flow LES are presented and validated against experimental data. Section 7.5 compares numerical and experimental FTFs. The last section discusses the low-frequency mode stability dynamics of the configuration when the outlet duct length changes and predicts the control length for stability.

Numerical configuration

The experimental test rig named Lotar (Liquid fueled Onera Thermo Acoustic Rig)

was developed by the Onera Toulouse during the KIAI (Knowledge for Ignition, Acoustics and Instabilities) project founded by the european union. One of the main objectives was to conduct experiments of a realistic configuration and to study combustion instabilities using liquid fuel. The full setup is shown in Fig. 7.1. The combustion chamber (shown in the middle) is connected with two tubes, one upstream and one downstream. The downstream tube is moveable so that the impedance of the system outlet can be changed and thus its stability. Two extreme lengths can be adjusted and are measured between the pilot injector and the tube outlet: the shortest tube length 2030 mm and the longest 2480 mm. In front of the first tube a siren is mounted to modulate the entering air flow for stability analysis. The combustion chamber has three parts: a plenum, a rectangular combustor and a swirler (Fig. The liquid phase is modeled as a continuous phase using the mesoscopic Eulerian formalism [START_REF] Février | Partitioning of particle velocities in gas-solid turbulent flows into a continuous field and a spatially uncorrelated random distribution: Theoretical formalism and numerical study[END_REF][START_REF] Sanjosé | Large Eddy Simulation of a two-phase reacting flow in an experimental burner[END_REF]. Following [START_REF] Hannebique | Etude de la structure des flammes diphasiques dans les brûleurs aéronautiques[END_REF] a model is applied to account for the injection dynamics at the pilot injector and the multipoint injection device. Realistic liquid injection profiles are applied: the pilot injects kerosene as a hollow cone while the 24 multipoint injectors correspond to point sources with Gaussian distributions. The evaporation model is an equilibrium law based on the Spalding mass-transfer model [START_REF] Spalding | Experiments on the burning and extinction of liquid fuel spheres[END_REF]. Bidirectional interactions between both phases are considered by a two-way coupling model [START_REF] Druzhinin | On the two-way interaction in two-dimensional particle-laden flows -the accumulation of particles a nd flow modification[END_REF].

Turbulence/flame interactions are described by the dynamic thickened flame model.

The efficiency function of Charlette et al. [START_REF] Charlette | A power-law flame wrinkling model for les of premixed turbulent combustion part i: Non-dynamic formulation and initial tests[END_REF] is used to model the flame wrinkling due to turbulence. formulation [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] allowing to control acoustic reflections. All other boundaries are modeled as no slip solid walls.

Unforced flow and flame dynamics

The non-reacting flow is shown in Fig. accumulation is found at the combustor walls. The bottom image suggests that the droplet diameter is decreasing after the liquid phase is carried near the walls where
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high air entrainment leads to higher evaporation rates downstream the accumulation zone. A more quantitative comparison between experiments and simulations can be performed 

Large eddy simulation methodology

shows good agreement in terms of jet angle and opening. Again, a longer averaging time would probably lead to better RMS results. 
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FTF of the liquid fueled configuration

The Flame Transfer Functions (FTFs) are obtained by forcing the flame acoustically.

The determination is performed after a steady state simulation has been reached. The axial velocity entering the domain at the air inlet is then modulated acoustically at the frequencies 170 Hz, 220 Hz and 275 Hz. The modulation amplitude reaches 15 % of u B at the plenum inlet. This procedure is described in [START_REF] Hermeth | LES evaluation of the effects of equivalence ratio fluctuations on the dynamic flame response in a real gas turbine combustion chamber[END_REF]. Global heat release fluctuations and the axial velocity signal at the reference point are plotted in Fig. 7.15

for the pulsation frequency of 220 Hz. For clarity, time is reset to zero. After 15 ms inlet air forcing starts and the first period is not considered for FTF calculation. Three forcing cycles are recorded as pointed out in Fig. 7.15. DMD is applied to extract coherent flow features at the given forcing frequencies. Although not presented here, the DMD data do not change much when 2 or 4 cycles are used. Neither has the number of snapshots an significant impact on the results: here 30 snapshots per cycle are used.

From the DMD data the local FTF fields are reconstructed as described in Section 4.2.

It writes:

ûx (x) = A ux (x) • e iϕu x (x) (7.1) q(x) = A q (x) • e iϕq(x) (7.2)
where A(x) and ϕ(x) represent amplitude and phase fields, respectively. The local 

FTF of the liquid fueled configuration

FTFs are obtained from these fields as:

F T F = q ûx (7.3)
having the units [J/m 4 ]. Volume integration of the local fields leads to global FTF values with the units [J/m]. This value is multiplied by the ratio of ūx /q to obtain the non-dimensional FTF:

N 3 e jωt = q/q ûx /ū x (7.4)
The FTFs for the three frequencies are compared with experimental data [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF] in Fig. 7.16.

The flame response and the decreasing amplitude with increasing pulsation frequency is globally well captured. The time delays are well reproduced by the LES for all frequencies. Small discrepancies are found for the case of 170 Hz pulsation.

In the following only the FTF for the pulsation frequency of 220 Hz is considered since experimental stability results are available for this case.

The local fields of n(x) and τ (x) are given in Fig. 7.17 Once the FTF is obtained in order to model q, it is interesting to feed the Helmholtz solver with these data and investigate the effects of parameters such as the length of the chimney (movable tube in Fig. 7.1). The active flame model (Chapter 4.2) is used in order to obtained growth rate predictions for this mode. To correctly predict growth rates, mean flow effects must be taken into account through the boundary conditions [START_REF] Motheau | Using boundary conditions to account for mean flow effects in a zero mach number acoustic solver[END_REF]. Table 7.2 summarizes boundary conditions used in this work. Following Motheau et al. [START_REF] Motheau | Using boundary conditions to account for mean flow effects in a zero mach number acoustic solver[END_REF], mean flow effects can be taken into account by energetic formulations of the acoustic boundary conditions. Here, the Mach number M is used to model these effects thus modifying the energetic reflection coefficient R E [START_REF] Motheau | Using boundary conditions to account for mean flow effects in a zero mach number acoustic solver[END_REF]:

R E = 1 -M 1 + M R AC (7.5)
where R AC is the acoustic reflection coefficient. It is possible to model an inlet 

Configuration TL2030 TL2480

Frequency [Hz] 223 -3.8i 192 +0.6i impedance with zero mass flow fluctuations m J,m = 0 and an outflow boundary equivalent to p = 0 but accounting for mean flow effects p J,m = 0 with the Mach number at this position. At the outlet this is obtained by setting the impedance to M. Here, the Mach number is determined as M = 0.05 from the time averaged LES and averaged spatially at the combustor exit.

The results of the acoustic solver Avsp are summerized in Tab. 7.3. Stability predictions agree with experimental observations for both cases. For the case TL2030 exhibiting stable combustion during tests, decaying growth rates are predicted meaning that this mode is not amplified. On the other hand, an amplifying behavior of the mode is indicated for case TL2480 as expected from Tab. 7.3. The different boundary conditions do not change frequencies or mode shapes. A slight shift of amplification rates is noticed, pushing the results towards the stable region.

Determination of critical length

Between the shortest and the longest tube lengths, a critical tube length l c rit has to exist where the transition from stable to unstable combustion takes place. In order to find this critical length, the reflection coefficient at the outlet of the TL2030 case R 0 is changed successively in Avsp up to the length of TL2480. This allows to use one
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Figure 7.18: Determination of transition point from stable to unstable regime.

mesh with adapted boundary impedances to mimic all tube lengths of the system. The shifted reflexion coefficient is:

R S = R 0 e 2ikL (7.6) 
where k = ω/c is the wavenumber and L the corresponding length of the studied tube length. This parameter is varied between 2030 mm to 2480 mm in 50 mm steps.

The growth rate for each tube length is displayed in Fig. 7.18. The FTF remains the same for all cases. For small tube lengths, negative growth rates are obtained. With each additional segment of the tube, the stability of the system shifts towards amplifying growth rates at the final tube length. This result is coherent with the previous results. Slight differences between results appear due to the analytical expression of Eq. (7.6) where the sound speed is fixed. The critical length is found at l crit = 2420 mm. High-frequency combustion instability is often called "screech" due to its characteristic high-pitching sound level [START_REF] Harrje | Liquid propellant rocket instability[END_REF]. High pressure amplitudes and increased heat transfer characterizes screech combustion as one of the most dangerous instabilities due to the fact that these effects stress the combustor material and lead to its destruction in some seconds [START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF]. This phenomenon is usually accompanied by transverse modes where acoustic waves (in contrast to longitudinal modes) propagate between the lateral walls of the combustion chamber. Some authors [START_REF] Jourdain | Combustor stability analysis based on linearized flow solvers and arnoldi-based eigenmode extraction techniques[END_REF] claim that certain high-order longitudinal modes (such as a 6Lx-0Ty-0Tz mode) can also appear in the high-frequency range.

Conclusion

The study of screech goes back to the early 1950s where ramjets and afterburner with increased thermal power were more and more affected by this type of instability. Soon it was recognized that the pressure oscillations encountered during tests correspond to the resonant chamber modes [START_REF] Staff | A summary of preliminary investigations into the characteristics of combustion screech in ducted burners[END_REF] and energy addition due to combustion has to occur closely in phase with the pressure maximum to excite these chamber modes [START_REF] Blackman | Studies of screeching combustion and pressure-wave, flamefront interaction[END_REF]. One present and thus ignite after a specific delay. After this ignition "time delay", the burnt gases generate acoustic oscillations which feed the pressure oscillation in the combustion chamber. This also suggests, that the frequency of the vortex shedding has to match the frequency of the instability. This observation was reported by Zukoski & Marble [START_REF] Zukoski | Experiments concerning the flame stabilization in the wakes of bluff bodies[END_REF]: the ignition delay corresponds to a frequency of 3600 Hz and coincide with the experimental pressure oscillations ranged from 3600 Hz to 3900 Hz. In 1958, Barker [START_REF] Barker | Experiments concerning the occurrence and mechanism of high-frequency combustion instability[END_REF] demonstrated that the vortices shed from the flame holder edge are acoustically induced while using the same apparatus as Rogers & Marble [START_REF] Rogers | A mechanism for high frequency oscillations in ramjet combustors and afterburners[END_REF]. He also supposed that the time delay determines the presence of instability but no further investigation was made to clarify the role of the shed vortices.

Another mechanism of instability driving was proposed by Male et al. [START_REF] Male | Photographic study of rotary screaming and other oscillations in a rocket engine[END_REF] (among others [START_REF] Blackshear | Driving standing waves by heat addition[END_REF][START_REF] Putnam | Organ-pipe oscillations in a flame-filled tube[END_REF]), namely flame surface fluctuations. They stated that all instabilities comprised higher heat transfer rates which impacted the plastic chamber walls due to flame surface variations. They gave averaged erosion rates of two and six times higher for longitudinal and transverse oscillations, respectively, compared to stable combustion. Flame surface variations as a mechanism for instability was also mentioned by

Kaskan & Noreen [START_REF] Kaskan | High-frequency oscillations of a flame held by a bluff body[END_REF]: similar to the setup of Rogers & Marble [START_REF] Rogers | A mechanism for high frequency oscillations in ramjet combustors and afterburners[END_REF], they used a rectangular combustor with V-flame holder and experienced combustion instabilities where high transverse pressure motions were encountered. From their observations they concluded that the vortices shed from the bluff body lip roll up on the flame surface, interact, and generate pressure oscillations which feed the transverse acoustic field. However, the mechanisms responsible for the positive feedback loop leading to the excitation of transverse modes where not identified.

