Mechanisms affecting the dynamic response of swirled flames in gas turbines
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Modern pollutant regulations have led to a trend towards lean combustion systems which are prone to thermo-acoustic instabilities. The ability of Large Eddy Simulation (LES) to handle complex industrial heavy-duty gas turbines is evidenced during this thesis work. First, LES is applied to an academic single burner in order to validate the modeling against measurements performed at TU Berlin and against OpenFoam LES simulations done at Siemens. The coupling between acoustics and combustion is modeled with the Flame Transfer Function (FTF) approach, and swirl number fluctuations are identified changing the FTF amplitude response of the flame. Then, an industrial gas turbine is analyzed for two different burner geometries and operating conditions. The FTF is only slightly influenced for the two operating points but slight modifications of the swirler geometry do modify the characteristics of the FTF, showing that a simple model taking only into account the flight time is not appropriate and additional mechanisms are at play. Those mechanisms are identified being the inlet velocity, the swirl and the inlet mixture fraction fluctuations. The latter is caused by two mechanisms: 1) the pulsating injected fuel flow rate and 2) the fluctuating trajectory of the fuel jets. Although the diagonal swirler is designed to provide good mixing, effects of mixing heterogeneities at the combustion chamber inlet do occur. Mixture perturbations phase with velocity (and hence with swirl) fluctuations and combine with them to lead to different FTF results. Another FTF approach linking heat release rate to inlet velocity and mixture fraction fluctuation (MISO model) shows further to be a good solution for complex systems. A nonlinear analysis shows that the forcing amplitude not only leads to a saturation of the flame, but also to changes of the delay response. Flame saturation is only true for the global FTF and the gain increases locally with increasing forcing amplitude. Both, the linear and the nonlinear flames, are not compact: flame regions located right next to each other exhibited significant differences in delay meaning that at the same instant certain parts of the flame damp the excitation while others feed it.

Energy consumption

United Nations population forecast projects the world population of currently 7 billion to reach 9 billion people by 2050 and to exceed 10 billion in the next ninety years [START_REF]World population prospects: The 2010[END_REF], following a medium projection variant (Fig. 1.1). Obviously, people need energy and the energy consumption is estimated to grow from 13 terawatts today, to 28 TW in 2050 and 46 TW in 2100 [START_REF] Lewis | Powering the planet[END_REF] (Fig. 1.2). Even with an extremely fast increase of alternative energies, this global consumption increase will not be possible if energy production by combustion does not increase rapidly too. This leads to an increased demand of resources, and especially of fossil fuels providing 85% of the worlds energy [START_REF] Iacona | Les enjeux de l'energie[END_REF]. However, fossil fuels are limited, not evenly distributed over the world, giving concerns to energy security and geopolitical tension and they are associated to global warming and pollution [START_REF] Ward | Energy in 2050 -will fuel constraints thwart our growth porjections?[END_REF]. Despite these drawbacks, it is out of reach today, to replace fossil fuels and it is therefore crucial to efficiently use them on the way to new technologies. 1.2. Combustion and environment 5

Combustion and environment

Fossil fuels contain high percentages of carbon. The combustion of those hydrocarbon fuels produce greenhouse gases like carbon dioxyde CO 2 and pollutants like unburnt hydrocarbons HC, nitric oxides N O x and carbon monoxides CO [START_REF] Sawyer | Science based policy for adressing energy and environmental problems[END_REF]. Greenhouse gases absorb energy which is radiated from the earth's surface and keep it in the atmosphere leading to a higher temperature on earth. This is essential for life as it exists, since the temperature would be around 15 • C lower in the absence of greenhouse gases [START_REF] Hockstad | Draft inventory of u.s. greenhouse gas emissions and sinks: 1990-2010[END_REF]. However, the intense use of fossil fuels over the last 200 years have led to a significant increase in greenhouse gases with a severe impact on the global climate. Compared to the past 1 to 2 millennia the late 20th century warmth is unprecedented and results from anthropogenic forcing of the climate [START_REF] Jones | Climate over past millennia[END_REF]. An increase in temperature has been observed with beginning of the industrialization and the average temperature from 1960-1990 is 0.5 • C warmer than in the past millennia as Fig 1 .3 shows. Furthermore, the global average surface temperature increase since 1950 is almost doubled per decade (0.13 • C ± 0.03) compared to the last 100 years [START_REF] Solomon | Technical summary[END_REF]. Future projections show an ongoing increase of temperature of around 1.5 • C until 2030 and around 3.5 • C until 2100 [START_REF] Solomon | Technical summary[END_REF]. The effects of global warming are numerous:

• Physical impact:

The physical impact implies effects on the rain fall and extreme weather with drought and cyclone activity, glacier retreat and disappearance, volcano activity, earthquakes and effects on the oceans as acidification, rise of the sea level and its temperature [START_REF] Solomon | Technical summary[END_REF].

• Regional effects: Global warming changes the regional climate e.g. the forming and melting of ice, the currents in oceans and air flows and the hydrological cycle. With rising sea level coastal regions are heavily affected [START_REF] Solomon | Technical summary[END_REF].

• Social system: An increasing temperature has furthermore effects on the food supply, water resources and the health of human people as infectious diseases might spread [START_REF] Parry | Contribution of working group ii to the fourth assessment report of the intergovernmental panel on climate change[END_REF].

• Ecosystems: Plants and animals are responding (extinction or movement) to temperature changes having strong effects on biological systems [START_REF] Parry | Contribution of working group ii to the fourth assessment report of the intergovernmental panel on climate change[END_REF].

The rapid growth of CO 2 in the atmosphere is mostly due to the combustion of fossil fuels [START_REF] Raupach | Global and regional drivers of accerlerating co2 emissions[END_REF].

Combustion also produces pollutants such as HC, N O x and CO. Air pollution increases the risk to human health and can cause respiratory infections, heart disease and lung cancer according to the WHO (World Health Organization). The depletion of fossil fuel resources is another critical point. Figure 1.4 shows that resources are limited and especially gas and oil is densely distributed in the Middle East and in Russia. In the near future, this will not only lead to a lack of fossil fuels but also to geopolitical and economical tensions [START_REF] Ward | Energy in 2050 -will fuel constraints thwart our growth porjections?[END_REF].

For all these reasons, it is crucial to efficiently use fossil fuels and to decrease pollutants and greenhouse gases. To face these challenges, the international community has introduced regulation policies on emissions, "which presently include stationary sources (including energy plants and industry), mobile sources and products, national emissions ceilings to cap total emissions and air quality standards as well as policies on transport modes such as shipping" (UN Department of Economic and Social Affairs: Division for Sustainable Development, CSD-14 National Reporting Guidelines: Page 7 of 43).

Gas turbines

Gas turbines are used in a broad range of applications including power generation, compressor stations at gas pipelines, oil production, water and sewage pumping stations and engines for aircrafts or ships. They exist for a wide range of power outputs with up to 375 MW for one of the largest turbines today (Siemens SGT5-8000H).

Considering the increasing demand of energy and fossil fuels and the associated pollutant emissions, an efficient design of gas turbines is of great importance. Gas turbines are the only propulsion method for most aircraft and helicopters. They are also mandatory on the energy market to complete other sources which are either very slow to start up (nuclear power plants) or unpredictable (wind or sun). A gas turbine can be started in less than an hour and modern systems can operate over the whole power range efficiently to adjust to the power delivered by other sources, as proposed by GE or Siemens.

History

The first mentioned turbine was Hero's aeolipile around the year 150. It was a steam turbine whose potential was not understood since it was only used as a toy. First in 1500, Leonardo da Vinci drew the Chimney Jack (Fig. 1.5), in which hot air rises from a fire and passes through an axial turbine in the exhaust duct and turns a roasting spit through a mechanical connection. The first patent was given to John Barber in 1791 for the first gas turbine designed to power a horseless carriage. His design failed in practice but it already used most elements of modern gas turbines.

It took a hundred more years (at the end of the 19th century) for a gas turbine to produce more power than needed to sustain its own motion (Egidius Elling in 1903).

In 1932 the Swiss company BBC first started selling gas turbines for commercial purposes. Their design still followed the historical patent of John Barber in 1791. 

Operation theory

A gas turbine is an internal combustion engine operating with rotary motion. It essentially consists of three major components: a compressor, a combustion chamber and a turbine as shown in Fig. 1.6. The working fluid follows the Brayton cycle (Fig. 1.7): Air passes the compressor and is isentropically compressed (1-2). It is then mixed with fuel and burnt in the combustion chamber at constant pressure (2-3) with a following isentropic expansion in the turbine back to the starting pressure (3)(4). Energy is transmitted by the turbine as shaft power or propulsion. To increase the efficiency, most turbines recover the exhaust heat which is otherwise lost energy. It can be passed to the compressed air before entering the combustion chamber or used in combined-cycle designs, where a steam turbine uses the heat.

Another possibility is to use the heat for hot water production (cogeneration).

Key advantages of gas turbines are their high power to weight ratio, their size and their reliability due to less moving parts compared to reciprocating engines. They can furthermore operate on a wide variety of fuels and exist for a wide range of applications with different power outputs. However, they are costly, less efficient at part load conditions and show a longer transition between operating points.

The combustion process is one of the key elements in a gas turbine. Most modern combustion chamber designs are of annular type. One distinguishes between annular and can-annular systems (Fig. 1.8). An annular combustor has one single continuous chamber around the turbine axis, whereas can-annluar systems have several can-shaped combustion chambers. The conception and design possibilities of combustors underlay certain limitations [START_REF] Lefebvre | Gas Turbines Combustion[END_REF]. In order to achieve a high efficiency, the pressure loss through the burner has to be minimized and a high combustion temperature is needed. The ability of materials (e.g. ceramic, steel) to withstand the heat are nevertheless limited and cooling has to be applied to ensure a high life time. Additionally, the temperature profile of the combustor outlet influences strongly the life-time of turbine blades and has to be optimized. High operation performances under a variety of fuels has to be guaranteed and extinction limits as well as altitude reignition are a crucial factor for the safety of an aircraft. Especially in aviation the weight and size of the turbine and hence the combustion chamber is also important for the efficiency. In the last decades, the reduction of pollutant emissions as N O x , CO 2 and CO have become an major issue for the design of gas turbines since regulation policies are increasingly demanding.

A great challenge for engineers is to improve the gas turbine efficiency while reducing the emissions since both are conflicting goals. A higher burning temperature increases the efficiency but leads to problems for the structure as well as to a higher formation of N O x . On the other hand N O x can be reduced by reducing the available oxygen but this leads to an increase in carbon monoxide CO and unburnt hydrocarbon emission due to incomplete combustion. To overcome this problem, gas turbine manufacturers introduced the so-called lean (technically) premixed combustion systems. Here, air and fuel are premixed before they enter the combustion chamber so that the air acts as a diluter in order to reduce the combustion temperature and therefore the N O x formation. Due to a higher combustion efficiency, a reduction of formed CO is also achieved. Nevertheless, these low-emission gas turbines are known to be particularly susceptible to thermo-acoustic instabilities [START_REF] Lefebvre | Gas Turbines Combustion[END_REF][START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF], which are characterized by large pressure amplitudes and heat release oscillations and controlled by non-linear effects [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF]. These instabilities can lead to severe problems like noise emission, heat flux enhancement on duct linings, global extinction of the flame, structural vibrations or fatigue of burner and liner parts and even the failure of the turbine [START_REF] Swaminathan | Turbulent premixed flames[END_REF]. The prediction of this phenomenon at an early design stage has become an important task, but it remains still a great challenge today in terms of scientific modeling. This is the general framework of this PhD.