In the same period, theory was also developed, ranging from simple 1D solutions to more sophisticated analytical frameworks. In general, theoretical approaches were based on the time lag model proposed by Crocco & Cheng [START_REF] Crocco | Theory of combustion instability in liquid propellant rocket motors[END_REF] to predict system stability of a given flow field for longitudinal [START_REF] Crocco | Theory of liquid propeliant rocket combustion instability and its experimental verification[END_REF] (also discussed in Section 5) and transverse modes [START_REF] Crocco | Transverse combustion instability in liquid propellant rocket motors[END_REF][START_REF] Crocco | Velocity effects in transverse mode liquid propellant rocket combustion instability[END_REF][START_REF] Culick | Stability of high-frequency pressure oscillations in rocket combustion chambers[END_REF]. The time lag model motivation is to simplify the system complexity (fuel injector design, evaporation and mixing process, ignition and burning rate etc.) as a function of the operating condition by two global parameters describing the combustor characteristics: an amplitude n and a time delay τ . The model was able to reproduce the growth or decay of an acoustic chamber mode in good agreement with experimental data. But the crux of the problem was that this model was based on experimental data and was (and still is) not able to give stability information in the predesign stage to avoid instability onset before its assembly. The lack of theoretical knowledge and inaccessible insights into the instability driving mechanisms lead to extensive test campains which had its most impressive example during the cold war. The NASA project named Saturn had the mission to fly an astronaut to the moon, allowing to put him on the moon surface and return back to earth. The engine of the Saturn V was the F-1 (Fig. 8.2). This rocket engine was first tested in October 1962 and had a power density of W = 22 GW/m 3 . During these tests pressure fluctuations were observed:

these transverse modes made stable operation impossible. In the time between October 1962 to September 1966 more than 3200 full-scale tests were carried out until a stable

OVERVIEW OF TRANSVERSE MODES

Figure 8.2: The F-1 engine during firing test [START_REF] Culick | Combustion instabilities in liquidfueled propulsion systems-an overview[END_REF].

design was found by trail and error as reported in detail by Oefelein & Yang [START_REF] Oefelein | Comprehensive review of liquid-propellant combustion instabilities in f-1 engines[END_REF]. The number of tests is explained by the various considerations of configuration changes and passive damping devices which had to be tested to find a correct one. Most of the work concentrated on the injector design and its position relative to the combustion zone.

Motivated by the knowledge of the n -τ model, the role of the time delay became important and relative injection velocities for fuel and oxidizer were investigated along with spray characteristic changes (angle, droplet diameter etc.) until configurations were found with stabilizing effects [START_REF] Harrje | Liquid propellant rocket instability[END_REF]. Additionally, the focus was on devices which increase system stability such as baffles (Fig. 8.3). These elements were integrated in the combustion chamber to avoid or reduce oscillation amplitudes. It was known that turning modes can be decreased in amplitude, when radial baffles were used and standing waves are controlled by the number of cavities but no design rule existed. Studies about compartment size, blade number, length, degree of symmetry were carried out and their stability impact are given in detail (e.g. Harrje & Reardon [START_REF] Harrje | Liquid propellant rocket instability[END_REF] and Culick [START_REF] Culick | Combustion instabilities in liquidfueled propulsion systems-an overview[END_REF]). The final (stable) F-1 engine featured numerous baffles which made it heavier and more fuel consuming.

So far these investigations focussed on rockets and afterburner. Transverse modes also appeared in gas turbine configurations. Self-excited instabilities occurred in the experimental configuration of Marshall et al. [START_REF] Marshall | Experimental and computational investigation of combustor acoustics and instabilities, part ii: Transverse modes[END_REF] where transverse modes show different oscillation amplitudes when the injector position is changes with regard to pressure antinodes. It was found that the highest amplitudes are encountered when the injector are placed near the pressure maxima. In the work of Bibik et al. [START_REF] Bibik | Rotational traveling of tangential wave in multi-injectors lre combustor simulator[END_REF] the spinning Numerically, self-excited high-frequency instabilities are reported by Huang et al. [START_REF] Huang | Large-eddy simulation of combustion dynamics of lean-premixed swirl-stabilized combustor[END_REF][START_REF] Huang | Systematic analysis of lean-premixed swirl-stabilized combustion[END_REF]. Detailed analysis of the vortices shed from the swirler are displayed by employing different extraction methods. Selle et al. [START_REF] Selle | Joint use of compressible large-eddy simulation and Helmholtz solvers for the analysis of rotating modes in an industrial swirled burner[END_REF] used LES simulations to reveal the turning transverse mode and identified it with a Helmholtz solver as a chamber mode.

In the work of Ducruix et al. [START_REF] Ducruix | A method for the transverse modulation of reactive flows with application to combustion instability[END_REF] cold flow simulations undergo transverse excitation.

The generation of vortices and mixing effects are examined in detail. In the reacting case they revealed both pressure and heat release oscillations in phase, indicating energy addition to the acoustic field though the heat release signal showed no footprint of the acoustic excitation in the frequency spectrum. After integration over half of 

Introduction

Most studies of combustion instabilities focus on longitudinal low-frequency modes [START_REF] Poinsot | Nonlinear studies of lowfrequency combustion instabilities[END_REF][START_REF] Schuller | Acoustic decoupling of longitudinal modes in generic combustion systems[END_REF] for which theory, experiments and simulations have been extensively developed. For transverse high-frequency instabilities (such as screech in afterburners, rocket engines or in certain gas turbines), much less work is available and even theory is still not complete today [START_REF] Baillot | Response of a laminar premixed v-flame to a high-frequency transverse acoustic field[END_REF][START_REF] Emerson | Density ratio effects on reacting bluff-body flow field characteristics[END_REF][START_REF] Rogers | A mechanism for high frequency oscillations in ramjet combustors and afterburners[END_REF]. In this context, the Volvo configuration developed in the early 1990s is a good prototype to investigate combustion instability, both at low and high frequency: beside stable operation (for which velocity fields were measured), self-excited longitudinal and transverse combustion instabilities were observed during experimental testing [START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Lda measurements of velocities and turbulence in a bluff body stabilized flame[END_REF][START_REF] Sjunnesson | Validation rig-a tool for flame studies[END_REF]. Low-frequency instabilities in the Volvo setup were studied in Chapter 6. This chapter focusses on high-frequency modes (screech).

Screech is associated to transverse (tangential and radial) acoustic modes propagating between the lateral walls of the combustion chamber. Contrary to longitudinal [START_REF] Schuller | Acoustic decoupling of longitudinal modes in generic combustion systems[END_REF] or azimuthal [START_REF] Parmentier | A simple analytical model to study and control azimuthal instabilities in annular combustion chambers[END_REF] modes, transverse modes are both difficult to predict and dangerous in practice because they can reach very high oscillation levels. While LES has been shown to capture longitudinal modes [START_REF] Duwig | Large-eddy simulation of unsteady lean stratified premixed combustion[END_REF][START_REF] Fureby | A computational study of combustion instabilities due to vortex shedding[END_REF][START_REF] Huang | Large eddy simulation of combustion dynamics of leanpremixed swirl-stabilized combustor[END_REF][START_REF] Schmitt | Large-eddy simulation and experimental study of heat transfer, nitric oxide emissions and combustion instability in a swirled turbulent high-pressure burner[END_REF] as well as azimuthal modes [START_REF] Staffelbach | Large eddy simulation of self excited azimuthal modes in annular combustors[END_REF][START_REF] Wolf | Using LES to study reacting flows and instabilities in annular combustion chambers[END_REF],

it seems to be more difficult to capture transverse modes: these modes obviously involve higher frequencies, smaller vortices and request an increased precision. Here we show that high-order compressible LES can capture both longitudinal and transverse modes.

The chapter is organized as follows: Section 9.2 presents the target configuration followed by its acoustic characterization in terms of transverse modes in Section 9.3. To do so, a 3D Helmholtz solver is used to provide all transverse modes of the set-up before performing LES. Section 9.4 compares LES and experimental observations of self-excited transverse modes. The resulting pressure amplitudes and phases are also compared to the Helmholtz solver predictions in order to identify the modes nature.

Numerical configuration

The configuration is exactly the one presented in Chapter 6. No changes have been made neither for the mesh nor for the numerical settings. The operating condition, however, has changed to trigger screech and is given in Tab. 9.1. 

Combustor acoustics

Case

Combustor acoustics

The first three transverse modes found by Avsp are summarized in Tab. 9.2 and displayed in Fig. 9.1. For clarity, the following nomenclature is used to designate mode: nLx-pTy-qTz where n, p and q are pressure nodes in each direction. The first transverse mode found is a 1Lx-1Ty-0Tz mode and was not observed in the LES. The screech mode 1Lx-2Ty-0Tz is found at frequency of 1418 Hz which is close to the mode frequency found in the experiment (1400 Hz). The LES (see Section 9.4) predicts a mode at 1360 Hz.

High-frequency transverse oscillations: screech

To trigger screech, the bulk velocity has to reach u bulk = 36 m/s (Tab. A.2). The initialization of this case is realized as follows: starting from the stable reacting flow of observed where high-frequency oscillations are present with large amplitudes (1500 Pa).

Spectral analysis (Fig. 9.2 right) confirms that the high-frequency mode corresponds to the screech frequency f s (1360 Hz) [START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF]. patterns) as well as transversally by flame deformation.

A very specific feature of this mode is that reaction rates fluctuate at the screech frequency (Fig. 9.6) as expected in an unstable case but even the mean flame shape is affected by the mode, leading to the two large reaction zones visible on Fig. and low activity downstream.

Note that a different result was obtained by Jourdain & Eriksson [START_REF] Jourdain | Combustor stability analysis based on linearized flow solvers and arnoldi-based eigenmode extraction techniques[END_REF] for the screech mode. Using a model for the acoustic effects of the screen and adding the effects of equivalence ratio fluctuations, they argue that the screech mode is actually the 6Lx-0Ty-0Tz mode. The present study, based on perfectly-premixed combustion and no screen effects suggests that the 1Lx-2Ty-0Tz mode is also a possible candidate. Only experiments could clarify this issue at this point.

Conclusion

In the present chapter an afterburner configuration is investigated with LES. Transverse self-excited modes are reproduced using LES with precision. The excitation mechanisms for the mode is identified and flow and flame characteristics discussed. The transverse mode 1Lx-2Ty-0Tz at 1360 Hz featured a symmetric flow pattern in longitudinal direction and a mean flame brush deformation associated to the transverse mode in the direction parallel to the flame holder, a feature which had not been reported up to now.

SELF-EXCITED TRANSVERSE MODES IN A TURBULENT BLUFF-BODY STABILIZED PREMIXED FLAME (VOLVO)

The mode shapes predicted by a Helmholtz solver are compared with LES data and agree well showing that the present high-order compressible solver is able to capture transverse modes. The results allow to get further insight into instability mechanisms and can help to develop a theoretical framework for transverse modes. 

Introduction

The objective of the present work is to study self-excited transverse modes in a square laboratory combustion chamber using LES and an acoustic solver. The combustor studied here is a swirled system operated at Onera [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF] already presented in Chapter 7. Here, a strong PVC (Precessing Vortex Core) develops and influences flow and flame dynamics. The interaction of the PVC and combustion instabilities has been the topic of many recent publications [START_REF] Candel | Dynamics of swirling flames[END_REF][START_REF] Moeck | Nonlinear interaction between a precessing vortex core and acoustic oscillations in a turbulent swirling flame[END_REF][START_REF] Paschereit | Excitation of thermoacoustic instabilities by interaction of acoustics and unstable swirling flow[END_REF][START_REF] Steinberg | Parametric study of vortex structures and their dynamics in swirlstabilized combustion[END_REF][START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermoacoustically unstable gas turbine model combustor[END_REF][START_REF] Stöhr | Experimental study of vortexflame interaction in a gas turbine model combustor[END_REF][START_REF] Syred | A review of oscillation mechanims and the role of the precessing vortex core in swirl combustion systems[END_REF][START_REF] Terhaar | Key parameters governing the precessing vortex core in reacting flows: An experimental and analytical study[END_REF]. LES allows to capture the coupling between PVC and acoustics but also to study the PVC and acoustics separately by controlling the acoustic field. Here, an active control system located on the combustor lateral walls is used to damp the transverse acoustic mode and to characterize the PVC alone for different mass flow rates: this is done using lateral compliant walls (called ACC-walls for Active Control using Compliant walls).

These flexible walls have a non-zero normal velocity and their impedance can be tuned to act as acoustic dampers. ACC-walls are a numerical representation of active control techniques used for longitudinal instabilities [START_REF] Bloxsidge | Active control of reheat buzz[END_REF][START_REF] Lang | Suppression of combustion instabilities by active control[END_REF] which are extended here to control transverse modes.

Even if the ACC-walls method allows to decouple PVC and thermoacoustics and therefore to use LES to analyze each mechanism separately, no proper theoretical background 10.2 Numerical configuration exists today to predict transverse modes. For longitudinal modes, the most common stability model is the n -τ approach of [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part II[END_REF] which links axial velocity perturbations with perturbations of heat release. For transverse modes the extension of Croccos's idea is unclear and there is no obvious reason to link heat release and axial velocity fluctuations. The present results suggest that an extended FTF formulation linking orthoradial (and not axial as in Crocco's model) velocity components and heat release can indeed be used to predict these modes. This approach is called T-FTF (for transverse flame transfer functions).

This chapter is organized as follows: Section 10.2 recalls the characteristics of the configuration which is a square laboratory-scale kerosene/air swirled combustor. Section 10.3 describes a study of the acoustic modes of the combustor, using a 3D Helmholtz solver [START_REF] Benoit | Numerical assessment of thermo-acoustic instabilities in gas turbines[END_REF][START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF]. This first step allows to identify all chamber modes which may appear with combustion. The LES solver and the active control technique are presented in section 10.4. Section 10.5 describes the LES diagnostics used for transverse modes. In section 10.6 the transverse mode limit cycle captured in the LES is studied. A new T-FTF model, adapted to transverse modes is presented in section 10.7 and compared to LES data in terms of stability limits.

Numerical configuration

The target configuration (Fig. generate: two modes coexist with the same frequency. Similarly to azimuthal modes in annular chambers [START_REF] Wolf | Using LES to study reacting flows and instabilities in annular combustion chambers[END_REF][START_REF] Worth | Modal dynamics of self-excited azimuthal instabilities in an annular combustion chamber[END_REF], these modes can be described using a basis of two stand- The operating point computed with LES corresponds to a case with preheated air at 473 K (air flow rate of ṁAir = 100 g/s). Liquid kerosene is injected at a temperature of 293 K through the pilot ( ṁF P = 0.17 g/s) and multi point system ( ṁF M P = 4.86 g/s)

containing 24 injection holes. The global equivalence ratio is φ = 0.74. This regime is the only one considered here because it produces a strong transverse mode in the LES.

This mode was not studied experimentally because its frequency was too high and it

was not the objective of the contract funding at Onera.

The LES mesh was already presented in Fig. 7.1: the fully unstructured mesh con- 
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Figure 10.5: From an unstable to a stable system by using ACC-walls. The system responds after 1 ms. Pressure is recorded at probe P 2 (Fig. 10.2).

Figure 10.6: Instantaneous instant of the PVC structure visualized by an isocontour of the Q-criterion Q crit = 1.5 × 10 9 s -1 .

quarter and represent their spatial average at the points denoted with Q I to Q IV .

Extraction techniques such as proper orthogonal decomposition (POD) [START_REF] Berkooz | The proper orthogonal decomposition in the analysis of turbulent flows[END_REF][START_REF] Oberleithner | Three-dimensional coherent structures in a swirling jet undergoing vortex breakdown: stability analysis and empirical mode construction[END_REF][START_REF] Steinberg | Parametric study of vortex structures and their dynamics in swirlstabilized combustion[END_REF] or dynamic mode decomposition (DMD) [START_REF] Motheau | Mixed acoustic-entropy combustion instabilities in gas turbines[END_REF][START_REF] Schmid | Dynamic mode decomposition of numerical and experimental data[END_REF] 

Rayleigh criterion

Even though the mode structure differs from longitudinal modes, its excitation mechanism follows the usual Rayleigh criterion if the analysis is performed on a quarter of the burner (Fig. 10.7) and not on the global chamber. The near wall regions are the zones feeding energy into the transverse mode. The shear layer between the radial swirl jet and the center recirculation zone exhibits negative index values which indicate damping but this region is small compared to the in-phase zone as seen in the plane A cut.

Mode structure

DMD allows to visualize the mode pressure distribution at 3075 Hz during the limit cycle (Fig. 10.12). The mode structure corresponds to a combination of the two degenerate 1T-1L modes predicted by the acoustic analysis (Fig. 10.4): pressure maxima are observed in the four corners of the chamber pointing to a 1T-1L-T1 or 1T-1L-T2 mode (Fig. 10.4 bottom). The pressure argument (Fig. 10.12 bottom) confirms the rotating nature of the mode. The turning nature of the mode is very similar to azimuthal modes observed in annular chambers [START_REF] Wolf | Using LES to study reacting flows and instabilities in annular combustion chambers[END_REF][START_REF] Worth | Self-excited circumferential instabilities in a model annular gas turbine combustor: Global flame dynamics[END_REF] and suggests that the same tool can be used.

For example, the scaled mode indicator proposed by Wolf et al. [START_REF] Wolf | Using LES to study reacting flows and instabilities in annular combustion chambers[END_REF], Worth & Dawson [START_REF] Worth | Self-excited circumferential instabilities in a model annular gas turbine combustor: Global flame dynamics[END_REF] using multiple pressure sensors is a usual method to characterize turbing/standing modes. The scaled indicator C(t) is expressed as a combination of N pressure sensors (here N = 4) located around the chamber in a transverse plane:

C(t) = 1 p max 1 N N k=1 p k (θ k , t)e jθ k (10.2)
where N (here N = 4) denotes the number of the evenly spaced probes P 1 to P 4 (Fig. 10.2 left), θ k their angular locations and p k the pressure fluctuations recorded at P 1 , P 2 , P 3 and P 4 . The maximum pressure fluctuation observed during the growth phase p max is used to scale C(t). The phase of the indicator gives information about the mode type: a constant phase indicates a standing mode whereas an increasing (decreasing) phase refers to a clockwise (counter clockwise) rotation with ωt (-ωt) [START_REF] Wolf | Using LES to study reacting flows and instabilities in annular combustion chambers[END_REF][START_REF] Worth | Self-excited circumferential instabilities in a model annular gas turbine combustor: Global flame dynamics[END_REF]. In Fig. 10.13 the indicator is applied only during the limit cycle from t = 0.07 s to t = 0.13 s. The phase (Fig. 10.13 bottom) increases with time like ωt,

showing that the mode is mainly turning clockwise. This corresponds to the combined 1T-1L-T2 mode displayed in Fig. 10.4. Note that the phase can also remain constant over many cycles (from t = 0.10 s to t = 0.11 s), demonstrating that a standing mode can also take place. This pattern (turning → standing → turning) is repeatable and was observed in all simulations independently of the moment chosen to let the unstable mode

Limit cycle analysis

Heat release isocontours (Fig. 10.16 left) indicate that the flame is very long and interacts with lateral walls. The preheated air enhances the evaporation process of fuel injected by the pilot and multipoint injection systems but significant evaporation still takes place near the walls (Fig. 10.16 right). Therefore, high heat release rates are found at the chamber walls due to fuel accumulation in this region. This seems to be one reason why transverse modes are excited as suggested by the Rayleigh index (Fig. 10.11). The influence of fuel injection placement on transverse pressure oscillations was reported by Marshall et al. [START_REF] Marshall | Experimental and computational investigation of combustor acoustics and instabilities, part ii: Transverse modes[END_REF] who observed high pressure amplitudes when fuel was injected near pressure antinode regions whereas fuel injection near pressure nodes lead to small amplitudes. Figure 10.12 shows that pressure antinodes are found in the region where most of the fuel is burnt, i.e. at the chamber walls.

Isolines of heat release (Fig. 10.16) reveal a slightly lifted flame which is not anchored at the pilot injector. In the area between the pilot injector and the flame tip a PVC is found in both non-reacting and reacting cases. It is less intense in the latter case due to combustion induced density stratification which can suppress the PVC formation [START_REF] Oberleithner | Why nonuniform density suppresses the precessing vortex core[END_REF]. The PVC is located here in the first axial swirler stage and exhibits a counter clock-wise (CCW) precession motion and a clockwise winding spiral (Fig. 10.6). It rotates in the direction of the first swirl stage (Fig. 10.2 left). It is also impacting the pilot fuel injection (Fig. 10.17) leading to mixture fraction oscillations.

To understand the interaction between PVC and transverse mode, the LES was repeated with and without active control. The inlet mass flow rate was changed over a large range while keeping the equivalence ratio of φ=0.74 constant (Tab. 10.2). With control, the acoustic field is almost totally inhibited and the PVC frequencies can be determined easily in the absence of acoustic forcing by monitoring velocity fluctuations at probe P P V C (Fig. 10.6). Figure 10.18 displays the evolution of the PVC frequency observed during simulation with control. As expected fir hydrodynamic modes, the frequency is changing linearly with the mass inflow rate [START_REF] Anacleto | Swirl flow structure and flame characteristics in a model lean premixed combustor[END_REF][START_REF] Syred | A review of oscillations mechanisms and the role of the precessing vortex core (pvc) in swirl combustion systems[END_REF]. The corresponding Strouhal number based on the first axial swirler diameter D S and the bulk velocity at the plenum inlet U bulk is:

St P V C = f P V C • D S U bulk (10.3)
The Strouhal number is almost constant (of the order of 3) over a wide range of inflow 

The T-FTF model for transverse modes in swirled combustors

The previous LES results show that the PVC is an important element of the transverse mode in the present configuration and suggest a model to incorporate this mechanism in a 3D Helmholtz TA solver. When the local heat release fluctuates (q = qe -iωt ), the wave equation becomes [START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF]:

γp 0 ∇ • 1 ρ 0 ∇p + ω 2 p = iω(γ -1)q(x) (10.4) 
On the right hand side, a model for the heat release fluctuations q(x) is used: for transverse modes where the local heat release perturbations are driven by orthoradial velocity fluctuations and not axial velocities as assumed for longitudinal modes.

q(x) = n(x)û(x ref ) • n ref e iωτ (x) ( 10 
This approach is suggested by the LES results (Fig. A 1D-DMD analysis is performed to measure the growth rate of the transverse mode during the growth phase (t = 0.0 s to t = 0.05 s) using the pressure signal of Fig. 10.24. until a plateau is reached at about t = 0.02 s with growth rates of about α g = 2 s -1 .

To compare this result with the Helmholtz solver predictions, system losses must be quantified since these are not present in Eq. (10.4). The growth rate measured in the LES α g is linked to the Helmholtz solver growth rate α Avsp by: α g = α Avsp -α d (10.8) where α d represents the total acoustic system dissipation. Estimation of α d is one of the most difficult tasks in thermoacoustics today. Quite often, it is evaluated experimentally [START_REF] Mejia | Wall-temperature effects on flame response to acoustic oscillations[END_REF][START_REF] Schwing | Highfrequency instabilities in cylindrical flame tubes: Feedback mechanism and damping[END_REF]. In the present case, losses were measured in the LES by deactivating combustion during limit cycle. When this is done (Fig. 10.27), the velocity field almost Table 10.3: Growth rates of the screech mode given by the Helmholtz solver (α AV SP ), damping rate of the mode obtained in Fig. 10.28 (α d ) and overall growth rate measurement in the LES in Fig. 10.25 (α g ) .

does not change while the acoustic fluctuations are damped over a period of 30 ms.