1.4 Objectives and organization of the present work

Objectives

The present work is placed in the framework of thermo-acoustic instabilities focussing on different mechanisms affecting the stability of gas turbine chambers. Large Eddy Simulation (LES) has been widely used for the numerical simulation of turbulent flows and is recognized as a powerful tool to study thermo-acoustic instabilities [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]. Complex industrial configurations can be successfully described by LES [START_REF] Roux | Studies of mean and unsteady flow in a swirled combustor using experiments, acoustic analysis and large eddy simulations[END_REF][START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF] and thermo-acoustic instabilities can be captured for academic configurations [START_REF] Palies | Dynamique et instabilites de combustion des flammes swirlees[END_REF][START_REF] Tay | Identification of flame transfer functions from les of a premixed swirl burner[END_REF] and in complex industrial aeronautical combustion chambers [START_REF] Wolf | Large eddy simulation of thermoacoustic instabilities in annular combustion chambers[END_REF][START_REF] Wolf | Massively parallel les of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF]. Nevertheless less information is available for large scale industrial gas turbines, which are typically ten times bigger than aeronautical engines and where the Reynolds numbers easily reach 1.000.000.

The objectives of this thesis can be summarized as follows:

• Is LES capable of handling such complex large industrial size geometries?

• Is LES modeling advanced enough to be used in industry as a design tool for gas turbine combustion chambers?

• Which mechanisms are causing thermo-acoustic instabilities? In systems with multiple inlets for air and fuel, how can models derived for simple burners be extended?

• Thermo-acoustic instabilities are controlled by non-linear effects due to heat release fluctuation [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF]. What is the effect of nonlinearity on the flame 1.4. Objectives and organization of the present work and on stability compared to a linear flame behaviour?

The approach to apprehend thermo-acoustic instabilities in complex geometries is to first analyze the state-of-the-art in literature and to introduce the LES modeling used. Then, LES is applied to a fully premixed swirled burner in order to validate the LES against experiments and to analyze the mechanisms influencing the flame on a simpler geometry. Finally, an industrial gas turbine operating at technically premixed conditions under high pressure is analyzed in detail. Different effects on the flame dynamics are highlighted and insight into a complex field is given.

Organization of this work

Part I The current part places this dissertation in a global context. Growing energy demand and environmental issues lead to challenges in the gas turbine design process. Lean premixed combustion systems are state of the art today and are particularly prone to combustion instabilities. Preventing these instabilities at an early design stage is an important task.

Part II The next part introduces the underlying physics leading to thermo-acoustic instabilities and shows possibilites used today to control them. A literature review deals with the different methods used to study those instabilities and gives the particular mechanisms influencing the flame behaviour. Finally on overview of the physical models for LES and the numerical tools used is given. The Navier-Stokes equations and their derivation for compressible reacting LES are discussed. The LES solver AVBP is presented.

Part III Part III aims to validate the LES modeling used against experiments performed at TU Berlin [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF][START_REF] Schimek | Experimental investigation of high amplitude forcing and swirl fluctuations on the flow field and the transfer function of a swirl-stabilized flame[END_REF] and a second LES code OpenFoam [1] where the calculations were performed at Siemens [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF] on an academic swirled burner. Mechanisms affecting the flame response to perturbations are investigated in this simplified single-sector configuration where detailed experimental data is available.

Part IV In Part IV the LES code is applied to an industrial gas turbine operating at high pressure. Two different operating conditions and burner configurations are considered. First, the four different flow fields are compared and analyzed. Then, the flame response to perturbations is investigated for the four cases in detail. Different mechanisms acting on the flame in the linear regime are identified. Finally, the nonlinear flame behaviour is analyzed and different mechanisms affecting the instability oscillation are given.

Part V The conclusion regarding the objectives of this thesis is provided and future work is discussed.

The first observation of combustion oscillation dates back to 1777, when Higgins discovered the so-called "singing flame" [START_REF] Tyndal | [END_REF]. In 1858 John LeConte [START_REF] Leconte | On the influence of musical sounds on the flame of a jet of coal gas[END_REF] described the interaction between acoustics and combustion when he observed synchronous flame movement to music: "I happened to be one of a party of eight persons assembled after tea for the purpose of enjoying a private musical entertainment. Three instruments were employed in the performance of several of the grand trios of Beethoven, namely, the piano, violin and violoncello. Two 'fish-tail' gas burners projected from the brick wall near the piano. (...) Soon after the music commenced, I observed that the flame of the last-mentioned burner exhibited pulsations in height which were exactly synchronous with the audible beats. This phenomenon especially striking when the strong notes of the violoncello came in. It was exceedingly interesting to observe how perfectly even the trills of this instrument were reflected on the sheet of flame. A deaf man might have seen the harmony."

Twenty years later in 1878, Lord Rayleigh discovered that not only the acoustics have an influence on the flame, but that a moving flame also excites acoustics [START_REF] Rayleigh | The explanation of certain acoustic phenomena[END_REF]. Since then, the field of thermo-acoustic instabilities exists, but its interest for the research community was limited over a long time. It only became the center of attraction for a wider community with the development of high-intensity combustion systems, where suddenly unforeseen and undesired instabilities occurred. These instabilities are characterized by large pressure amplitudes and heat release oscillations which can lead to severe problems to the machine like noise emission, heat flux enhancement on duct linings, global extinction of the flame, structural vibrations or fatigue of burner and liner parts and even the failure of the turbine [START_REF] Swaminathan | Turbulent premixed flames[END_REF].

Chapter 2. Thermo-acoustic instabilities

This chapter first introduces the physical mechanisms leading to thermo-acoustic instabilities in section 2.1. Then, in section 2.2 different possibilities to control those instabilities are discussed. Present methods to predict thermo-acoustic instabilites are described (section 2.3). Finally, methods based on LES extended to instabilities are discussed in more details (section 2.4) because they are the center of this PhD work.

Causes of thermo-acoustic instabilities

Thermo-acoustic instabilities are the result of a resonant feedback between combustion, acoustic waves and flow [START_REF] Dowling | The calculation of thermoacoustic oscillations[END_REF] (Fig. 2.1). Gases travelling through the flame front are heated up proportionally to the heat release rate. When the heat release fluctuates, the gases dilatation rate varies in time and the gases being heated up push the surrounding gases outwards as they expand. This leads to an increase in local pressure which then propagates as acoustic waves. The flame can be compared to an acoustic monopole [START_REF] Hurle | Sound emission from open turbulent premixed flames[END_REF][START_REF] Strahle | Some results in combustion generated noise[END_REF][START_REF] Strahle | Combustion noise[END_REF] as it behaves locally as an inflating and deflating balloon radiating sound in all directions. These pressure waves propagate through the domain and are reflected (dependent on the impedance) at the turbine inlet and the combustor outlet, inducing perturbations of the flow and mixture. This leads to a perturbation of heat release which basically appears in two different ways [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF]:

• Variation of the flame surface area:

Acoustic waves induce velocity oscillations to the flow. The accelerated and decelerated mixture changes the flame shape accordingly, leading to variations in the total flame surface area and hence to oscillations in the total heat release.

• Fluctuation of the heat of reaction: Acoustic waves further induce oscillations to the air and fuel inlet mass flow rates leading locally to mixture heterogeneities. These mixture variations propagate to the flame front and influence the power released by unit of total mass.

Causes of thermo-acoustic instabilities

The well-known Rayleigh criterion [START_REF] Nicoud | Thermoacoustic instabilities: should the rayleigh criterion be extended to include entropy changes ?[END_REF][START_REF] Rayleigh | The explanation of certain acoustic phenomena[END_REF] finally gives a condition for this closed feedback loop (Fig. 2.1) under which instabilities arise:

V T p q dV dt > 0 (2.1)
where p and q are the pressure and heat release rate fluctuations respectively, V is the volume of the domain and T the oscillation period. The Rayleigh criterion states that pressure and heat release oscillations must be in phase to have a growing amplitude of instability. In other words, local pressure and heat release rate must increase or decrease at the same time. When gases expand against a growing pressure field, energy is transmitted to the acoustic field leading again to an increase in pressure. This happens when the phase between heat release rate and pressure is between -π/2 and π/2. Note that the Rayleigh criterion has to be integrated over the domain, which means that locally pressure and heat release oscillations can be in phase, but at the same time out of phase at a different position. The exchanged energy would thus cancel out and instabilities might be suppressed. When flames are "compact", i.e. when the acoustic wavelength is long compared to the flame thickness this problem disappears: since pressure fluctuations are homogeneous over the flame front, the Rayleigh criterion becomes

T V p q dV dt > 0 or T p V q dV dt > 0 or T p Q dt > 0 (2.2)
where Q is the total heat release in the burner. Unfortunately, we will show that flames are not compact in the burners studied in this PhD, making their analysis more complex than suggested by Eq. 2.2.

Figure 2.2 shows the energy gain and the losses as a function of the perturbation in terms of the square of the acoustic velocity. The acoustic losses are assumed to be linearly increasing with the perturbation level [START_REF] Dowling | Nonlinear self-exited oscillations of a ducted flame[END_REF] whereas the energy gain of the flame is linear for low perturbation amplitudes (region I) and saturates for larger perturbation levels (region II). Acoustics are linear in most cases where p /p remains smaller than 1% explaining why the losses depend linearly on | u | 2 . On the other hand, combustion (Q ) is expected to behave nonlinearly (and this is often observed [START_REF] Culick | Some recent results for nonlinear acoustic in combustion chambers[END_REF][START_REF] Poinsot | Analyse des instabilités de combustion de foyers turbulents prémélangés[END_REF]): Q can not be negative and can not exceed values corresponding to the heat release associated to the total fuel mass introduced in the burner in one period.

Figure 2.3 shows a typical time evolution of growing pressure oscillations. When thermo-acoustic instabilities arise, first linear oscillations appear and grow exponentially since the energy gain is larger than the acoustic losses. An overshoot zone is often observed before the pressure amplitude reaches a plateau when the losses balance the energy gain. This oscillation state is called "limit cycle". However, instability does not necessarily occur when the Rayleigh criterion alone is fulfilled because losses also play a role [START_REF] Chu | On the energy transfer to small disturbances in fluid flow (part i)[END_REF][START_REF] Nicoud | Thermoacoustic instabilities: should the rayleigh criterion be extended to include entropy changes ?[END_REF]. The boundaries of the combustion Chapter 2. Thermo-acoustic instabilities 

Control of thermo-acoustic instabilities

chamber (e.g. walls, compressor outlet, turbine inlet) and the turbulent flow damp the acoustic energy so that a proper instability criteria is that the Rayleigh term T V p q dV dt must exceed all losses terms. Finally, even the Rayleigh term itself has been discussed by many authors. Chu [START_REF] Chu | On the energy transfer to small disturbances in fluid flow (part i)[END_REF] or Nicoud et al. [START_REF] Nicoud | Thermoacoustic instabilities: should the rayleigh criterion be extended to include entropy changes ?[END_REF] investigated an extension to the Rayleigh criterion integrating the fluctuation of pressure, velocity and entropy. This leads to a criterion where temperature and heat release (and not pressure and heat release) must be in phase for the instability to grow. They concluded that the extended version should be used for studies on combustion instabilities.

Control of thermo-acoustic instabilities

Thermo-acoustic instabilities should preferably be avoided at an early design stage. However, the prediction of flame-acoustic interactions is a great challenge today because all mechanisms leading to an unstable behaviour of the machine are not fully understood. It is therefore important, to have a posteriori methods to control and suppress thermo-acoustic instabilities. They can be classified in two categories, both having the goal to change the phase between pressure and heat release oscillations:

• Passive Control [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF]:

-Operating conditions: Changes in operating conditions can have an effect on the stabilization of the flame and therefore its time response as well as on the eigenmodes of the chamber due to a change in sound speed.

-Design changes: Acoustic eigenmodes can also be changed by modifying the combustion chamber geometry. Furthermore, e.g. swirler positions or burner outlets have an impact on the time response.

-Acoustic dampers [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]: Resonators can be used to damp eigenfrequencies. Nevertheless, frequencies encountered in most gas turbines are low and dampers with large volumes are needed. Since space is generally limited, the installation of these dampers is difficult in practice.

• Active Control [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF][START_REF] Mcmanus | A review of active control of combustion instabilities[END_REF]: Active control techniques monitor the combustion system in order to detect the characteristics of the instabilities in terms of frequency and amplitude. The phase difference between acoustics and heat release can now be adjusted by attenuating e.g. the fuel mass rate. Thermo-acoustic instabilities are finally suppressed by a closed feedback loop. These systems need to be redundant since its failure risks an instability to grow and the machine to fail.

Despite multiple academic proofs of the efficiency of active control methods [9,[START_REF] Bloxsidge | Active control of reheat buzz[END_REF][START_REF] Lang | Active control of combustion instability[END_REF], active control has been used only a few times in real gas turbines [START_REF] Seume | Application of active combustion instability control to a heavy duty gas turbine[END_REF]. The main reason for this is that the certification and the cost of these methods remain difficult issues and that they do not control all unstable modes. Using passive methods, which means building systems which are naturally stable is the preferred path today for industry. This can be achieved only when mechanisms are understood: this explains why prediction methods must be developed first.

Study of thermo-acoustic instabilities

Preventing thermo-acoustic instabilities is an important task and their prediction at an early design stage remains a challenge, since their underlying mechanisms are not fully understood yet. Generally, two methods exist to study instabilities in combustors [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF](Fig. 2.4):

• Forced response:

The feedback loop leading to thermo-acoustic instability is removed and the flame is excited in a forced controlled mode to measure its response. Thermoacoustic instability models give then information about stability and limit cycle oscillation amplitudes.

• Self-excited modes:

The feedback loop is closed and the flow resonates on its own. The configuration is dominated by its own instability mode. 

Forced response method

In the forced response method a perturbation is introduced to the flame and its response is analyzed. To do so, a common approach for acoustically compact flames can be found in the literature which was first introduced by Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part i[END_REF][START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part ii[END_REF]. In this approach, the Flame Transfer Function (FTF) is the key parameter and is defined as the ratio of the relative heat release fluctuation (q/q) to the relative inlet velocity perturbation (û/ū) issued by the acoustic field. In the frequency domain it writes

F (ω) = q/q û/ū . (2.3)
with ω being the angular frequency. The FTF is generally expressed in terms of gain n = |F (ω)| and time delay τ = Arg(F (ω)/(2πf )). The shape of the FTF depends on the flame shape [START_REF] Kim | Effect of flame structure on the flame transfer function in a premixed gas turbine combustor[END_REF] as well as on the operating conditions [START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF]. Flame Transfer Functions have been extensively studied in laminar and turbulent flames where only the axial velocity perturbation is at play. Investigations of laminar conical flames performed by Durox et al. [START_REF] Durox | Combustion dynamics of inverted conical flames[END_REF] and Karimi et al. [START_REF] Karimi | Linear and non-linear forced response of a conical, ducted, laminar premixed flame[END_REF], inverted conical by Durox et al. [START_REF] Durox | Combustion dynamics of inverted conical flames[END_REF] and multi-slit conical flames studied by Kornilov et al. [START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF] revealed that the FTF gain shows a low pass filter behaviour. Schuller et al. [START_REF] Schuller | A unified model for the prediction of laminar flame transfer functions: comparisons between conical and v-flames dynamics[END_REF] observed from laminar flames and Armittage et al. [2] from turbulent V-flames an overshoot in gain and associated this to vortex roll-up at the flame base. In all cases, the gain is unity in the limit of zero frequency as derived by Polifke and Lawn [START_REF] Polifke | On the low-frequency limit of flame transfer functions[END_REF] from the global conservation laws. The phase of the FTF evolves in these cases in an almost linear way with the frequency, indicating that the axial velocity perturbations propagate convectively from the burner outlet to the flame. Concerning different operating conditions, Kornilov et al. [START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF] showed that with increasing inlet velocity the gain decreases at higher frequency and that phase saturation occurs at higher frequency. Kim et al. [START_REF] Kim | Effect of flame structure on the flame transfer function in a premixed gas turbine combustor[END_REF] and Palies et al. [START_REF] Palies | Dynamique et instabilites de combustion des flammes swirlees[END_REF] used the Strouhal number as dimensionless parameter instead of the frequency.

Industrial configurations use swirlers in order to create a vortex breakdown [START_REF] Lucca-Negro | Vortex breakdown: a review[END_REF] which stabilizes the flame. The gain of swirled flames plotted versus frequency usually shows a second peak. Straub and Richards [START_REF] Straub | Effect of axial swirl vane location on effect of axial swirl vane location on effect of axial swirl vane location on combustion dynamics[END_REF] first noticed a strong impact of the swirler position on the combustion oscillations. Hirsch et al. [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF] hence investigated the effect of swirler designs and found that an additional time lag is responsible for changes in the FTF. Komarek et al. [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] investigated the influence of several swirler positions on the FTF and concluded that disturbances propagate at a convective and an acoustic speed downstream the swirler position. Finally, Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF] have shown that the acoustic perturbations reaching the swirler generate transverse velocity fluctuations which are convected by the flow. As a results, swirl number perturbations occur and effect the flame angle. When both components are in phase, the swirl number perturbations are small and the flame angle is less affected leading to an overshoot in gain since axial and azimuthal component are acting simultaneously on the flame. Vice versa, high swirl fluctuations occur when both components are out of phase leading to a low flame response.

The academic configurations mentioned above run under perfectly premixed conditions: fuel and air are mixed far upstream of the combustion chamber. However, industrial combustion systems operate for security reasons under technically premixed conditions meaning that fuel and air are mixed just prior to combustion. Thus, in technically premixed configurations another mechanisms, the perturbation of mixture, occurs and changes the shape of the FTF gain [START_REF] Lieuwen | The role of equivalence ratio oscillations in driving combustion instabilities in low nox gas turbines[END_REF]. Schuermans et al. [START_REF] Schuermans | A detailed analysis of thermoacoustic interaction mechanisms in a turbulent premixed flame[END_REF] compared the measured transfer matrix of a turbulent flame for a technically premixed and a fully premixed system and found the maximal amplitude to increase for the technically premixed case where equivalence ratio perturbations are present. Kim et al. [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF] also found a phase difference between equivalence ratio and velocity at the combustor inlet. Following Kim et al. [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF] this has an impact on the amplitude response of the flame: when the two perturbations are out of phase richer mixtures enter the combustion chamber with low velocity, and mixtures with lower equivalence ratio reach the flame front with high velocity. The flame sees nearly the same amount of fuel during a cycle of oscillation. Therefore, the heat release rate does not vary significantly and a low amplitude response results. Furthermore, they showed that this phase difference is a function of frequency, fuel injection location, fuel injector impedance and the mean velocity in the nozzle.

In the case of technically premixed burners, Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF] proposed a different FTF approach including the fluctuations of equivalence ratio. He considers the differential of the heat release dQ following

dQ = δQ δZ dZ + δQ δρ u dρ u + δQ δ V d V (2.4)
with the unburnt density ρ u , the mixture fraction Z and the volume flow V . The fluctuation Q /Q 0 can now be written as

Q Q 0 ≈ Z Z 0 + ρ u ρ u0 + V V0 (2.5) 
Neglecting the density fluctuations (a reasonable approximation for most cases since p /p 0 remains small) yields the FTF:

Q(ω) Q 0 = F u (ω) u(ω) u 0 + F φ (ω) φ(ω) φ 0 (2.6)
where the mixture fraction fluctuations are replaced by the equivalence ratio fluctuations. In system identification terms the expression 2.6 for the FTF is a MISO-model (Multiple Inlet Single Outlet), whereas Eq. 10.1 is called a SISO-model (Single Input Single Output). One outcome of his work was that a unique FTF can only be achieved by using the MISO approach with an uncorrelated excitation signal while pulsating both the air and the fuel inlet. Note that the equivalence ratio is linked to the mixture fraction through:

φ = Z(1 -Z st )/(Z st (1 -Z))
with Z st being the mixture fraction at stoichiometry.

Generally, the FTF can be determined experimentally, numerically and analytically and is mostly based on the SISO approach. Experimentally, FTFs are obtained using loudspeakers to excite the flow and velocity or pressure sensors combined with chemiluminescence as indicator for the heat release rate [START_REF] Ducruix | Theoretical and experimental determinations of the transfer function of a laminar premixed flame[END_REF][START_REF] Steinberg | Flow-flame interactions causing acoustically coupled heat release fluctuations in a thermo-acoustically unstable gas turbine model combustor[END_REF]. Numerous experimental studies can be found in literature [START_REF] Huang | Dynamics and stability of lean-premixed swirlstabilized combustion[END_REF][START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF] for laminar and turbulent flames. Nevertheless, the experimental determination of the FTF for complex industrial configurations is very difficult to realize and costly since optical access into the combustion chamber is needed.

Another possibility is the analytical method. Fleifil et al. [START_REF] Fleifil | Response of a laminar premixed flame to flow oscillations: A kinematic model and thermoacoustic instability results[END_REF] introduced a model based on the kinematic analysis of the flame front evolution, a linearized version of the G-equation, for conical flames at small perturbation amplitude. It was extended by Ducruix et al. [START_REF] Ducruix | Theoretical and experimental determinations of the transfer function of a laminar premixed flame[END_REF] to any flame tip angle and Schuller et al [START_REF] Schuller | A unified model for the prediction of laminar flame transfer functions: comparisons between conical and v-flames dynamics[END_REF] further developed this approach for high frequencies and applied it to a conical and a V-flame. Good agreement with experiments was found and the FTF could finally be determined by the use of reduced frequency depending on the flametube radius, the flame speed and the flame angle. This modeling has been extended to the nonlinear response of premixed flames by Lieuwen [START_REF] Lieuwen | Modeling premixed combustion-acoustic wave interactions: A review[END_REF]. For more complex flames, Palies et al. [START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF] recently extended this approach to premixed swirled flames. Two additional parameters are introduced in his model accounting for swirl number fluctuations which can not be determined analytically: they need experiments or an adjustment process.

Another theoretical model is based on the analysis of the unit impulse response of the flame and has been formulated by Komarek and Polifke [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] for a premixed swirled flame. The response of the flame to an axial perturbation is modeled as a Gaussian time lag distribution F (ω) axial = e -iωτ 1 -1/2ωσ 2 1 and the response to a fluctuation of swirl with

F (ω) swirl = e -iωτ 2 -1/2ωσ 2 2 -e -iωτ 3 -1/2ωσ 2 3 . The FTF is finally F (ω) = F (ω) axial + F (ω) swirl .
The values for n i , τ i and σ i were determined via fitting to experimental data. Schuermanns et al. [START_REF] Schuermans | A detailed analysis of thermoacoustic interaction mechanisms in a turbulent premixed flame[END_REF] used the same approach to account for mixture fluctuations in a non-swirled configuration and introduced one additional Gaussian time lag. Although good agreement is found for the fitted FTF with experiments, an a priori determination of the FTF is not possible.

Alternatively, the FTF can be determined from a computational fluid dynamics (CFD) simulation [START_REF] Giauque | System identification of a large-scale swirled partially premixed combustor using LES and measurements[END_REF][START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF][START_REF] Tay | Comparative validation study on identification of premixed flame transfer function[END_REF]. In this approach an unsteady CFD calculation is performed and controlled excitations are imposed in order to generate time series of velocity and heat release rate oscillation. Then, the data is post-processed using system identification techniques to obtain the FTF [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Kaess | Cfd-based mapping of the thermo-acoustic stability of a laminar premix burner[END_REF][START_REF] Ljung | System Identification. Thoery for the user[END_REF].