We assume that the decay of the pressure fluctuations during the 30 ms provides a reasonable estimate of α d and use 1D-DMD to measure it as done for the growth rate.

The work process for damping rate estimation is similar to the process for growth rate this estimation is not exact, it gives an idea of the range of the dissipation rate for this mode. Comparing the growth rate α AV SP predicted by the Helmholtz solver AVSP with the measured growth and decay rates (Tab. 10.3) show, that AVSP is predicting an amplification of the 1T-1L mode with the same order of magnitude of the measured rates. It is also interesting to note, that the dissipation rate α d is comparable to the growth rate α AV SP predicted without losses. Clearly, estimating losses with precision will be a critical question in future.

Conclusion

This chapter focussed on high-frequency (3075 Hz) transverse modes appearing in a swirled kerosene/air combustor operating at atmospheric pressure. These intense nonlinear oscillations (180 dB) appear in a limited range of flow rates. An active control technique was implemented in LES by using compliant lateral chamber walls in order to Future work linked to the results of this PHD is discussed below:

• All simulations presented in this work were performed using adiabatic walls. A more realistic representation should include heat losses at walls. Major differences can be encountered when adiabatic and heat loss wall modeling is used. Kaess et al. [START_REF] Kaess | Cfd-based mapping of the thermo-acoustic stability of a laminar premix burner[END_REF] showed the impact of heat losses on the flame feet position using DNS: [78] and Tay-Wo-Chong & Polifke [START_REF] Tay-Wo-Chong | Large eddy simulation-based study of the influence of thermal boundary condition and combustor confinement on premix flame transfer functions[END_REF] where FTFs are evaluated for both adiabatic and heat loss wall models. These works show that the acoustic response can differ significantly depending on the wall temperature treatment.

The Volvo configuration can be used to compare adiabatic and heat loss models for a stable and for unstable operating points. A more realistic approach would then be to couple the reacting flow solver with an conjugate heat transfer solver in order to compute the temperature inside the flame holder. To do so, the heat transfer solver Avtp can be coupled with Avbp which has been done in foregoing studies by Duchaine et al. [START_REF] Duchaine | Large eddy simulation of flow and heat transfer around two square cylinders in a tandem arrangement[END_REF][START_REF] Duchaine | Development and assessment of a coupled strategy for conjugate heat transfer with large eddy simulation: Application to a cooled turbine blade[END_REF] at Cerfacs. Coupling both solvers leads to a more realistic case representation and can have an effect on flame dynamics. In Contrary to the adiabatic case, the near wall region shows two hot zones where the flame is stabilized. Further studies can investigate the influence on the different modes (buzz and screech) and possible impacts on flow and flame dynamics.

• Fuel injection in industrial and non-academic configurations is not perfectly premixed and leads to equivalence ratio fluctuations. This applies also for aeronautical combustion systems where liquid fuel is injected. This point has to be taken into account when FTFs are determined [START_REF] Cho | Laminar premixed flame response to equivalence ratio oscillations[END_REF][START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF] and is discussed by Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF]. Flame transfer functions defined as in Eq. In a next step, the results for the hot case are discussed. given by Lieuwen [START_REF] Lieuwen | Unsteady Combustor Physics[END_REF] using the Sturm-Liouville theory but considers the sound speed to be constant which means that the temperature gradient is small. This method is not applicable for situations as described for the box and explains the need of numerical tools. 
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 13 Figure 1.3: Left: The Rijke tube configuration adopted from Feldman [95]. Right: Temporal evolution of pressure oscillations measured in an experimental configuration of the Rijke tube [191].
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 21819 Figure 1.8: Chemical reaction time (inversely proportional to reaction rate)depending of the equivalence ratio of hydrocarbon fuel[START_REF] Zukoski | Afterburners[END_REF] 

Figure 1 . 10 :

 110 Figure 1.10: Reflection coefficient of an open-end duct[START_REF] Ingard | Effect of flow on the acoustic resonances of an open-ended duct[END_REF] 

  stated that in a open-end duct the axial resonances almost vanished for flow Mach numbers excessing 0.4 (Fig 1.10). Fluids at rest feature a reflection coefficient below unity which indicate losses due to radiation. At Mach numbers around 0.3 the reflection of incident waves is reduced by more then 50 %.
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 111 Figure 1.11: Sketch of an Helmholtz resonator[START_REF] Huang | Dynamics and stability of lean-premixed swirl-stabilized combustion[END_REF] 

Figure 1 . 12 :

 112 Figure1.12: Impact of pilot fuel injection on pressure fluctuation and N O x[START_REF] Steele | Passive control of combustion instability in lean-premixed combustors[END_REF] 
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 3113 Figure 1.13: Schematic drawing of an close-loop control setup with adaptive filter [130].

Figure 1 . 14 :

 114 Figure 1.14: Sketch of different mode types depending on the configuration. Top: Longitudinal modes in rectangular or cylindrical ducts propagating in axial direction. Middle: Azimuthal modes in full annular chambers and their idealized representation in a small sector as transverse perturbations. Bottom: Transverse acoustic modes propagating between lateral walls and can appear in all types of combustion systems.
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 115 Figure 1.15: Top left: Schematic drawing of the test case. Top right: Mesh for AVSP. Bottom: right: Constant field of sound speed. Bottom right: Discontinuous sound speed field.

Figure 1 . 16 :

 116 Figure 1.16: Pressure amplitude with superimposed iso-lines. Top: First longitudinal mode. Bottom: First transverse mode.

Figure 1 . 18 :

 118 Figure 1.18: Time averaged non-reacting axial velocity fields showing different flow topologies depending on the flame stabilization technique studied in this thesis. Left: Bluff body in a rectangular channel (Volvo configuration). Right: Staged swirler in a rectangular channel (Lotar configuration).

Figure 1 . 19 :

 119 Figure 1.19: Schematic visualization of a Precession Vortex Core (PVC). Adopted from Chanaud [47].

  were longitudinal whereas literature concerning transverse modes and the role of the PVC are not numerous. Selle et al. [288] studied hydrodynamic and acoustic modes in non-reacting and reacting flows by use of LES and Helmholtz solvers. While the non-reacting case was dominated by the PVC, the reacting case featured a transverse acoustic mode (identified as the first transverse chamber mode) leading to perturbations of flame and flow fields. The interaction of both instabilities were not observed since the hydrodynamic mode disappeared in the reacting case. This brief overview makes clear that few insight into flame and flow dynamics during transverse acoustic mode activity is available for the most common combustion systems characterized by their flame stabilization technique (bluff body and swirl). This work uses two experimental configurations (Fig. 1.18): an unswirled gaseous (Volvo) and a swirled liquid fuel configuration to address the following questions.

  longitudinal and in transverse direction. Even the mean flame topology is affected by the 1Lx-2ty-0Tz mode and the 2D nature of the Volvo flame is broken by the 2Ty component of the mode: the mean flame exhibits two distinct reaction zones in the transverse y-direction. Detailed analysis of flame and flow properties are given and compared to experiments. Finally, self-excited transverse modes are observed in the swirling configuration. It is pointed out, that the PVC plays a major role for instability growth: reformulation of the classic n -τ model (where orthoradial velocities and the PVC frequency are incorporated) and use of an acoustic solver allow to reproduce the stability map generated by LES. the link to computer science Research on combustion instabilities (CIs) has been quite intense in the last hundred years but as noted by Culick & Kuentzmann [70] in his classic 2006 monograph on CIs, High Performance Computing (HPC) applied to Computational Fluid Dynamics (CFD)

Figure 2 . 1 :

 21 Figure 2.1: Overview of approaches for combustion instability study.

  flames are replaced by active components (which can be compared to complex loud speakers). If the action of these active elements can be properly represented, the global stability of the combustor can be predicted. A major interest of these methods is to isolate the elements leading to CIs into different blocks (something a brute force LES cannot do): a) the acoustics of the combustor, b) the outlets and inlets impedances and c) the response of the flame which is quantified by a function called the Flame Transfer Function (FTF) describing how much unsteady heat release is produced by a flame when it is submitted to an acoustic velocity fluctuation. TA codes can operate in the frequency domain or in the time domain but in all cases, TA codes are faster than brute force LES and their information more useful to mitigate CIs. A typical result obtained with a TA code for an industrial gas turbine is displayed in Fig.2.3. The geometry handled by the TA code includes the whole chamber and the plenum upstream of the chamber (the diameter of the chamber is 3 m wide). The TA code predicts that 25 acoustic modes exist between 0 and 250 Hz (middle picture), many of them being double azimuthal modes (one mode turns clockwise and the other counter-clockwise at

Figure 2 . 3 :

 23 Figure 2.3: Typical thermoacoustic (TA) code result. Left: Geometry of an industrial gas turbine combustion chamber. Center: Frequency of modes found between 0 and 250 Hz by the TA solver (the pairs correspond to degenerate azimuthal modes). Right: Acoustic pressure field for one of the acoustic azimuthal eigenmodes.

3. 1 Introduction

 1 Fluid mechanics describe the physics of gas or liquid motion. Early studies of fluid mechanics were made by Archimedes (287 B.C. -212 B.C.) who observed volume displacements of liquid fluids when a solid body was placed inside the fluid. He stated the Archimedes' principle and published his work "On Floating Bodies" [203]. Further work of many famous scientists (Newton, Bernoulli, Euler) lead to the mathematical description of any fluid by the Navier-Stokes equations. Today, this set of nonlinear partial differential equations is widely used to investigate fluid motions ranging from aeronautics over biofluid mechanics to meteorology where the solutions are obtained through computational power by application of numerical methods. A general term for this branch of science is Computation Fluid Dynamics (CFD).In the field of combustion, CFD has become a valuable design tool for aeronautical gas turbines. Besides experimental tests, they represent an additional method to characterize combustion chambers. The data gathered during test campaigns are used to validate CFD results and, in a next step, to study design parameter changes and their impact on the combustion process. The simulation of such tests is much less expensive compared to full-scale tests and minimize the risk of engine failure.

  Computational resources of today can solve the full set of Navier-Stokes equations (Eq. (3.1) -(3.4)) only for simple geometries with low velocities in a small domain because physical scales associated to turbulence and chemical reactions become extremely small in most practical chambers. In fluid mechanics, flows are classified as laminar or turbulent. While laminar flows are found at low velocities and move organized in straight lines, turbulent flows are characterized by chaotic motions generating eddies which evoke lateral velocities superimposed on the axial velocity. For the same experimental configuration, both laminar and turbulent motions may be observed. This was first shown by Reynolds [252] in a pipe flow configuration. He introduced a dimensionless quantity which relates initial to viscous forces: the Reynolds number Re = uL/ν [253]. In the experiment of Reynolds, laminar flows were observed for Reynolds numbers Re ≈ 2300 while transitioning to turbulent flow appeared for higher Reynolds numbers and turbulence was fully developed exceeding Re ≈ 4000. Turbulent flows are encountered in most configurations of technical interest. Here, flow velocities exceed fast low Reynolds numbers and high turbulence levels are encountered.

Figure 3 . 1 :

 31 Figure 3.1: Energy cascade of turbulent flows displaying the distribution of the kinetic energy on different length scales. Adapted from Pope [240].

8 )

 8 The velocity u is composed of a mean ū and a fluctuating u part. The largest flow structures are induced by geometrical restrictions and contain fluctuations of the order of u , the so called integral length scale l t . Their energy is forwarded to smaller vortices and a range of vortex scales is produced up to the Kolmogorov scale η[START_REF] Kolmogorov | The local structure of turbulence in incompressible viscous fluid for very large reynolds numbers[END_REF]. This energy cascade is displayed in Fig.3.1 where the wave number κ = 2π/l depends on the eddy length l.

  Reynolds-Averaged Navier-Stokes simulation (RANS): The Navier-Stokes equations (Eq. (3.1) -(3.4)) may be Reynolds averaged or Favre averaged (for variable density flows), so that turbulent fluctuations and combustion processes are modeled and the resulting flow fields are time-averaged. Closure models for the Reynolds stresses have been intensely studied ranging from algebraic to twoequations models (k -ω, k -, SST-model). Low computational cost and a less-challenging spatial resolution make this technique interesting for industrial purposes. New configurations can be analyzed by the averaged flow and parameter changes easily investigated. The RANS approach is also used in the field of airfoil design, where fully resolved boundary layers or shock waves are explored in steady or unsteady flows.• Large Eddy Simulation (LES): The filtered Navier-Stokes equations are able to resolve a part of the energy cascade (depending on the filter size) but still need some modeling for the smaller, remaining part of the vortex scales. Compared to DNS, small scale turbulence is not resolved (Fig.3.2 left) and sub-grid scale models are applied. Nevertheless, much more flow structures are resolved compared to RANS at still reasonable computational costs. This intermediate approach allows to study combustion instability dynamics in complex combustion chambers with fairly good agreement to experimental data. Since high-frequency acoustic modes are studied within this work, the vortices encountered are small and much more of the energy cascade has to be resolved.
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 332 Figure 3.2: Left: Comparison of turbulent scales resolved by DNS and LES[START_REF] Kuenne | Large eddy simulation of premixed combustion using artificial flame thickening coupled with tabulated chemistry[END_REF]. Right: DNS of an ignition sequence. Vorticity is displayed as colored contours and the flame is represented by a black line[START_REF] Poinsot | Application of direct numerical simulation to premixed turbulent combustion[END_REF].

White [ 338 ]

 338 , the coefficient for air at T ref = 273 K are: c 1 = 1.71 × 10 -5 kg/ms and c 2 = 110.4 K. A second law is available, called Power law: µ = c 1 T T ref b (3.16) with b typically ranging between 0.5 and 1.0 (e.g. for air b = 0.76). Good estimations are obtained for both laws. The heat conduction coefficient of the gas mixture can then 3.6 Chemical kinetics be computed by introducing the molecular Prandtl number of the mixture as: λ = µC p P r (3.17

  )
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 33 Figure 3.3: Comparison of Gri-Mech 3.0 and two-step chemistry for laminar flame speed and adiabatic temperature of the burnt gases. Conditions for propane: T 0 = 288 K and P 0 = 101 325 Pa

Figure 3 . 4 :

 34 Figure 3.4: Left: Thin flame on a LES mesh. Right: Thickened flame on a LES mesh. Adapted from Candel [44].

4 Helmholtz methods for combustion instabilities 4 . 1

 441 .66) with ω the forcing frequency, c the sound speed in the unburnt gases and L af the distance between the reference point and the flame. It was shown that the classic n -τ formulation is valid for H < 0.01. In cases where this condition is violated, pressure fluctuations must be additionally taken into account. The Helmholtz number can be estimated for the Lotar case described in Chapter 7: the main pulsation frequency is 220 Hz, the sound speed in the fresh gases is c = 340 m/s and the distance between reference point and flame is estimated from mean heat release fields to be L af = 0.01 m.Using these values for Eq. 3.66 a Helmholtz number H ≈ 0.0065 is obtained which guaranties consistent results.Careful attention should be paid to boundary conditions when injecting perturbations into a LES[START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF]. This can be achieved by using appropriate boundary conditions such as the Navier-Stokes Characteristic Boundary Conditions (NSCBC) formalism proposed by Poinsot & Lele [233]: a low relaxation coefficient is applied to let acoustic waves propagate out of the domain. This allows to reduce the perturbations of reflected waves which can affect FTF computations. The global heat release can be extracted from the simulation results and correlated to the velocity fluctuations to determine the amplitude and phase of the transfer function. Introduction: The wave equation for reacting flowsMoving away from high-fidelity LES to faster methods require the solution of the reactive acoustic wave equation. This implies that under some hypothesis the interaction between turbulence, heat release and acoustics can be broken down to a more simplified system. The starting point for this approach is the full set of reacting Navier-Stokes equations. A number of hypothesis are made and linearization leads finally to the Helmholtz equations for [236]:

(4. 1 )

 1 allows to find mode structures and frequencies only, the active flame formulation used in Eq. (4.2) provides information about the growth rate of these calculated modes by taking heat release fluctuations into account. Typically, the heat release fluctuations are4. HELMHOLTZ METHODS FOR COMBUSTION INSTABILITIESmodeled using the flame transfer function[START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part II[END_REF] defined by an interactive index n local (x) and a time delay τ local (x):q(x) = n local (x)û(x ref ) • n ref e iωτ local (x) W/m 3 (4.3)x ref and n ref stand for the reference point and associated unit vector used to relate the unsteady heat release q(x) to the acoustics in the combustor. The amplitude of flame response n local (x) [J/m 4 ] and the time delay of flame response to velocity perturbationτ local (x) [s] in Eq. (4.3) control the system stability. The acoustic solver Avsp solves Eq. (4.2) in three dimensions as an eigenvalue problem[START_REF] Gullaud | Effect of multiperforated plates on the acoustic modes in combustors[END_REF][START_REF] Salas | Aspects numériques et physiques des instabilités de combustion dans les chambres de combustion annulaires[END_REF][START_REF] Sensiau | Simulations numériques des instabilités thermoacoustiques dans les chambres de combustion aéronautiques[END_REF][START_REF] Wieczorek | Numerical study of mach number effects on combustion instability[END_REF]. These fields of model parameters have to be delivered to Avsp after they have been constructedeither analytically, from experimental results or from LES data.4.2 Active flame modelTA codes such as Avsp require information specific to compute eigenmodes. Three classes of data are needed:1. Geometry, sound speed and specific heat ratio fields: these fields correspond to mean quantities and can be obtained experimentally or numerically from a RANS computation or an averaged LES result 2. Impedances at inlets and outlets 3. Flame Transfer Functions. The difficulty of the specification of input data grows up from 1 to 3. Point 1 poses no difficulties, 2 can become more difficult because impedances are not always known or because it is not clear where an impedance can be specified. Point 3 is the most difficult part because FTFs can be obtained from many sources and take various forms. What is needed in Avsp is an expression for the local unsteady heat release as a function of a velocity signal at a reference point. This information which will be called local FTF in the following can only be obtained from LES. In many cases, it is not available and only a global FTF is provided giving the response of the total heat chamber heat release, obtained either by a simulation or by an experiment. The global FTF provides the global unsteady heat release as a function of the reference velocity. How to convert 4.2 Active flame model it into data which can be used in Avsp is not obvious. It requires arbitrary choices to

  While all papers discuss are flame response indices and delays to be used in FTFs, not all definitions are equal. This section classifies FTF definitions and show hot to evaluate them from each other. By convention we will call n local local values and N global values for the interaction index of FTFs. Index 1 (N 1 ) will correspond to Crocco's definition, index 2 (N 2 ) to dimensional and index 3 (N 3 ) to non-dimensional FTF. Avsp requires the point wise heat release q(x) defined by n local (x) and τ local (x). Due to the fact that the heat release can be described either locally (e.g. at each grid point in a numerical computation domain) or globally (e.g. the measured global heat release in a combustor) special attention has to be paid to definitions: the local and global amplitude values are given in Tables 4.1 and 4.2 with their corresponding definitions and units.

N 2

 2 is computed thereby using a reference surface S f [m 2 ], a mean pressure P 0 [P a], a heat capacity ratio γ [-] and a time delay[s]. modesIn this part of the thesis longitudinal modes are studied. This class of combustion instability represents acoustic wave propagation in flow direction and thus are controlled by inlet and outlet boundaries and by the flame response. Here, a brief overview will be given for both self-excited and forced longitudinal modes with focus on Flame Transfer Functions (FTF) since these are used for stability analysis later in this part.Historically, self-excited longitudinal modes were first encountered during the 1940s in jet engines. More efficient combustors pushed the operating region into zones where instabilities may occur[START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF]. From the coupling mechanisms described in Section 1.2.2, vortex shedding appeared to be one of the main driving parameter. Their interactions with flames were investigated by Poinsot et al.[START_REF] Poinsot | Vortex driven acoustically coupled combustion instabilities[END_REF] with use of spark-schlieren and phase-averaged emission rate measurements to describe the unstable mode. It was shown that periodic vortex acceleration and burning (Fig.5.1) were the main features of instability.In the study of Ghoniem et al.[START_REF] Ghoniem | Mechanism of combustion dynamics in a backward-facing step stabilized premixed flame[END_REF], experimental and numerical analysis were used together to reveal the self-excited instability mechanism of a backward-facing step (Fig.5.2). The authors stated, that the quarter-wave mode is excited due to an interaction of large-scale vortices, the upper wall and fresh gas pockets and equivalence ratio oscillations play a minor role in instability driving. The heat release rates are in phase with the pressure signal which indicates a satisfied Rayleigh criterion. During velocity reduction (2-3), two flame fronts are displayed and fresh gases are trapped in this zone. Image 6 is taken at the moment of highest burning rates until the velocity is at its maximum (image 8) and the cycle restarts. Such self-excited pressure waves
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 51 Figure 5.1: Instantaneous schlieren images of stable and unstable combustion [234].

Figure 5 . 2 :

 52 Figure 5.2: Phase-averaged images of local products concentration during instability cycle [106].
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 53 Figure 5.3: Workflow of stability analysis with flame transfer functions[START_REF] Hermeth | Mechanisms affecting the dynamic response of swirled flames in gas turbines[END_REF] 

5 . 3 .Figure 5 . 4 :

 5354 Figure 5.4: Decomposition of acoustic velocity perturbation after impinging a swirler[START_REF] Candel | Dynamics of swirling flames[END_REF] 

  described in Chapter 4 is first used. The outlet pressure is imposed (p = 0) whereas the inlet and the walls are zero velocity fluctuation boundaries (u = 0). The sound speed field c 0 and the density ρ 0 fields correspond to cold gases in the plenum (T = 288 K) from x = 0 to x = 0.82 m and burnt gases in the chamber (T = 1900 K) from x = 0.82 m to x = 1.50 m. The computations were performed with variable specific heat ratio γ and mean pressure p 0 = 1 bar.
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 61 Figure 6.1: Middle cut plane of the mesh in the computational domain.

Figure 6 . 2 :

 62 Figure 6.2: Pressure amplitudes of the first three modes obtained by the Helmholtz solver. The mode name consists of the number of pressure nodes in x-direction (nLx), y-direction (pTy) and z-direction (qTz).

at 88

 88 Hz. This mode has been observed during experiments (at 100 Hz) as well as in LES (95 Hz) and is often referred to as the "buzz" mode. This mode was also captured in other simulation studies[START_REF] Fureby | A computational study of combustion instabilities due to vortex shedding[END_REF][START_REF] Jourdain | Analysis of thermo-acoustic properties of combustors and afterburners[END_REF].
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 363 Figure 6.3: Pressure amplitudes of the first three longitudinal modes obtained by the Helmholtz solver. Mode structure along axial centerline at y = 0.12 m.