Once the FTF is determined, it serves as input to linear thermo-acoustic instability models in order to determine the stability of the system. One approach is to model the relevant configuration as a 1D network of acoustic elements and to determine the acoustic pressure and velocity through each element via a transfer matrix [START_REF] Gentemann | Acoustic transfer matrix reconstruction and analysis for ducts with sudden change of area[END_REF][START_REF] Kim | Flame transfer function measurement and instability frequency prediction using a thermo acoustic model[END_REF][START_REF] Polifke | Reconstruction of acoustic transfer matrices by instationnary computational fluid dynamics[END_REF][START_REF] Schuermans | Modelling of complex thermo-acoustic system: A state-space approach[END_REF]. The linearized conservation equations are solved in the frequency domain and the complex eigenfrequencies give finally the growth rates, hence information on the stability, of the different modes. A second 1D possibility is to solve the thermo-acoustic problem in the time domain with the modified Galerkin approach [START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF][START_REF] Culick | Unsteady motions in combustion chambers for propulsion systems[END_REF][START_REF] Dowling | Acoustic analysis of gas turbine combustors[END_REF][START_REF] Krebs | Thermoacoustic analysis of annular combustor[END_REF][START_REF] Zinn | Application of the galerkin method in the solution of combustion instability problems[END_REF] which is essentially based on the use of Green's functions. The acoustic mode shapes are determined from a homogeneous Helmholtz equation and they are then perturbed in the time domain. This leads finally to a temporal solution with growing or decaying oscillations. Eigenmode shapes and growth rates can also be determined in 3D while solving the inhomogeneous Helmholtz equation on 3D meshes [START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF][START_REF] Selle | Simulation aux grandes échelles des interactions flamme-acoustique dans un écoulement vrillé[END_REF][START_REF] Staffelbach | Simulation aux grandes échelles des instabilités de combustion dans les configurations multi-brûleurs[END_REF]. In this method, a local FTF is used as input and is linked to the global FTF with amplitude n and time Chapter 2. Thermo-acoustic instabilities delay τ through:

ne -iωτ = V n l ( x)e -iωτ l ( x) (2.7)
with the local amplitude n l ( x) and the local time delay τ l ( x). The local FTF field allows as well to obtain further insight into the flame dynamics as it illustrates how the flame reacts in different regions. The inhomogeneous Helmholtz equation can also be solved in 3D directly in the time domain [START_REF] Pankiewitz | Time domain simulation of combustion instabilities in annular combustors[END_REF]. Similar to the approach in the frequency domain, the mode shapes are finally determined.

The limit cycle is controlled by non-linear effects due to heat release [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF].

In order to predict limit cycle pressure amplitudes, the classical FTF approach has first to be adjusted to account for nonlinear effects. In the presence of high perturbation amplitudes, when the acoustic velocity reaches a magnitude of the order of the mean flow velocity, the flame is observed to saturate [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF] (compare also region II in Fig. 2.2). Hence, the flame response is not only a function of the frequency any more but also of the perturbation amplitude. An extended version of the linear FTF approach has been introduced by [START_REF] Dowling | Nonlinear self-exited oscillations of a ducted flame[END_REF]: The so-called Flame Describing Function (FDF) is defined as

F (ω, û) = q /q u /ū . (2.8) 
and accounts for the perturbation amplitude dependence û.

The saturation mechanism has been investigated by several reviewers. Studies on V-flames and swirling flames [3,[START_REF] Durox | Experimental analysis of flame transfer functions nonlinearities[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF] showed that the flame sheet and the vortices shed from the injector interact non-linearly and that the flame surface area evolves non-linearly with increasing excitation amplitude. Durox et al. [START_REF] Durox | Experimental analysis of flame transfer functions nonlinearities[END_REF] found experimentally that the response is dependent on the amplitude. Lieuwen et al. [START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF] state from investigations on a swirled flame that vortex roll-up and unsteady flame lift-off decrease the flame surface area and lead therefore to saturation at higher amplitudes. Thumuluru et al. [START_REF] Thumuluru | Measurements of the flame response to harmonic excitation in a swirl combustor[END_REF] showed that the flame shape is strongly influenced by the excitation level as well as the position and strength of the vortex breakdown region. Schimek et al. [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF] found that the flame saturation mechanisms were flame quenching due to local extinction and re-ignition. Kim et al. [START_REF] Kim | Experimental investigation of the nonlinear response of swirl stabilized flames to equivalence ratio oscillations[END_REF] investigated the effects of equivalence ratio fluctuations in a swirled flame and showed that the response of the flame depends on the phase difference between velocity and equivalence ratio fluctuations and can be either linear or non-linear.

Linear thermo-acoustic instability tools only provide the stability criteria, but a nonlinear description is required to investigate limit cycles, instability triggering and mode switching. The FDF is the key element determining those phenomena and is used as input for nonlinear models. A Galerkin type model is proposed by Selimefendigil and Polifke [START_REF] Selimefendigil | A nonlinear frequency domain model for limit cycle thermoacoustic systems with modal coupling[END_REF] to predict the pressure oscillation amplitude in a Rijke tube.

Another model based on the wave equation from Portillo et al. [START_REF] Krebs | Comparison of nonlinear to linear thermoacoustic stability analysis of a gas turbine combustion system[END_REF][START_REF] Portillo | Application of a generalized instability model to a longitudinal mode combustion chamber[END_REF] yields to time evolution of the perturbation and thus the modal growth rates, modal frequencies and the oscillation amplitude. Studies from Ecole Centrale Paris [START_REF] Boudy | Nonlinear mode triggering in a multiple flame combustor[END_REF][START_REF] Noiray | Analyse lineaire et non-lineaire des instabilites de combustion, application aux systemes a injection multipoints et strategies de controle[END_REF][START_REF] Noiray | A unified framework for nonlinear combustion instability analysis based on the flame describing function[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF] insert the FDF in the system dispersion relation and solve for the complex eigenfrequency to become zero in order to determine the modal growth rates and frequencies as a function of the perturbation level. Like this, it is possible to interpret mode switching phenomena in terms of growth rate evolution with respect to the perturbation amplitude. When the amplitude reaches a value for which the growth rate curve of one mode becomes larger than that of the mode existing until this moment, the frequency changes [START_REF] Noiray | Analyse lineaire et non-lineaire des instabilites de combustion, application aux systemes a injection multipoints et strategies de controle[END_REF]. With respect to the FDF, operating points can be linearly stable but nonlinearly unstable as the FDF changes not only in amplitude but also in phase. Recently, Krebs et al. [START_REF] Krebs | Comparison of nonlinear to linear thermoacoustic stability analysis of a gas turbine combustion system[END_REF] found the limit cycle amplitude to increase with increasing growth rate.

Although FDF approach and nonlinear analysis allow to capture bifurcations and triggering points, these methods assume that harmonics have no effect on the FDF and exclude the non-normal nature of thermo-acoustic interactions. Nicoud et al. [START_REF] Nicoud | Acoustic modes in combustors with complex impedances and multidimensional active flames[END_REF] showed that the eigenvectors of the linearized thermo-acoustic system are non-normal under unsteady heat release or when complex impedance boundary conditions are used. Figure 2.5 illustrates that the resultant vector R of two decaying not orthogonal eigenvectors EV 1 and EV 2 (i.e. in a non-normal system) can grow in the short term over time (t 1 to t 3 ), whereas in the case of decaying orthogonal eigenvectors R decays as well. This means that in a linearly stable system, transient growth may trigger nonlinearities when exceeding a certain threshold level leading to combustion instabilities [4,[START_REF] Juniper | Triggering in the horizontal rijke tube: non-normality, transient growth and bypass transition[END_REF]. Balasubramanian et al. [4,5] showed that even small initial amplitudes can trigger thermoacoustic instabilities. Juniper [START_REF] Juniper | Triggering in the horizontal rijke tube: non-normality, transient growth and bypass transition[END_REF] determined the lowest initial energy for this to happen in a Rijke tube being 1% to 10% of the oscillation energy. Further he found that over almost half the linearly stable range, self-sustained oscillations can arise. In the present work, non-normality was not considered.

Self-excitation method

The second method to study thermo-acoustic instabilities is to allow the flame to interact with the acoustics until self-excited modes occur. In this way, the exact modes in terms of frequency and amplitude can be obtained both experimentally and numerically without further need of any thermo-acoustic instability model. There are numerous studies which experimentally investigate self-excited instabilities, e.g. [START_REF] Candel | Flame dynamics and combustion noise : progress and challenges[END_REF][START_REF] Dowling | Nonlinear self-exited oscillations of a ducted flame[END_REF][START_REF] Durox | Rayleigh criterion and acoustic energy balance in unconfined self-sustained oscillating flames[END_REF][START_REF] Hield | Thermoacoustic limit cycles in a premixed laboratory combustor with open and choked exits[END_REF][START_REF] Lartigue | Experimental and numerical investigation of self-excited combustion oscillations in a scaled gas turbine combustor[END_REF][START_REF] Lieuwen | Nonlinear pressure-heat release transfer function measurements in a premixed combustor[END_REF][START_REF] Moeck | Thermoacoustic instabilities in an annular rijke tube[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF] and successful numerical studies e.g. [START_REF] Chatterjee | On the spectral characteristics of a self-excited rijke tube combustor -numerical simulation and experimental measurements[END_REF][START_REF] Hantschk | Numerical simulation of selfexcited thermoacoustic instabilities in a rijke tube[END_REF][START_REF] Hernandez-Vera | Modelisation des Suies et Simulations aux Grandes Echelles des Instabilites thermo-acoustiques[END_REF][START_REF] Kailasanath | Numerical simulations of unsteady reactive flows in a combustion chamber[END_REF][START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF].

Despite its obvious potential, simulation based on self-excited modes is in most cases, not mature and faces multiple difficulties: a) it does not yet incorporate all physical models required to capture instabilities with precision in real combustors (acoustics, geometrical complexity, two-phase flows, wall phenomena, radiation, etc) because present solvers simply do not have the power to do so in the absence of recent HPC tools, b) each simulation is only one realization of a short time period for one regime (one inlet temperature, one pressure, one fuel, one injection type, etc) in one combustor which depends on the boundary conditions, especially on the acoustic impedances imposed at the inlet(s) and outlet(s) of the combustion chamber. Simulation results change as soon as one of these parameters changes, exactly like the real combustor would. In that sense, numerical studies of self-excited modes in itself does not bring new insight into the reasons why a given chamber is unstable and does not tell which change will lead to a stabilization. In other words, simulation of self-excited modes will provide a result which is very similar to a perfectly instrumented experiment: it can help us understand instabilities if we have a theory to guide us but it can not replace this theory.

In the present work, no numerical simulation of self-excited modes will be performed: we will focus on the forced response of flames using FTF formulations. To determine FTFs we will use simulation methods and especially LES as discussed in the next section.

CFD as a tool to study thermo-acoustic instabilities

In Computational Fluid Dynamics (CFD) of turbulent combustion processes, three main approaches exist [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]:

• Direct Numerical Simulation (DNS):

A DNS solves the full instantaneous Navier-Stokes equations explicitly on fine meshes without any modeling. All turbulent scales are captured and can act on the combustion process leading to high numerical costs.

• Large Eddy Simulation (LES):

A LES resolves the turbulent large scale structures and models the small scale ones by applying a filter. Unsteady features are represented and the modeling impact is reduced. Lower numerical costs than DNS.

• Reynolds-Averaged-Navies-Stokes (RANS): RANS simulations compute only averaged values without solving turbulent quantities. Coarse grids can be used and the numerical costs are reduced compared to LES.

LES is an intermediate approach which includes unsteady features with a reduced impact of the required modeling and acceptable computational costs. Numerous LES have been performed for laboratory and industry-scale configurations and have proved the capability of this approach [START_REF] Kaess | Cfd-based mapping of the thermo-acoustic stability of a laminar premix burner[END_REF][START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF][START_REF] Staffelbach | Highly parallel Large Eddy Simulations of multiburner configurations in industrial gas turbines[END_REF][START_REF] Tay | Identification of flame transfer functions from les of a premixed swirl burner[END_REF][START_REF] Wolf | Massively parallel les of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF]. Another advantage of LES is that it is well suited to unsteady phenomena such as forced flames required for FTFs. Therefore, the LES approach is used throughout this thesis.

Thermo-acoustic instabilities can be studied with the forced response method or as self-excited modes. For both approaches, the LES needs to meet special requirements. In the forced response method, first a stable regime has to be attained before a controlled excitation signal is introduced. The size of the forced domain needs to be reduced in order to exclude any possible resonant frequencies arising from the geometry. Specific boundary conditions are also needed to avoid unnatural resonant modes [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF][START_REF] Selle | The actual impedance of non-reflecting boundary conditions: implications for the computation of resonators[END_REF]. One drawback is that transverse acoustic modes can not be predicted as they are created inside the chamber itself. For the self-excitation method the whole combustor geometry has to be taken into account. In order to generate resonance, the acoustic boundary conditions at the in-and outlet need to be well defined, something which is difficult in a real turbine. With this method, the limit cycles (modal frequency and amplitude) are determined from the LES exactly as they appear in experiments and all modes are captured. Nevertheless, if only one boundary condition is not accurately set, no limit cycle or a different one could be predicted.

In terms of computational costs the forced response method is the better choice. Self-excited oscillations may require a long computing time, first because the simulation domain has to describe the entire combustor and second because limit cycles need to be simulated over several periods to reach convergence. Furthermore, hysteresis and transition from stable to unstable operation condition can take a long physical time which is out of reach of present CPU power. Moreover, some combustors are linearly stable but non-linearly unstable meaning that a perturbation has to be added in order to start a growing oscillation. The choice of the initial condition for such LES is difficult and CPU intense as many tests are required. The forced response method is much faster to compute since the computational domain is smaller and less oscillation periods need to be calculated. The CPU time for a subsequent analysis with any thermo-acoustic instability code is negligible compared to the LES computations. Figure 2.6 summarized both methods.

During this dissertation, the flame transfer function and the mechanisms at play leading to stable or unstable combustor behaviour are determined with the forced response method. The LES code AVBP [START_REF] Moureau | Numerical methods for unsteady compressible multicomponent reacting flows on fixed and moving grids[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 | Les and experimental studies of cold and reacting flows in a swirled partially premixed burner with and without fuel modulation[END_REF] 1 is used and is described in the next chapter. The present part is organized as follows: This chapter describes the governing equations solved by the LES code AVBP used throughout this thesis. AVBP is a massively parallel LES code solving the filtered, compressible, reacting Navier-Stokes equations on three-dimensional unstructured grids [START_REF] Colin | Taylor-galerkin schemes in avbp[END_REF][START_REF] Rudgyard | Integrated preprocessing tools for unstructured parallel cfd applications[END_REF][START_REF] Schønfeld | A cell-vertex approach to local mesh refinement for the 3-d euler equations[END_REF]. The code is only shortly described here, since no specific developments have been made during this work. The interested reader is referred to [START_REF] Moureau | Numerical methods for unsteady compressible multicomponent reacting flows on fixed and moving grids[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 | Les and experimental studies of cold and reacting flows in a swirled partially premixed burner with and without fuel modulation[END_REF]. The next chapter deals with specific details of the analysis of thermo-acoustic instabilities. In particular, the excitation signals used for flame identification (FTFs) are discussed and the system identification process is described.

Governing equations

The evolution of a compressible and reacting flow is defined by the momentum, energy and species balance equations and can be written as:

∂ρu i ∂t + ∂ρu i u j ∂x j = - ∂ ∂x j [pδ ij -τ ij ] (3.1) ∂ρE ∂t + ∂ρEu j ∂x j = - ∂ ∂x j [u i (pδ ij -τ ij ) + q i ] + ωT (3.2) ∂ρY k ∂t + ∂ρu j Y k ∂x j = - ∂ ∂x j [J j,k ] + ωk (3.3)
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. The Kronecker's delta is δ ij . 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 S ll (3.4) 
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 (3.5)
The heat and molecular diffusion fluxes are q j and J j,k respectively. The source term ωT is related to the heat release rate and ωk to the production rate of the species k.

E is the total (non-chemical) energy per unit mass calculated as E = H -P/ρ. H represents the total enthalpy calculated as H = h s + 1 2 u i u i , where 1 2 u i u i is the kinetic energy of the gases and h s = T T 0 C p dT is the sensible enthalpy, C p and T being the heat capacity and temperature of the mixture respectively.

Equation of state

The equation of state follows the ideal gas law:

P = ρT R 0 W (3.6)
where R 0 is the universal gas constant and W is the mean molecular weight of the gas mixture.
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Species transport

The conservation of mass has to be satisfied and follows:

N k=1 Y k V k i = 0 (3.7)
where V k i is the diffusion velocity of species k in directions i = 1, 2, 3 for the number of N species. The determination of diffusion velocities for all species requires a complex non-linear system of equations [10,[START_REF] Ern | Multicomponent Transport Algorithms[END_REF][START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF][START_REF] Williams | Combustion Theory[END_REF] and the solution is time consuming. Therefore a simplified approach is used in AVBP to solve the chemical species transport following the Hirschfelder and Curtiss approximation [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 (3.8)
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. 3.7) 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 (3.9)
where the diffusivity D k = D th /Le k , with D th being the thermal diffusivity of the mixture. Le k is the Lewis number of species k and is assumed to be constant [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF].

Chemistry modeling

The chemistry is determined for M reactions and N reactants M k :

N k=1 ν kj M k N k=1 ν kj M k , j = 1, M (3.10) 
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 (3.11)
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 (3.12)
Chapter 3. Numerical method 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 (3.13) using the equilibrium constant K eq [START_REF] Kuo | 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 (3.14)
and the formation enthalpy of species k, ∆h 0 f,k can be written as:

ωT = - N k=1 ωk ∆h 0 f,k (3.15) 

Large-Eddy Simulation

Large Eddy Simulation (LES) [START_REF] Pope | Turbulent flows[END_REF] is a widely recognized approach to compute the characteristics of turbulent flows. It is compared to the Direct Numerical Simulation (DNS) and the classical Reynolds Averaged Navier-Stokes (RANS) and intermediate approach. Figure 3.1 illustrates the different concepts of DNS, LES and RANS showing the spectral density of the turbulent kinetic energy E(K) over the turbulent wave number k. DNS resolves the entire range of turbulent length scales and does not need any models but is expensive in terms of CPU cost. For RANS and LES new governing equations are derived by introducing operators to the set of compressible Navier-Stokes equations whereby unclosed terms arise. Hence, models are needed in order to solve the equations. The major differences between RANS and LES result from the operator used for the derivation. The RANS approach uses a temporal or ensemble average over the studied flow [START_REF] Chassaing | Turbulence en mécanique des fluides, analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF][START_REF] Pope | Turbulent flows[END_REF] and the unclosed terms represent the physics taking place over the entire range of frequencies. In other words, the entire range of turbulent length scales is modeled. The operator in LES is a spatially localized time independent filter of given size ∆. This "spatial average" separates the large scales (greater than the filter size) from the small scales (smaller than the filter size) so that the unclosed terms represent the physics associated with the small structures at high frequencies. LES represents the dynamic large scale motions which are critical in complex gas turbine engines [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]. It is therefore the best approach considering CPU cost and accuracy for combustion instabilities.

Filtered Navier-Stokes equations

To obtain the new set of equations a spatial filtering operator is introduced [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] f (x) = f (x )F (x -x )dx (3.16) with F defining the LES filter. To account for density variations, a Favre filtered variable f is used as

ρ f = ρf (3.17)
Variables can be decomposed in a Favre averaged part f and a fluctuating part f so that:

f = f + f (3.18)
The balance equations for LES are obtained by filtering the instantaneous balance equations 3.1, 3.2 and 3.3 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   (3.19) ∂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 (3.20) ∂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 (3.21)
The total flux is composed of the inviscid flux, the viscous flux and sub-grid scale terms. The inviscid flux components write:

   ρ u i u j + P δ ij ρ E u j + u i P δ ij ρ u j Y k    (3.22)
and the viscous flux is

  -τ ij -(u i τ ij ) + q ij J j,k   (3.23)
The convective terms introduce additional 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     (3.24)
Those terms represent the contribution of the non-resolved turbulent scales which have to be modeled.

Sub-grid scale modeling

Filtering the transport equations yields a closure problem for the sub-grid scale (SGS) turbulent fluxes. The influence of the SGS on the resolved motion is taken into account by a model based on the introduction of a turbulent viscosity ν t following the Boussinesq hypothesis [START_REF] Boussinesq | Essai sur la théorie des eaux courantes. 26ème édn[END_REF] assuming the SGS terms to behave as their laminar counterparts, except with the use of a turbulent viscosity ν t instead of the gas viscosity. The Reynolds tensor writes:

τ t ij = 2ρν t Sij - 1 3 δ ij τ t ll (3.25)
Note that this approach assumes that the SGS field has a purely dissipative effect. The heat and species turbulent flux terms, the turbulent thermal and species diffusivities are computed using constant turbulent Prandtl and Schmidt numbers.

The eddy viscosity is calculated using the Smagorinsky [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF] turbulence model where ν t is proportional to the resolved filtered strain tensor S ij and the mesh size

∆ = V 1/3
cell . It is given through

ν t = (C S ∆) 2 2 Sij Sij (3.26)
C S is the model constant and takes typically values between 0.1 and 0.18 and is fixed during this work to 0.18. The Smagorinsky model was developed in the 1960's [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF] and is extensively tested over a wide range of flow configurations. It is easy to implement and performs sufficiently well for flows away from solid walls at low computational cost. Furthermore, it supplies the right amount of kinetic energy dissipation in homogeneous isotropic turbulent flows. However, locality is lost and only global quantities are maintained. and it is known as being too dissipative.

Particularly, the simulation of wall-bounded flows combined with no-slip boundary conditions leads to an over prediction of the fluid friction on walls. The reason is that ν t is proportional to the velocity gradients and is over predicted. The use of slip-wall-law boundary conditions avoids this problem and justifies the use of the Smagorinsky model.

Combustion modeling

One problem occurring in LES is that the flame thickness is generally smaller than the mesh size and cannot be resolved. For this reason, the Dynamic Thickened Flame Model (DTFM) introduced by Légier [START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed 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 used to model turbulent combustion. It is based on a classical dimensional analysis of premixed flames [START_REF] Williams | Combustion Theory[END_REF] showing the dependence of the flame front thickness δ function E by Charlette et al. [START_REF] Charlette | A power-law wrinkling model for LES of premixed turbulent combustion: Part i -non-dynamic formulation and initial tests[END_REF] is used to account for these effects and multiplies the diffusion and reaction terms by the factor E:

E = 1 + min ∆ δ 0 l , Γ ∆ δ 0 l , u ∆ s 0 l , Re ∆ β (3.29)
Here, ∆ defines the implicit filter size of the LES, 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.