Fig- ure 6

 6 .4 displays an instantaneous field of vorticity in the central plane of the chamber.
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 646465 Figure 6.4: Plane of vorticity field showing the injected turbulence in the 3D domain.
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 66 Figure 6.6: Non-reacting case velocities at measurement planes M 1 to M 5 . Left: Normalized axial velocities. Right: Normalized transverse velocities.
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 67 Figure 6.7: Non-reacting case velocities at measurement planes M 1 to M 5 . Left: Normalized axial RMS velocities. Right: Normalized transverse RMS velocities.
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 68 Figure 6.8: Axial velocity for the non-reacting case starting from the bluff body.
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 469 Figure 6.9: Vortex shedding structure for the non-reacting case visualized by an iso-contour of Q crit = 2 × 10 8 s -1 colored by transverse velocity w.

Figure 6 . 10 :

 610 Figure 6.10: Frequency f V S = 120 Hz of the transverse velocity w recorded behind the bluff body evidencing the vortex shedding. The signal is normalized by its mean value.
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 611612 Figure 6.11: Stable reacting case velocities at measurement planes M 1 to M 5 . Left: Normalized axial velocities. Right: Normalized transverse velocities.

Figure 6 . 13 :

 613 Figure 6.13: Axial velocity for the stable reacting case starting from the bluff body.

  2 (u bulk = 17.3 m/s, φ = 0.95), where a longitudinal mode appears at 100 Hz in the experiment. After initialization of the reacting flow, pressure fluctuations grow in time, propagate periodically in the combustor and establish a limit cycle. These axial perturbations cause large heat release fluctuations (Fig. 6.14 left) and feed the instability mechanism. The frequency of these oscillations in the LES is f b = 95 Hz (Fig. 6.14 right). Both pressure and heat release signals are in phase and energy is added to the acoustic field as stated through the Rayleigh criterion [247].
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 615 show good agreement: the phase is quasi-constant over the whole set-up indicating a standing mode. The modulus corresponds to a quarter-wave mode of the whole setup. Instantaneous images of numerical Schlieren reconstructed fields are compared to experimental images during one oscillation cycle (Fig. 6.16). The flapping motion reveals flame perturbations induced by the longitudinal acoustic mode. The roll up of the shear layers and the shape of the flame are very well reproduced by the LES.
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 614 Figure 6.14: Left: Chamber pressure and global heat release fluctuations during the buzz mode. Right: Power spectral densities of pressure and heat release signals. Pressure recorded at probe P 2 (Fig. 6.5).
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 615 Figure 6.15: Comparison of mode structure at 132 Hz obtained via DMD of LES data and acoustic solver (AVSP). Left: Pressure modulus. Right: Pressure phase.
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 616771822833844 Figure 6.16: Comparison of low frequency oscillation. Left: Flash Schlieren from experiments. Right: Derivative of density from instantaneous LES solutions.
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 727371 Figure 7.2: Plenum, swirler and combustion chamber of the LOTAR configuration with a middle cut plane of the mesh

Figure 7 . 4 :

 74 Figure 7.4: Mode structure of the TL2030 (top) and TL2480 (bottom) configuration.

7. 4

 4 Large eddy simulation methodology 7.4.1 Numerical framework Numerical simulations of the LOTAR experiment are carried out using the Avbp code described in Chapter 3. The two-step Taylor-Galerkin finite-element scheme [55] is applied which is of third-order accuracy in time and space. The sub-grid stress tensor is closed by the Wale model [80]. The reduced BFER scheme is used to describe kerosene/air flames [101]. It is based on two chemical reactions including six species, 7.4 Large eddy simulation methodology namely N 2 , O 2 , CO, CO 2 , H 2 O and kerosene. It is validated against the full scheme of [179] and reproduces correctly adiabatic flame temperatures and flame speeds for lean and rich mixtures for different pressures and temperatures. It was used here without any modification.

Figure 7 .

 7 Figure 7.2 shows the mesh in the z-x plane which consists of 18 005 356 tetrahedral elements and 3 185 744 nodes. The time step is ∆t = 7.6 × 10 -8 s: it corresponds to an acoustic CFL number of 0.7 [232]. Inlet and outlet boundaries of the domain are imposed through the Navier-Stokes Characteristic Boundary Condition (NSCBC)

  7.5 in the horizontal mid-cut plane. On the top image pseudo-streamlines of the averaged velocity field indicate a large center recirculation zone. The asymmetry is caused by the fuel line support located in the plenum. It induces local flow perturbations which pass through the radial swirler stage and enter the combustion chamber leading to non-uniformities. Two small corner recirculation zones are visible which are typical for confined swirling flows. The evaporation process is shown in the middle and bottom image. Kerosene is injected into the chamber and follows the swirling jet. The preheated air enhances evaporation but still kerosene

Figures 7 .

 7 Figures 7.6 and 7.7 show comparisons of high speed measurements and simulation for the reacting case. The fuel spray (Fig.7.6) is visualized in green by a planar laser induced fluorescence (PLIF) system. The flame (in blue) is enveloped by the spray but still some droplet accumulation can be found on the walls. In the simulation the spray is modeled as a continuum thus no single droplets are visible. The spray is visualized by the liquid mass fraction which is not evaporated yet. Qualitatively the spray angle corresponds to experiments. Moreover, the fuel accumulations at the walls are visible.

Figure 7 .

 7 Figure 7.7 displays the emission of OH* in the experiment and the heat release field in LES. The agreement is fair although the line of sight integration used in Fig. 7.7 allows no inclination of the LES view as it was used for the experiment. Higher heat release rates are found near the combustor walls. Flame opening angle and shape correspond to experimental observations. For this regime, atomization and combustion are not fast enough to contain the flame in a zone close to the injector, far from the wall.

Figure 7 . 5 :

 75 Figure 7.5: Top: Pseudo-streamlines of velocity. Middle: Liquid volume fraction field. Bottom: Droplet diameter distribution in the chamber. Averaged non-reacting flow fields over 80 ms.

Figure 7 . 6 :

 76 Figure 7.6: Left: Fuel spray with flame sheet visualized by PLIF tomography [4]. Right: Liquid volume fraction α l = 0.002 and heat release contour q = 1 × 10 8 W/m 3 . Instantaneous snapshots.

Figure 7 . 7 :

 77 Figure 7.7: Left: Chemiluminescence emission OH * [4]. Right: Heat release field integrated in line of sight direction. Instantaneous snapshots.

Figure 7 .Figure 7 . 9 :

 779 Figure 7.14 displays the droplet diameter D 32 for the non-reactive (left) and the reactive (right) case. The evaporation model provides correct evaporation rates and the diameters are well predicted. The largest droplets are captured by the LES but small droplets evaporate much faster in the center recirculation zone.

Figure 7 . 10 :

 710 Figure 7.10: Mean reacting flow profiles measured at x/D = 0.56.

Figure 7 . 11 :

 711 Figure 7.11: Gas reacting flow profiles measured at x/D = 0.65. Mean (left) and RMS (right) axial u velocity component.

Figure 7 .

 7 Figure 7.12: RMS non-reacting flow profiles measured at x/D = 0.56. Liquid velocity components: axial u, horizontal v, and vertical w.

Figure 7 . 13 :

 713 Figure 7.13: RMS reacting flow profiles measured at x/D = 0.56.

Figure 7 . 14 :

 714 Figure 7.14: Droplet diameter: non-reactive (left) and reactive (right) at x/D = 0.56.

Figure 7 . 15 :

 715 Figure 7.15: Forcing cycles used for FTF determination.

  . Both fields indicate the noncompact flame shape which is mainly caused by the late evaporation leading to a long flame. The highest amplitudes are located in the region of the flame tip. Further upstream, near the injection device, very low flame response is observed, confirming that for this regime the flames are very long.

Figure 7 . 16 :

 716 Figure 7.16: Flame transfer functions obtained after forcing procedure. Comparison of experimental[START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF] and LES data.

7 .Figure 7 . 17 :

 7717 Figure 7.17: Local fields of amplitude (top) and time delay (bottom).
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 6 Modal dynamics of the system 7.6.1 Stability analysis of TL2030 and TL2480

7. 6

 6 Modal dynamics of the systemInlet OutletCondition m J,m = 0 p J,m

LES of a swirled

  figurations are the same as for Part II: the Volvo and the Lotar rigs. This part begins with an overview of transverse modes. Reviews of transverse instability modes can be found in Culick & Kuentzmann[START_REF] Culick | Unsteady Motions in Combustion Chambers for Propulsion Systems[END_REF] and O'Connor et al.[START_REF] O'connor | Transverse combustion instabilities: Acoustic, fluid mechanic, and flame processes[END_REF]. This section summarizes the most relevant results for configurations similar to Volvo and Lotar.
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 81 Figure 8.1: Spark Schlieren of the flow passing a bluff body [262]. Left: Smooth combustion at low equivalence ratio. Right: Screech combustion at high equivalence ratio.

Figure 8 . 3 :

 83 Figure 8.3: Different baffles types tested for the F-1 engine [119].
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 99110821083 excited transverse modes in a turbulent bluff-body stabilized premixed flame (Volvo) Combustion dynamics of a V-flame in an afterburner-type configuration are investigated using high-order compressible LES. Self-excited transverse (1400 Hz) modes observed in the experiments are captured by LES and instability mechanisms are discussed. LES results for all modes are compared to a Helmholtz solver output, showing that the transverse mode appearing in the LES is the 1Lx-2Ty-0Tz eigenmode of the chamber, affecting the velocity field symmetrically. This causes a symmetric flame roll-up which increases heat release fluctuations, closing the feedback loop. DMD is used to extract the structure of the transverse mode from LES snapshots and it matches the Helmholtz solver prediction very well. This study confirms the capacity of high-order LES to capture high-order frequency transverse modes in combustion chambers. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . Numerical configuration . . . . . . . . . . . . . . . . . . . . . Combustor acoustics . . . . . . . . . . . . . . . . . . . . . . . 109 9.4 High-frequency transverse oscillations: screech . . . . . . . 109 9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 9. SELF-EXCITED TRANSVERSE MODES IN A TURBULENT BLUFF-BODY STABILIZED PREMIXED FLAME (VOLVO)
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 64 u bulk = 17.3 m/s, φ = 0.65), the inlet mass flow rate is augmented to the target inlet velocity (u bulk = 36 m/s). As soon as the screech regime is reached, the LES becomes unstable without any forcing. Pressure fluctuations at probe P 1 (Fig. 6.5) encountered during the limit cycle are shown in Fig. 9.2. A very coherent pattern is

Figure 9 . 1 :

 91 Figure 9.1: Pressure amplitudes of the first five modes obtained by the Helmholtz solver. The mode name consists of the number of pressure nodes in x-direction (nLx), y-direction (pTy) and z-direction (qTz).

Figure 9 .

 9 3 displays instantaneous snapshots of transverse velocity z, temperature and vorticity highlighting the symmetric pattern in each of these fields.

9. 4 Figure 9 . 2 :

 492 Figure 9.2: Left: Pressure fluctuations measured at probe P 1 . Right: Power spectral density of the pressure signal.

Figure 9 . 3 :

 93 Figure 9.3: Instantaneous snapshots of the transverse velocity w (top), temperature (middle) and vorticity (bottom) during screech (f s = 1360 Hz). Contour of instantaneous heat release Q = 2 × 10 8 Wm -3 .

Figure 9 . 4 :

 94 Figure 9.4: Fluctuations of transverse velocity (top), heat release (middle) and propane (bottom) extracted from a series of instantaneous solutions by DMD for the screech case (f s = 1360 Hz).

9. 4 Figure 9 . 5 :

 495 Figure 9.5: Instantaneous heat release rate (iso-surface at Q = 7 × 10 7 Wm -3 ) during one screech cycle colored by the velocity w (in z-direction).