Discretization

The LES code AVBP is used for simulations performed during this work. It is a highly massively parallel code which solves compressible Navier-Stokes equations on a unstructured grids [START_REF] Schønfeld | Steady and unsteady flows 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]. This section presents shortly the cell-vertex method and the numerical schemes used in this thesis. Details about the numerics can be found in [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].

Cell-vertex method

AVBP is based on the "finite volume" (FV) method wich can be implemented in three different ways: cell-centered, vertex-centered and the cell-vertex method. Only the latter is discussed here, since it is used in AVBP. In the cell-vertex technique the discrete values of the conserved variables are stored at the cell vertices and the mean values of the fluxes are obtained by averaging over the cell edges. The first step of the cell-vertex method consists of calculating the cell residuals. Then, information is sent to the mesh nodes in order to obtain as many equations as degrees of freedom and the nodal residual is calculated. Finally, the solution is advanced in time and the differential formulations of the Navier-Stokes are approximated [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].

Time advancement

Time advancement is explicit and based on a 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]. To avoid numerical instabilities the time step has to be below the critical CFL (convective scheme) and Fourier (diffusive scheme) number. Since the code is fully compressible, the CFL number is based on the sum of the acoustic and convective speeds. An AVBP, the usual CFL number is 0.7. In the case of source terms, the timestep also has to be small enough to avoid negative values e.g. of pressure or mass fraction. The timestep is finally chosen to be the smallest so that the three criteria are fulfilled.

Convection scheme

The Lax-Wendroff scheme [START_REF] Lax | Difference schemes for hyperbolic equations with high order of accuracy[END_REF] is used during this work. It is second order accurate in space and time and presents reasonable diffusive and dispersive properties at a fairly low computational cost. It is based an a Taylor expansion in time [START_REF] Hirsch | Finite volume method and conservative discretization with an introduction to finite element method[END_REF].

Boundary Reflection Angle Angle condition coeffcient ω/κ → 0 ω/κ → ∞ Relaxation p - 1 1 -iω/κ p π + π 2 Relaxation u + 1 1 -iω/κ u 0 - π 2 
Table 3.1: Reflection coefficients of the boundary conditions used in this thesis.

Boundary conditions

Boundary conditions are crucial in LES since the acoustics are present in the governing equations and special attention must be paid.

Inlet and outlet boundary conditions

In-and outlet boundary conditions follow the Navier Stokes Characteristic Boundary Conditions (NSCBC) formalism from Poinsot and Lele [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] which avoids acoustic reflection by the use of a reflection coefficient. Throughout this thesis only inlet boundary conditions based on the relaxation of the normal velocity u and outlet conditions for the relaxation of pressure p are used.

The NSCBC method is based on the decomposition into characteristic waves as presented in Thompson [START_REF] Thompson | Time dependent boundary conditions for hyperbolic systems[END_REF] for the Euler equations (Euler Characteristic Boundary Conditions (ECBC)). The boundary condition must separate the information going in or out of the computational domain: the outgoing waves are considered as correctly predicted since they are a result of the CFD computation. The ingoing waves (usually the convective wave at u -c) have to be determined and are given through the boundary condition. More detailed information about NSCBC can be found in [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] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF][START_REF] Porta | vérification et validation des outils LES pour l'étude du bruit de combustion et de l'interaction[END_REF].

Acoustic behaviour

The in-and outlet boundary conditions used throughout this work behave similarly.

The reflection coefficients of these boundaries behave like first-order low-pass filters and have cut-off angular frequencies proportional to the relaxation coefficients κ [START_REF] Selle | The actual impedance of non-reflecting boundary conditions: implications for the computation of resonators[END_REF]. Their acoustic behaviour is summarized in Table 3.1. Care has to be taken on the choice of the relaxation coefficient, since it controls the variation from the desired target value and at the same time the reflection of outgoing acoustic waves. When low frequency pulsation is applied, undesired reflection might occur when the relaxation coefficient is too high. The pulsation procedure is described in the following.

Pulsation procedure

Forcing is introduced by using the inlet wave modulation method [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF]. This method allows accurate predictions of FTF because only the amplitude of the ingoing acoustic wave is forced. Forcing the inlet velocity would lead to excitation of eigenmodes in the burner preventing the correct prediction of FTF [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF]. Two types of excitation signals are used in this thesis: a harmonic and a broadband excitation which will be described in more details in section 3.5.1.

Wall treatment

On solid walls wall-law formulation are used [START_REF] Buschmann | Generalized logarithmic law and its consequences[END_REF][START_REF] Huang | Law of the wall for turbulent flows in pressure gradients[END_REF][START_REF] Spalding | A single formula for the "Law of the Wall[END_REF]. The normal velocity component with respect to the wall normal is set to zero, while the no-slip condition is relaxed to allow for a non-null velocity component parallel to the walls. Today, resolving the boundary layer in the context of LES for industrial applications is beyond the computational resources available [START_REF] Piomelli | Wall-layer models for large-eddy simulations[END_REF] and the fluid friction on solid walls is therefore modeled with a law of the wall boundary condition. The walls of all configuration throughout this work are modeled following a wall law condition with either adiabatic treatment or combined with a heat flux through the wall [START_REF] Schmitt | Simulation aux grandes échelles de la combustion étagée dans les turbines à gaz et son interaction stabilité-polluants-thermique[END_REF].

Adiabatic wall law

The dimensionless variables for the wall-distance and the velocity in the boundary layer are defined as

y + = y w u τ ν w (3.30) and u + = u 2 u τ (3.31)
with y w being the cell height perpendicular to the wall, the mean velocity u 2 and the viscosity on the wall ν w . The wall shear stress is τ w = ρu 2 τ . The friction velocity u τ follows either a linear relation u + = y + (for y + ≤ 11.445) or the logarithmic law of the wall y + = C -1 ln(Ey + ) (for y + > 11.445, with C = 0.41 and E = 9.2).

Heat flux wall law

Heat losses through the wall are crucial for the occurrence of thermo-acoustic instabilities since they can have an effect on the stabilization of the flame [START_REF] Sengissen | Simulation aux grandes échelles des instabilités de combustion: vers le couplage fluide/structure[END_REF][START_REF] Tay | Identification of flame transfer functions from les of a premixed swirl burner[END_REF]. A simple dual model is used for modeling the heat loss through the wall and follows the linear law

q w = T ref -T w R w (3.32)
where q w describes the heat flux at the wall, T ref an outside reference temperature, T w the wall temperature and R w the total heat resistance of wall conduction and convection outside the chamber. The heat resistance is R w = e λ + 1 h with the material thickness e and the heat resistance e/λ and 1/h of the conduction through the chamber wall and outside convection respectively (Fig. 3. the fluid to the wall is modeled by the logarithmic law of the wall as:

3). Convection from

T + = ρ w C p,w u τ (T w -T 2 ) q w (3.33)
The heat wall flux q w follows (like u τ ) either a linear relation T + = P ry + (for y + ≤ 11.445) or the logarithmic law of the wall T + = C -1 P r t ln(F y + ) (for y + > 11.445, with C = 0.41 and F = 2.96).

LES and System identification

System identification is a crucial step in LES in order to determine the FTF correctly. The process used here, follows the methods utilized and tested by TU Munich [START_REF] Foeller | Determination of acoustic transfer matrices via large eddy simulation and system identification[END_REF][START_REF] Gentemann | Acoustic transfer matrix reconstruction and analysis for ducts with sudden change of area[END_REF][START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part i: model structure and identification[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part ii: identification and interpretation of cfd data[END_REF][START_REF] Polifke | Determination of thermo-acoustic transfer matrices by experiment and computational fluid dynamics[END_REF] and are summarized in the following.

Excitation signal

Throughout this work, two different types of excitation signals are chosen:

• Harmonic excitation: A sinusoidal perturbation is introduced and one obtains the flame response in one LES for each frequency so that several simulations are needed to cover the frequency range. The harmonic excitation signal follows:

u(t) = u 0 sin(ωt) (3.34)
Postprocessing is performed with a Fast Fourier Transformation (section 3.5.2.1) of the velocity and heat release signals.

• Broadband excitation: This method allows the determination of the whole FTF in one single LES.

Several broadband signals can be found in literature, as e.g. white noise, sinus overlay or a discrete random binary signal (DBRS). White noise is a pseudorandom signal distributed uniformly between 0 and 1 and the sinus overlay is generated by a superposition of sine waves. In this study a DBRS signal is chosen, which is a discrete random binary signal taking only two values +u 0 and -u 0 . It is given through:

u(t) = u 0 sign(rand(m) -0.5) (3.35)
where "sign" is the sign function taking the value 1 or -1 depending on the sign of the randomly generated number m which is between 0 and 1. DBRS is chosen as excitation signal because it has compared to the others the lowest crest factor [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part i: model structure and identification[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part ii: identification and interpretation of cfd data[END_REF]. The crest factor has been proposed by Ljung [START_REF] Ljung | System Identification. Thoery for the user[END_REF] and is defined as:

C r = max n (x 2 n ) 1/N N n=1 x 2 n (3.36)
It is equal to the peak amplitude of the waveform divided by the mean square of the zero mean signal allowing to judge the maximal amplitude distribution over a wide range of frequencies. A good signal waveform corresponds (following Ljung) to a small crest factor.

In order to avoid reflection on the NSCBC boundary conditions (cf. section 3.4.1) in the low frequency range, the DBRS signal is high-pass filtered. Furthermore it is low-pass filtered to excite only the frequency range of interest and to achieve a higher power spectrum density [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part i: model structure and identification[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part ii: identification and interpretation of cfd data[END_REF].

The FTF identification is performed with the Wiener Hopf method, which is presented in the next section.

System identification

The identification process must give the flame transfer function of an unknown configuration [START_REF] Foeller | Determination of acoustic transfer matrices via large eddy simulation and system identification[END_REF][START_REF] Gentemann | Acoustic transfer matrix reconstruction and analysis for ducts with sudden change of area[END_REF][START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part i: model structure and identification[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part ii: identification and interpretation of cfd data[END_REF][START_REF] Polifke | Determination of thermo-acoustic transfer matrices by experiment and computational fluid dynamics[END_REF]. Therefore the system is considered as a "black box" only knowing the input signal s(t) and the system response r(t) as illustrated in Fig. 3.4. For the FTF, the velocity just upstream of the flame is considered as input and the global heat release rate as output signal.

According to system identification theory [START_REF] Ljung | System Identification. Thoery for the user[END_REF], a linear time-invariant (LTI), causal system with an input signal s and a output response r at time t can be described by its impulse response h for every value τ = 0 . . . ∞ by:

r(t) = ∞ τ =0 h(t)s(t -τ )dτ (3.37)
Knowing the impulse response for each τ and the signal in the present and past, completely characterizes a system and allows for the determination of the system response [START_REF] Ljung | System Identification. Thoery for the user[END_REF].

Most practical systems, as well as LES, provide discrete signals: the signal is not continuous but sampled at times t n = nδt with n = 1, 2, . . . , n total . For such systems Eq. 3.37 becomes:

r n = ∞ k=0 h k s n-k + e n (3.38) 
The additional term e n represents undesired disturbances occurring in most systems. Dependent on the signal to noise ratio, this might have an important impact on the quality of the system identification. In LES, this term can be due to turbulence or acoustic modes in the chamber which affect the response of the flame and perturb the identification results.

For the two types of excitation signals (harmonic and broadband) different methods are used to determine the FTF F (ω) in the frequency domain:

F (ω) = L k=0
h k e -iωδtk (3.39)

Fast Fourier Transformation (FFT)

The transfer function for a harmonic excitation signal can be calculated by a FFT of (u /ū)/(Q / Q):

F (ω) = F F T Q / Q u /ū = ne -iωτ (3.40)
in order to obtain the amplitude response n and the time delay response τ of the system. To avoid spectral leakage, an integer number of cycles is used (6 cycles during this work). n and τ are both functions of ω.

Wiener Hopf Inversion (WHI)

The Wiener Hopf inversion is a method to reconstruct the transfer function between a signal and a response for a broadband excitation. This allows for the FTF determination over the whole frequency range with only one simulation. It has first been introduced to the CFD community by Polifke et al. [START_REF] Polifke | Reconstruction of acoustic transfer matrices by instationnary computational fluid dynamics[END_REF] and Gentemann et al. [START_REF] Gentemann | Acoustic transfer matrix reconstruction and analysis for ducts with sudden change of area[END_REF]. The underlaying theory is briefly described here. Detailed information is given in [START_REF] Huber | Dynamics of practical premixed flames, part i: model structure and identification[END_REF][START_REF] Huber | Dynamics of practical premixed flames, part ii: identification and interpretation of cfd data[END_REF][START_REF] Polifke | Reconstruction of acoustic transfer matrices by instationnary computational fluid dynamics[END_REF].

For a broadband excitation it is difficult to separate which contributions of the flame response are due to the excitation signal and due to undesired disturbances represented by an error e n in Eq. 3.38. The Wiener Hopf transformation minimizes e n in a least-mean squared sense [START_REF] Ljung | System Identification. Thoery for the user[END_REF] and writes

Γh = c (3.41)
where Γ is the auto-correlation matrix of the input signals

Γ ij = 1 N -L + 1 N k=L s k-i s k-j for i, j = 0, . . . , L (3.42) 
and c the cross-correlation vector of the input signals and the responses

c ij = 1 N -L + 1 N k=L s k-i r k for i, j = 0, . . . , L (3.43) 
N denotes the number of considered time steps and L corresponds to the filter "memory". L has to account for the longest time lag of the system in order to capture all relevant physical effects [START_REF] Gentemann | Identifikation von akustischen Transfermatrizen und Flammenfrequenzgaengen mittels Stroemungssimulation[END_REF]. In combustion instabilities this is usually the convective time scale [START_REF] Polifke | Reconstruction of acoustic transfer matrices by instationnary computational fluid dynamics[END_REF]. The memory of the filter τ M EM is given through τ M EM = (L -1)δt.

The so-called Wiener-Hopf Inversion

h = Γ -1 c (3.44)
and a subsequent z-transformation allow finally to determine the transfer function of the system. The identification procedure is illustrated in Fig. 3.5. The valid frequency range for the transfer function is determined by the time step δt through the Nyquist criterion f max = 1/(2δt) and the length of the time series (e.g. the simulation time) T = n total δt from f min = 1/T .

The time step in LES is generally very small and a large filter length L would be needed in order to capture the longest time lag of the system. This leads to a high order of the auto-correlation matrix Γ ij and to errors in the system identification during inversion due to bad conditioning [START_REF] Gentemann | Identifikation von akustischen Transfermatrizen und Flammenfrequenzgaengen mittels Stroemungssimulation[END_REF]. In order to reduce the size of Γ a factor m is introduced so that the auto-correlation matrix now writes:

Γ ij = 1 N -Lm + 1 N k=Lm s k-mi s k-mj for i, j = 0, . . . , L (3.45) 
The cross-correlation vector is in this case

c ij = 1 N -Lm + 1 N k=Lm s k-mi r k for i, j = 0, . . . , L (3.46) 
Of course, the valid frequency range for the identification procedure changes to f max = 1/(2mδt). A detailed analysis of this method can be found in [START_REF] Gentemann | Identifikation von akustischen Transfermatrizen und Flammenfrequenzgaengen mittels Stroemungssimulation[END_REF].

Part III

Application to a perfectly premixed swirler combustor: the FVV burner The aim of this part is to validate the modeling for a lean premixed swirled burner at atmospheric pressure featuring a highly turbulent flow (Re ≈ 35000) but also to estimate the uncertainties associated to a given LES approach to compute mean flows and FTFs in a swirled burner (FVV burner). Therefore the LES code AVBP is compared against experiments (performed at TU Berlin [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF][START_REF] Schimek | Experimental investigation of high amplitude forcing and swirl fluctuations on the flow field and the transfer function of a swirl-stabilized flame[END_REF]) and to validate the modeling independently of the code used, against OpenFoam [1] LES simulations (performed at Siemens [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF]). Thanks to the detailed data made available by LES, mechanisms can be identified influencing the dynamic behaviour of the flame. This part is organized as follows: chapter 4 describes the FVV test rig, the operating point and the experiments used to characterize the flame and flow field. Then (section 4.2) the simulation domain, mesh, boundary conditions and numerical parameters are specified. Chapter 5 discusses the numerical results and validates them against experiments and the LES code OpenFoam (section 5.1.2). Furthermore the acoustically perturbed flame is analyzed and the FTF is validated in section 5.2.2. Finally the impact of different mechanisms influencing the dynamic flame response is analyzed (section 5.2.3).

The FVV test rig

The experimental test rig is located at the University of Berlin and operates under atmospheric conditions. All experimental results shown here have been provided by Schimek et al. [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF][START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF][START_REF] Schimek | Experimental investigation of high amplitude forcing and swirl fluctuations on the flow field and the transfer function of a swirl-stabilized flame[END_REF] who studied the swirl-stabilized premixed flame extensively. passes the upstream duct, enters the swirl generator and reaches the combustion chamber through an annular duct. The flame is stabilized through an inner and outer recirculation zone resulting from the vortex breakdown due to the sudden geometrical expansion. The main parameters of the test rig are summarized in the combustion chamber when forcing is applied by the four loudspeakers mounted at the duct inlet (Fig. 4.1). The lowest resonance frequency is around 50 Hz and the second around 100 Hz with no resonance in between, whereas above 100 Hz multiple higher frequency modes appear. An acoustic forcing of up to 100 % of the mean velocity in the annular duct can be reached in order to meet desired excitation amplitudes at a given frequency. The swirl generator possesses movable blocks to apply for a wide range of swirl numbers from 0 up to approx. 2 (Fig. 4.2).

Experimental set-up

The acoustics of the duct are characterized via the multi microphone method, and the velocity fluctuation in the annular duct is obtained through reconstruction of the transfer matrix of the swirl generator. Fluctuations of heat release rate are measured with OH* chemiluminescence. Measurements are available for a variety of operating conditions including technically premixed (air and fuel are injected separately and mixed prior to combustion) and perfectly premixed operation, variation in swirl number, mass flow rates and equivalence ratios. In the technically premixed case, fuel is injected through sixteen holes in the swirl generator whereas for the perfectly premixed operating point, fuel and air is mixed far upstream of the swirler (Fig. 4.2). The reader is referred to [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF] for further information.

Operating point

This part focusses on the perfectly premixed operating conditions where fuel and air are mixed far upstream and a fully premixed mixture reaches the combustion chamber. This operating point is detailed in Table 4.2. The goal is to validate the LES methodology used against experimental mean flow fields and the flame transfer function and furthermore to obtain insight into the saturation mechanisms of the FTF amplitude.

Description of the numerical setup

This section presents first the computational mesh for the LES and the boundary conditions are given. The pulsation procedure for FTF determination is shortly described and finally the numerical parameters used for the calculation are explained. 

Computational mesh

The grid for the FVV configuration is three-dimensional and fully unstructured with 1.400.323 nodes corresponding to 7.716.647 tetrahedral elements. The time step is approx. 8.7 • 10 -8 s with the acoustic CFL number being fixed at 0.7 [START_REF] Poinsot | The influence of differencing and cfl number on implicit time dependant non linear calculations[END_REF] for both cases. The mesh is refined in the flame region, in the annular duct and the swirler. Figure 4.3 shows the mesh on the middle cut plane in 2D and Table 4.3 summarizes its main parameters.

Boundary conditions

The inlet and outlet boundary conditions are imposed through the non-reflecting Navier-Stokes Characteristic Boundary Condition (NSCBC) formulation [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] which limits acoustic reflection. For the combustion chamber walls a logarithmic wall-law condition is set and additionally applies for heat loss effects since it is essential for flame stabilization and thus the correct prediction of FTF [START_REF] Tay | Identification of flame transfer functions from les of a premixed swirl burner[END_REF]. The model for heat loss through the wall follows the linear law presented in section 3.4.1:

q wall = T ref -T wall R wall (4.1)
where q wall describes the heat flux at the wall, T ref a reference temperature, T wall the wall temperature and R wall the combined heat resistance of conduction through the material and outside convection. The side walls of the combustion chamber are made out of quarzglas with a thickness of 6 mm resulting in a heat resistance of 1/R wall = 500W/m 2 K if the outside convection coefficient h is large. The end walls of the combustor, i.e. where the flame stabilizes, consist of steel 1.4301 with a thickness of 8 mm which results in 1/R wall = 1875W/m 2 K. The reference temperature is set to 300 K. All other walls follow an adiabatic wall-law. Flame transfer functions are determined via pure tone excitation for different frequencies. Therefore an harmonic perturbation is introduced through the inlet using the inlet wave modulation method [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF] and the perturbation of the total heat release rate is measured.

Numerical parameters

The fully compressible explicit code AVBP is used to solve the reactive multi-species Navier-Stokes equations on unstructured grids using a cell-vertex approximation [START_REF] Schønfeld | Steady and unsteady flows simulations using the hybrid flow solver avbp[END_REF]. A second order finite element scheme is used for both time and space advancement [START_REF] Hirsch | Numerical Computation of Internal and External Flows[END_REF][START_REF] Lax | Systems of conservation laws[END_REF]. Sub-grid stress tensor is modeled by a classical Smagorinsky approach [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF]. Chemistry is computed using a two step mechanism for Methane/Air flames [START_REF] Franzelli | Impact of the chemical description on Direct Numerical simulations and Large Eddy simulations of turbulent combustion in indutrial aeroengines[END_REF][START_REF] Franzelli | Large-eddy simulation of combustion instabilities in a lean partially premixed swirled flame[END_REF][START_REF] Franzelli | A two-step chemical scheme for large eddy simulation of kerosene-air flames[END_REF] where the full chemistry is replaced by two reactions taking into account six species (CH 4 , O 2 , CO 2 , CO, H 2 O and N 2 ):

CH 4 + 3 2 O 2 -→ CO + 2H 2 O (4.2) CO + 1 2 O 2 ←→ CO 2 (4.3)
The first reaction is irreversible and decribes the rate of reaction as follows:

q 1 = A 1 ρY CH 4 W CH4 n CH 4 1 ρY O 2 W O 2 n O 2 1 exp - E a1 RT (4.4)
The second reaction is reversible and leads to an equilibrium between CO and CO 2 in the burnt gases. Its rate of reaction is given through: This scheme was developed and fitted to match the full mechanism's behaviour for equivalence ratios between 0.4 and 1.5 [START_REF] Franzelli | Large-eddy simulation of combustion instabilities in a lean partially premixed swirled flame[END_REF][START_REF] Franzelli | A two-step chemical scheme for large eddy simulation of kerosene-air flames[END_REF]. To capture flame/turbulence interactions, the dynamic thickened flame model is used. The flame sub-grid-scale wrinkling and interactions are supplied by an efficiency function [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF][START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed turbulent combustion[END_REF]. The numerical parameters are summarized in Table 4.4 and the coefficients for the reduced chemical scheme can be found in Table 4.5.

q 2 = A 2   ρY CO W CO n CO 2 ρY O 2 W O 2 n O 2 2 ρY CO 2 W CO 2 n CO 2 2   exp - E a2 RT (4.
Chapter 5

LES of the reacting unforced and forced flows in the FVV setup 

Reacting flow fields

The following section describes first the averaged and instantaneous flow field obtained with AVBP for the turbulent unforced cases. In the second section a comparison of simulation results obtained with AVBP and OpenFoam at different axial cuts in the combustion chamber is performed and compared to PIV measurements obtained by TU Berlin. The reader is referred to [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF][START_REF] Schimek | Experimental investigation of high amplitude forcing and swirl fluctuations on the flow field and the transfer function of a swirl-stabilized flame[END_REF] and [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF] for detailed information about the PIV measurements and the OpenFoam simulation respectively.