. 5 andFig. 9 . 6 .Figure 9 . 6 :

 59696 Fig. 9.6. To verify that the mode observed in the LES is indeed the 1Lx-2Ty-0Tz mode predicted by the Helmholtz solver, pressure and velocity fields extracted from DMD of the LES solutions at 1360 Hz are compared to the output of the Helmholtz solver for the 1Lx-2Ty-0Tz mode (Fig. 9.7). Amplitude and phase in transverse direction for pressure (Fig. 9.7 (top)) and velocity v (Fig. 9.7 (bottom)) agree very well whereas LES data in the chamber (Fig. 9.8) are more noisy: the LES field includes hydrodynamic pressure fluctuations while the Helmholtz solver computes only acoustic pressure activities leading to a random phase in the chamber (Fig. 9.8 right). However, pressure amplitudes are comparable showing high activity up to the region of the flame holder

9. 5 ConclusionFigure 9 . 7 :

 597 Figure 9.7: Comparison between mode structures along the y -coordinate and x = 0.05 m obtained via DMD of LES data and acoustic solver (AVSP) for the screech mode (1360 Hz). Top: Pressure modulus and phase. Bottom: Velocity v modulus and phase.
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 98 Figure 9.8: Comparison between mode structures along the x -coordinate and y = 0.12 m obtained via DMD of LES data and acoustic solver (AVSP) for the screech mode (1360 Hz). Left: Pressure modulus. Right: Pressure phase.

10 Self-

 10 excited transverse modes in a swirled kerosene/air combustor (Lotar)LES is used to study self-excited transverse modes in the Lotar rig the ONERA, an atmospheric, square combustor field with kerosene (p = 1 bar). Simulations over a range of different mass flow rates show that transverse modes are present for all cases and exhibit varying RMS pressure amplitudes up to 0.4 bar. Analysis of LES results shows that transverse modes are due to a lock-in mechanism between an hydrodynamic unstable mode typical of swirling flows (the PVC mode or Processing Vortex Core) and the cavity modes. An active control method using compliant walls (named ACC-walls) is applied to control the acoustic mode in the LES and to characterize the PVC in the absence of acoustic forcing. This method shows that the highest pressure oscillations appear when the PVC frequency is close to the chamber mode frequency. A 3D Helmholtz solver is then used to predict the stability limits obtained by 3D LES. To capture transverse modes, a new flame transfer function (FTF) formulation is derived where local heat release perturbations are controlled by the orthoradial acoustic velocity fluctuations.The FTF is measured in the LES and when it is included in the Helmholtz solver, it allows to recover the stability zones observed in the LES. Contents 10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 10.2 Numerical configuration . . . . . . . . . . . . . . . . . . . . . 119
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 72101 Figure 10.1: Middle cut plane of the mesh showing the swirling device (proportions changed).

Figure 10 . 2 :

 102 Figure 10.2: Left: View from chamber exit to injection device. Swirler with flow direction of each stage. Location of pressure probes P 1 to P 4 and of fuel injection points. Right: Zoom to injector with positions of PVC probes.

  ing modes called 1T-1L-S1 and 1T-1L-S2 displayed in Fig. 10.3. Alternatively, another basis of modes can be used, corresponding to turning modes which can be obtained by a combination of 1T-1L-S1 and 1T-1L-S2 to obtain a clockwise turning mode 1T-1L-T1 or counter clockwise turning mode 1T-1L-T2. The structures of pressure amplitudes for these 4 modes are summarized in Fig. 10.4.

Figure 10 . 3 :

 103 Figure 10.3: The first three longitudinal chamber modes and the first tangential mode obtained by the Helmholtz solver. Mode frequencies given in Table A.1.

  tains 18 005 356 tetrahedral elements and 3 185 744 nodes. The time step is fixed at ∆t = 6 • 10 -8 s which corresponds to a CFL number of 0.7[START_REF] Poinsot | Experimental determination of the reflection coefficient of a premixed flame in a duct[END_REF]. All boundaries are no-slip adiabatic walls except the inlet at the plenum and the outlet at the chamber exit where non-reflecting Navier-Stokes Characteristic Boundary Condition (NSCBC) formulations are used[START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF].

Figure 10 . 4 :

 104 Figure 10.4: First and second standing 1T-1L mode type (top) and their combinations of clockwise (CW) or counter clockwise (CCW) turning 1T-1L modes (bottom). The y-z planes are obtained at the plane A position (Fig. 7.1).

Figure 10 . 7 :

 107 Figure 10.7: Schematic drawing of the y-z chamber plane.

Figure 10 . 8 :Figure 10 . 9 :

 108109 Figure 10.8: Top: Pressure signal recorded at probe P 2 . Bottom: Heat release fluctuations q integrated in chamber quarter Q I and global heat release fluctuations integrated over the whole domain Q g .

Figure 10 .

 10 Figure 10.8 bottom shows the time evolution of global heat release fluctuations Q g in the chamber and heat release fluctuations q 1 integrated in one quarter chamber Q I (Fig. 10.7). The signal of the chamber quarter Q I reveals heat release oscillations correlated with the transverse 3075 Hz mode while the global heat release is hardly influenced. This observation confirms the transverse nature of the mode: combustion pulsates at the transverse mode frequency when it is integrated over one quarter of the chamber. When averaged over the whole chamber, the transverse mode signature disappears indicating that the unsteady reaction rotates around the chamber while its volume-averaged value is almost constant.

10. 6 Figure 10 . 11 :

 61011 Figure10.10: Fluctuations of pressure p , temperature T and heat release q during four transverse periods of the limit cycle. Data obtained in chamber quarter Q I .

Figure 10 .

 10 10 displays pressure perturbations (p ), temperature fluctuations (T ) and unsteady heat release (q ) integrated in chamber quarter Q I (Fig. 10.7). Positive q values (corresponding to unsteady combustion) are turning at the instability frequency of the mode in phase with the pressure field: the Rayleigh criterion [209, 248] is satisfied. The spatial Rayleigh distribution can also be evaluated more precisely through 3D 10. SELF-EXCITED TRANSVERSE MODES IN A SWIRLED KEROSENE/AIR COMBUSTOR (LOTAR) DMD data and is presented in Fig. 10.11: the outer flame region displays positive Rayleigh index values showing that pressure and heat release fluctuations are in phase.

10. 6

 6 Figure 10.12: Modulus (top) and argument (bottom) of the pressure obtained by DMD of the LES at 3075 Hz.

Figure 10 . 13 :

 1013 Figure 10.13: Top: Mode indicator amplitude normalized by the maximum pressure. Bottom: Phase of the mode indicator with the theoretical slope of ωt for the mode frequency.

Figure 10 . 15 :Figure 10 . 16 :

 10151016 Figure 10.15: Middle cut plane with superimposed axial velocity isolines in the range of -2 m/s to 2 m/s showing the center recirculation zone dynamics during one oscillation cycle. Instantaneous fields.

Figure 10 . 17 :

 1017 Figure 10.17: Liquid equivalence ratio perturbations caused by the presence of the PVC. Data from probe P P V C in Fig 10.6.

Figure 10 . 18 :

 1018 Figure 10.18: PVC frequencies obtained for different air mass flow rates and corresponding Strouhal number St P V C . The frequencies are determined while using active control. The dashed line represents the frequency of the 1T-1L mode f m .

. 5 )

 5 Figure 10.21: Time signals of normalized axial velocity u x , orthoradial velocity u θ and heat release fluctuations q measured at probe P 2 . The time delay is determined as τ 0 = 1 × 10 -4 s.

Figure 10 .

 10 Figure 10.22: Left: Local amplitude. Right: Local time delay. Plane A in the chamber (Fig. 7.1).

Figure 10 . 25 :

 1025 Figure 10.23: Stability map of the 1T-1L-2T mode as a function of normalized mass flow rate obtained using acoustic analysis and the T-FTF model.

Figure 10 .

 10 Figure 10.25 describes the work process of growth rate evaluation: first, a small time frame is selected for the 1D-DMD analysis. The signal is decomposed into amplitudes and phases for each frequency encountered in the signal. Then, the input signal is compared to the reconstructed one to check the quality of the DMD performance (Fig.10.25 middle). In a next step, the growth rate at the frequency of the transverse mode is extracted. This procedure is done for 10 time frames in the time signal from t = 0.0 s to t = 0.05 s. Figure10.26 gives growth rates for the 10 time frames during the exponential growth of the 1T-1L mode. Starting near zero, the growth rate reaches its maximum shortly during the onset of the transverse pressure oscillations and decreases in time

Figure 10 . 27 :

 1027 Figure 10.27: Dissipation rate measurement after stop of combustion at t = 13 ms. Pressure oscillations are diminishing after ca. 30 ms.

  measurement. For clarity, the work steps are shown in Fig. 10.28. Figure 10.29 displays damping rates over the 30 ms of decaying oscillations. After 10ms the mean chamber temperature decreases and the frequency of the signal shifts slowly towards a lower frequency (f c = 1850 Hz). It corresponds to the 1T-1L chamber mode with a constant sound speed field of 340 m/s. The corresponding damping rates for the 1T-1L mode at a frequency of f m = 3075 Hz are in the range of α d = 6.5 s -1 to 3.5 s -1 . Even if

Figure 10 . 28 :

 1028 Figure 10.28: Process chart for damping rate measurement. Top: Mitigation of pressure oscillations with one time window for 1D-DMD analysis. Middle: Pressure signal encountered in LES compared to the reconstruction by the DMD including all frequencies. Bottom: Reconstructed signal from the 1D-DMD for the 1T-1L mode.

Figure 10 . 29 :•

 1029 Figure 10.29: Damping rates determined during switch off of combustion.Combustion is stopped at t = 0.13 s by setting the pre exponential constants of the chemical scheme to zero.

  local quenching effects close to the plate lift the flame anchoring position. Comparisons of mean heat release rates between experiments and LES using adiabatic and heat loss wall models were conducted by Schmitt et al.[START_REF] Schmitt | Large-eddy simulation and experimental study of heat transfer, nitric oxide emissions and combustion instability in a swirled turbulent high-pressure burner[END_REF]. The local fields of heat release extracted from LES display different flame shapes. This has a direct impact on combustion instabilities where heat release fluctuations have to be in phase with pressure fluctuations. This point is discussed by Duchaine et al.

Fig. 11 .

 11 Fig. 11.1 first results of the coupled strategy are presented for the stable case.

( 5 . 1 )

 51 characterize the flame response for a perfectly premixed flame where equivalence ratio fluctuations are not present. The presence of equivalence ratio heterogeneities requires a more advanced approach which considers the effect of these fluctuations in the flame A. LONGITUDINAL VS TRANSVERSE MODES: A COMPARISON to the flame position. The analytical expressions were derived from the Helmholtz equation where a constant speed of sound was assumed. In a second step, the test case of the box is computed with a Helmholtz solver. Again, two different sound speed fields are used with the exception that the "hot case" has a discontinuous field of sound speed. Hence, the acoustic solver respects the real presence of the flame. The box modes for the cold case (c c = 435 m/s) are calculated and results are in good agreement (Tab. A.1). The mode structure for the 1Lx-0Ty-0Tz mode is a quarterwave mode and both acoustic solver and theory agree well as displayed in Fig. A.1. Similarly, the results are coherent for the first transverse 1Lx-1Ty-0Tz mode along the x-direction (Fig. A.2 left) and y-direction (Fig. A.2 left).

  Figure A.3 compares the results for the quarter wave mode. Slight differences are present due to the passive flame whereas the frequencies agree reasonably (Tab. A.2). Large discrepancies are found for the structures of the 1Lx-1Ty-0Tz modes (Fig. A.4). The flame position (x f = 0.05 m) impacts the mode shape in both directions. Also the frequency differs by more then 30 %. The results indicate that position of the flame is crucial for the transverse mode structure. The analytical model does not take this point into account so mode frequencies and structures mismatch the Helmholtz solver computations. Analytical models for varying sound speed fields are not present at the moment. An analytical solution of the Helmholtz equation for simple cavities with varying temperatures is

Figure A. 1 :

 1 Figure A.1: Comparison of longitudinal mode structures for the cold case (c c = 435 m/s).

Figure A. 2 :

 2 Figure A.2: Comparison of transverse mode structures for the cold case (c c = 435 m/s).

Figure A. 3 :

 3 Figure A.3: Comparison of longitudinal mode structures for the hot case (c h = 915 m/s).

Figure A. 4 : 2 :

 42 Figure A.4: Comparison of transverse mode structures for the hot case (c h = 915 m/s).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 4 .

 4 

1: Convention for local amplitude value n local (x) as input for Avsp.

Table 4 .

 4 2: Convention for global amplitude values N 1 , N 2 and N 3 with fluctuations of the global heat release Q [W ].Q and u stand for scales of global heat release and velocity, usually taken as the time averaged volume integrated heat release and bulk velocity respectively. S f is a reference surface equal to the cross section area of the injector upstream of the region where the flame stands.
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: Definition of operating conditions.
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 7 2: Boundary conditions taking mean flow effects into account.
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 7 3: Complex frequencies for TL2030 and TL2480 obtained by Helmholtz solver using an active flame model.
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 9 1: Definition of the operating condition for the high-frequency mode.
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 9 2: Frequencies of modes given by the Helmholtz solver and comparison with the mode frequency found in the LES. The mode name consists of the number of pressure nodes in x-direction (nLx), y-direction (pTy) and z-direction (qTz). The experimental frequencies are reported by Sjunnesson et al.[START_REF] Sjunnesson | Cars measurements and visualization of reacting flows in a bluff body stabilized flame[END_REF] whereas all the other frequencies are obtained in the present study.
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	Mode name [nLx-pTy-qTz] Helmholtz solver [Hz]	LES [Hz]	Experiment [Hz]
	1Lx-0Ty-0Tz	88	95	100
	2Lx-0Ty-0Tz	251	not observed	not observed
	3Lx-0Ty-0Tz	374	not observed	not observed
	4Lx-0Ty-0Tz	513	not observed	not observed
	5Lx-0Ty-0Tz	686	not observed	not observed
	1Lx-1Ty-0Tz	715	not observed	not observed
	2Lx-1Ty-0Tz	765	not observed	not observed
	3Lx-1Ty-0Tz	857	not observed	not observed
	6Lx-0Ty-0Tz	862	not observed	not observed
	4Lx-1Ty-0Tz	979	not observed	not observed
	7Lx-0Ty-0Tz	1008	not observed	not observed
	8Lx-0Ty-0Tz	1122	not observed	not observed
	2Lx-2Ty-0Tz	1278	not observed	not observed
	6Lx-1Ty-0Tz	1285	not observed	not observed
	1Lx-2Ty-0Tz	1418	1360	1400
	1Lx-0Ty-1Tz	1418	not observed	not observed
	1Lx-2Ty-0Tz	1442	not observed	not observed
	7Lx-1Ty-0Tz	1443	not observed	not observed
	2Lx-0Ty-1Tz	1445	not observed	not observed

Table 10 .

 10 1: Frequencies of the first four modes given by the Helmholtz solver and comparison with the mode frequency found in the LES.

Table 10 .

 10 2: LES cases and corresponding mass flow rates. The case named 'Base' is the reference case described in this section and has a normalized mass flow of 1. Case names labeled with 'L' stand for lower flow rates whereas 'H' indicates higher flow rates. The normalization flow rate is 100 g/s.
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LOW-FREQUENCY MODES IN A LIQUID FUEL SWIRL COMBUSTOR (LOTAR)

Figure 7.1: Experimental configuration of the LOTAR setup installed at the Onera Toulouse (Fauga-Mauzac). Adopted from Apeloig [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF] whereas the radial swirl movement turns again in clockwise direction. Kerosene is injected using a combination of pilot injector and multipoint fuel injection system with 24 holes.

One operating point in the parameter map was chosen for further investigation. This operating point allows to have a stable combustion process for the shortest tube length (TL2030) and an unstable combustion process for the longest tube length (TL2480).

The flow rate is 100 g/s at a temperature of 473 K. Liquid kerosene is entering the combustion chamber through the pilot injector with 0.17 g/s and through the multipoint system with 4.86 g/s. This corresponds to a global equivalence ratio of φ = 0.74.

The experiments were carried out at atmospheric conditions. Details on measurement techniques can be found in [START_REF] Apeloig | Étude expérimentale du rôle de la phase liquide dans les phénomènes däôinstabilités thermo-acoustiques agissant au sein de turbomachines diphasiques[END_REF].

To measure the FTF air is modulated by the siren with three frequencies: 170 Hz, [START_REF] Parmentier | A simple analytical model to study and control azimuthal instabilities in annular combustion chambers[END_REF] Hz and 275 Hz. The modulation amplitude of 15 % of the bulk velocity u B at the upstream tube is given by experimental data. The velocity signal is measured downstream the swirler at x/D = 0.69 where D is the diameter of the radial swirler. Global heat release fluctuations are obtained by the use of a photomultiplier.

Acoustic characterization

The combustor modes for both configurations TL2030 and TL2480 are first identified with a Helmholtz solver called AVSP [START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF] (Chapter 4). The outlet pressure is imposed (p = 0) whereas all other walls are zero velocity fluctuation boundaries (u = 0). Results are summarized in Tab. 7.1. Simulations with a uniform field of sound speed

LOW-FREQUENCY MODES IN A LIQUID FUEL SWIRL COMBUSTOR (LOTAR)

by looking at time averaged data over 60 ms (Fig. 7.8). Again, pseudo-streamlines are displayed and show a similar flow structure although the asymmetry level is decreased.

The plots for liquid volume fraction and droplet diameter do not differ significantly from the cold flow fields. The superimposed heat release contour indicate an asymmetric flame which is linked to the asymmetry of the swirl.

Liquid and gas velocity profiles for the non-reactive and reactive flow are validated against measurements in Fig. 7.9 to 7.14. Liquid velocity profiles were measured at

x/D = 0.56 corresponding to plane A (Fig. 7.2). Mean liquid velocity profiles of the non-reacting and reacting case are displayed in Fig. 7.9 and 7.10. Overall, a good agreement is achieved. Opening angle and peak velocities are well captured by the LES.

The RMS profiles Fig. 7.12 and 7.13 are satisfyingly reproduced, although underpredictions are encountered. One reason could be the averaging time which seems to be short for mean fluctuation statistics.

For the reacting case, axial air velocity data are available at x/D = 0.65. Mean and RMS profiles of velocity are compared to LES data in Fig. 7.11. Both mean and RMS profiles from LES are not capturing the peak velocities. Nevertheless, the comparison the combustion chamber the correlation to acoustics could be highlighted. Besides, other publications can be found where simulations and experiments are used together [START_REF] Marshall | Experimental and computational investigation of combustor acoustics and instabilities, part ii: Transverse modes[END_REF][START_REF] Richecoeur | Expérimentations et simulations numériques des interactions entre modes acoustiques transverses et flammes cryotechniques[END_REF][START_REF] Zellhuber | Experimental and numerical investigation of thermoacoustic sources related to high-frequency instabilities[END_REF]. The next sections will show that LES captures transverse modes in this swirled burner and that they interact with the hydrodynamic modes of the flow and especially, the PVC. To study the fact that both acoustic and hydrodynamic modes interact makes their analysis difficult. Being able to study mechanisms separately would be an exciting research path. This was done here by controlling the acoustic mode using 'compliant' walls. This method allows to control the acoustic modes by manipulating their reflection on the lateral walls. This active control method was used to suppress all transverse modes in the LES by modeling the walls on top and bottom of the combustion chamber (Fig. 7.1) as compliant walls which are not perfectly rigid and damp transverse acoustic waves. Numerically, the ACC-walls are 'soft' NSCBC walls. Their mean velocity is zero but not their fluctuation: a relaxation coefficient κ is applied to the reflection coefficient:

In this work the relaxation coefficient is set to κ = 10000 which yields a cut-off frequency of f cut = 800 Hz. These partially reflecting boundaries behave like low-pass filters [START_REF] Selle | Actual impedance of nonreflecting boundary conditions: Implications for computation of resonators[END_REF], so that acoustic waves above f cut propagate out of the domain. The application of the method is presented in Fig. 10.5: starting from an unstable regime with a large fluctuation amplitude (from 0.8 bar to 1.3 bar), active control with ACC-walls is switched on at an arbitrary instant t = 1.2 s and pressure oscillations are mitigated after 1 ms. The ACC-walls have been checked on different meshes and do not influence other flow characteristics.

Diagnostics

All pressure signals are recorded during the simulation at probes located in Fig. 10.2.

The PVC frequency is obtained at the probe P P V C (Fig. grow. This result can be confirmed by a statistical method [START_REF] Worth | Self-excited circumferential instabilities in a model annular gas turbine combustor: Global flame dynamics[END_REF]: pressure and velocity time signals at probe P 2 are used to calculate the A + and A -waves in orthoradial direction. Figure 10.14 shows the joint probability density function of these quantities:

the A -waves dominate meaning that waves are traveling in the clockwise direction.

These results were also checked for the other probe positions. The mode typologies found by the indicator and the statistical method confirm the DMD results (Fig. 10.12):

in most instants, the mode is turning clockwise.

Instantaneous flow and flame dynamics

The 1T-1L-T2 turning mode (Fig. 10.4 and 10.12) controls the flow field in This instability driving mechanism was also described theoretically and experimentally in similar experiments [START_REF] Schwing | A model for the thermo-acoustic feedback of transverse acoustic modes and periodic oscillations in flame position in cylindrical flame tubes[END_REF][START_REF] Schwing | Highfrequency instabilities in cylindrical flame tubes: Feedback mechanism and damping[END_REF]. 

Growth rate measurement of transverse modes

The T-FTF model of section 10.7 included in the Helmholtz solver provides estimates of growth rates for transverse modes (up to 15 s -1 in the absence of dissipation). This can be tested in the LES by using the ACC-walls technique as done for Fig. 10.8: once the transverse mode is damped, the active control system can be switched off and the growth rate of the unstable mode measured during the growth of the mode as done for longitudinal modes in the 80's [START_REF] Lang | Active control of combustion instability[END_REF][START_REF] Poinsot | Interactions between acoustics and combustion[END_REF].

This technique allows to identify the different phases of the pressure evolution. First, no oscillations are present until t = 0.01 s. Then, small oscillations appear and grow exponentially in time. Third, maximum pressure fluctuations are reached at about t = 0.04 s. Fourth, after this overshoot, a transition phase is observed before, fifth, a limit cycle is established. transfer function. Following Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF] a superposition in the linear regime of flame responses leads to an extended formulation of the FTF:

CONCLUSION AND PERSPECTIVES

The last term accounts for fluctuations in equivalence ratio for each injection system where N is the number of injectors. This approach (called MISO for Multiple-Input-Single-Output) has been tested in a foregoing theses by Hermeth [START_REF] Hermeth | Mechanisms affecting the dynamic response of swirled flames in gas turbines[END_REF] for gas turbines using gaseous methane and for the Lotar configuration where all liquid fuel injection lines (24 multipoint and pilot injector) were modulated at the same frequency and amplitude to estimate the last term in Eq. 11.1.

Such formulations were not used in this PhD work but they are a logical extension of the present study. The frequency is:

where c, n i and l i denote the constant sound speed, mode order and length along the axis i = x, y, z. Similarly, the mode structure can be obtained by:

The analytical formulae are used to calculate the first longitudinal and first transverse box modes. Two different cases are considered: a "cold case" (c c = 435 m/s) and a "hot case" (c h = 915 m/s) where the box is filled completely with burnt gases. This is a simplification of the case where the sound speed field has a discontinuity corresponding