Mean reacting flow fields with AVBP

A first impression of the flow field can be obtained by plotting the instantaneous axial velocity field in the middle cut plane and a three-dimensional iso-surface of the flame (T = 1200 K) in Fig. 5.1. A highly turbulent flow develops in the annular flame tube and a wrinkled flame is stabilized by the inner and outer recirculation zones resulting from the vortex breakdown and the sudden expansion. The averaged axial velocity field (Fig. 5.2) shows that the flow is accelerated at the chamber inlet and that a large inner recirculation zone and strong outer recirculation zones are formed. The velocity at the outlet of the annular flame tube is higher at the outer AVBP and Openfoam show good overall agreement. The maximal temperatures in the chamber predicted by the two solvers agree although a different approach is used with OpenFoam: i.e. iso-thermal wall conditions against a heat flux through the wall with AVBP. These differences partly explain the different temperatures directly at the wall. Axial velocity profiles are compared with PIV data in Fig. 5.7. The inner recirculation zone is well represented by both codes. The outer recirculation zone is over predicted. The results of AVBP are slightly closer to the measurements compared to OpenFoam but both codes overestimate the recirculated flow rate.

The radial and tangential velocity profiles (Fig. 5.8 and 5.9) reproduce well the location and magnitude of extrema for the inner recirculation zone. Room for improvement is still present compared to experiments for the outer recirculation zone. Again, the simulation with AVBP is slightly closer to PIV. Note that following [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF], measurement errors might be present due to window contamination in this region. Considering that both LES codes agree very well away from these regions, errors in PIV measurements are possible.

Although temperature and velocity profiles agree well, differences between AVBP and OpenFoam are observed for the RMS fluctuations. RMS temperature profiles (Fig. 5.10) are similar at the chamber inlet, but almost double in AVBP at x = 0.04m. Since no PIV data is available, it is difficult to conclude here that AVBP is better. However, the smaller RMS values obtained with OpenFoam are consistent with the larger dissipation observed in this solver. For this configuration, only harmonic forcing has been applied for velocity excitation and results for u and q are post-processed using FFT described in Section 3.5. The velocity amplitude applied at the boundary inlet (Fig. 4.3) is of 40 % the mean velocity in order to obtain a velocity fluctuation in the annular tube of 10% the mean velocity. The simulation has been performed with a fixed time step of 9 • 10 -8 sec. The gain and the phase of the FTF can be reconstructed from the time series of measured relative flow velocity perturbation (u /ū) at a reference plane and the relative heat release rate perturbation (q /q). The reference plane is located in the annular duct (Fig. 5.5). The FTF is finally obtained by using a Fast Fourier Transformation (FFT). Six cycles of oscillation were used to identify the FTF.

Flame Transfer Function

The FTF obtained with AVBP is compared to measurements and OpenFoam results for the frequencies f = 53, 115, 182, 258 and 323 Hz in Fig. 5.11. No data for OpenFoam is available at 53 Hz. All simulation results agree well. Compared to measurements, LES under predicts the gain as well as the phase of the FTF for the frequency of 115 Hz. Nevertheless the gain overshoot at this frequency is captured. The low amplitude at 53 Hz is over predicted but the tendency is captured. Saturation of the gain for higher frequencies is also captured with both codes for 258 Hz and 323 Hz. Over prediction for the phase can be observed for both codes at high frequencies. OpenFoam and AVBP give similar results for all frequencies comforting the LES modeling strategy for such problems and showing that the uncertainty associated to LES remains reasonable compared to the difference between experimental data and LES. In other words, when both LES solvers agree but do not match experimental data, this may indicate that the experiment has a problem or that something is missing in both LES. When acoustic perturbations impinge the swirler, axial and transverse velocity fluctuations are created travelling with the speed of sound and the convective velocity respectively. This leads to a phase difference between both velocity components resulting in swirl number fluctuations. This is illustrated in Fig. 5.13. At the trailing edge of the swirler vanes (plane 1), the axial u ax and azimuthal u θ velocities are in phase. Within the passage, since the axial signal is propagating at u + c while the azimuthal perturbations move at u, the phase at plane 2 between both components can take any value depending on L. This phase is one of the parameters which control swirl variation at the chamber inlet. According to Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF] this mechanisms has a strong impact on the flame response. As the vortex breakdown changes with the swirl number, the size and position of the recirculation zones change and affect thus the flame angle. Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF] state that an overshoot occurs when axial and azimuthal velocity are in phase when impinging the flame front and low amplitude when both components are out of phase. [START_REF] Bloxsidge | Active control of reheat buzz[END_REF]. Inversely, at 115 Hz, the swirl variations will be larger, leading to larger values of n. This result does not support Palies model, suggesting that more complex phenomena (in addition to u ax and u θ ) determine the 

Mechanisms affecting the FTF

Conclusions

PIV measurements have been compared to Large-Eddy Simulation performed with two different codes (AVBP and OpenFoam). Both AVBP and OpenFoam show good agreement for the averaged flow field compared in terms of temperature and velocity components in axial, radial and tangential direction. The averaged temperature field shows very good agreement between both simulations. When compared to velocity measurements the simulations generally show good agreement. For all velocity components the location of the extrema are well represented as well as the magnitude and the extent of the inner recirculation zone. The outer recirculation zone is over predicted by both simulations compared to experiments. Following [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF] measurement errors might be present due to window contamination in this region.

For the forced reactive flow field AVBP and OpenFoam show good agreement for setup the considered forcing frequencies. The overshoot in gain is predicted as well as the decreasing gain for higher frequencies. Compared to experiments, the gain at 53 Hz is over predicted and at 115 Hz under predicted while the higher frequencies show better agreement. Both codes under predict the phase for 115 Hz and over predict it for the higher frequencies. The general shape however corresponds to the PIV measurements.

The flame which is stabilised inside the flame-tube changes its position with the oscillating flow rate. Chapter 1 and 2 in part 1 presented the LES solver and the specificities of annular combustors. Part 2 validated the LES solver against experiments for a single premixed turbulent swirling flame at atmospheric pressure and identified mechanisms acting on the dynamics of the flame. LES was shown to provide good evaluation of the FTF (Flame Transfer Function). The goal of this part is to extend the methodology to an industrial gas turbine where additional mechanisms come into play when air and fuel are injected separately and mixing takes place. These mechanisms have been studied for simple laboratory flames but much less information is available for real gas turbines. This point is investigated here for a real burner corresponding to an industrial gas turbine. Thanks to this fully unsteady numerical approach, effects of mass flow rate perturbation, mixture fluctuation and swirl number perturbation can be studied.

In the first chapter the configuration will be described and the simulation domain, mesh, boundary conditions and numerical parameters are specified. In chapter 7 the numerical results will be validated against experiments on an atmospheric test rig and the unforced flame is analyzed in detail for different operating conditions and burner outlets. In chapter 8 acoustic perturbations are introduced and the linear dynamic response of the flames for the different cases is analyzed in detail. Finally, chapter 10 discusses the non-linear flame response to study the flame dynamics when limit cycles in real machines occur.

Geometries

During this work, two configurations have been computed. The first one is a single sector of the real gas turbine (Section 6.1.1) and the second one is a specific laboratory experiment used for cold flow measurements (Section 6.1.2).

Real gas turbine

The combustion chamber considered throughout this part is of annular type (24 burners) shown in Fig. 6.1 on which a Siemens/Ansaldo hybrid burner is mounted on each 15 degree section. The burner is operated at high pressure and possesses multiple air and fuel inlets (Fig. 6.2). Air is injected through two coaxial swirlers (diagonal and axial) with the main air mass flow rate passing through the diagonal passage. The diagonal and axial swirlers of each burner contain 24 and 8 vanes respectively. Methane is injected through small holes in the vanes of the diagonal passage and is mixed with air while reaching the combustion chamber. This mixing is supposed to be fast and an almost premixed lean flow is expected to exit the diagonal passage. Swirl induces a vortex breakdown [START_REF] Lucca-Negro | Vortex breakdown: a review[END_REF][START_REF] Stein | Les of the sydney swirl flame series: a study of vortex breakdown in isothermal and reacting flows[END_REF] leading to flame stabilization. The location of the heat release is predominantly determined by the aerodynamics and the size of the recirculation zones which can be modified by changing the burner outlet. To investigate this effect, two burner outlets are considered in this part (Fig. 6.3): a long Cylindrical Burner Outlet (CBO) and a short Normal Burner Outlet (NBO). The existence of this small geometry change, introduced by Siemens to modify flame stability, is a very interesting fundamental issue. CBOs do modify the characteristics of the FTF and affect the engine stability. It is shown here how this is obtained by comparing cases with and without CBO.

In addition to CBO, this real burner also exhibits other specificities. For exam- ple, to help flame stabilization a pilot methane injection is added in the axial part. Cooling air inlets are also present to shield the burner outlet (CBO and NBO) and the lance seen on Fig. 6.2. In the real gas turbine, NBO and CBO are sometimes mixed (4 NBO and 20 CBO) to control instabilities. The computational domain retained for our computations is one section of the annular combustion chamber and is highlighted in Fig. 6.1.

Today, most LES simulations of annular combustion chambers are for computa- tional cost reasons performed on only one sector of the combustion chamber except for the recent studies of Staffelbach [START_REF] Staffelbach | Large eddy simulation of self-excited azimuthal modes in annular combustors[END_REF], Wolf [START_REF] Wolf | Large eddy simulation of thermoacoustic instabilities in annular combustion chambers[END_REF] or Fureby [START_REF] Fureby | Les of a multi-burner annular gas turbine combustor[END_REF]. Such 360 • simulations are still impossible for the present turbine where the Reynolds number exceeds 1.000.000 (based on the machine diameter) and thus this work is limited to single sector computations. These LES in a single sector can be used to study unstable acoustic modes in the full machine (24 sectors) by using an additional assumption called ISAAC (Independence Sector Assumption in Annular Combustors). This approach was first introduced by Staffelbach et al. [START_REF] Staffelbach | Large eddy simulation of self-excited azimuthal modes in annular combustors[END_REF] and Sensiau et al. [START_REF] Sensiau | A tool to study azimuthal and spinning modes in annular combustors[END_REF] and states that the heat release fluctuations in one sector of an annular chamber are only due to fluctuating mass flow rates in the burner of the same sector and that they are not interfering with neighbouring flames. This means that unsteady combustion is only driven by the fluctuating longitudinal velocity through each burner.

Although this assumption is not satisfied when flame injectors are close to each other and flame/flame interactions are important1 , the combustion chamber and burner investigated by Staffelbach et al. [START_REF] Staffelbach | Large eddy simulation of self-excited azimuthal modes in annular combustors[END_REF] is of similar type as the configuration considered throughout this part and the ISAAC approach is considered satisfied.

The ISAAC assumption is also used implicitly in all network approaches developed recently for combustion instabilities by the Siemens group for example [START_REF] Campa | A quantitative comparison between a low order model and a 3d fem code for the study of thermoacoustic combustion instabilities[END_REF][START_REF] Krebs | Comparison of nonlinear to linear thermoacoustic stability analysis of a gas turbine combustion system[END_REF][START_REF] Krebs | Thermoacoustic analysis of annular combustor[END_REF] or by Cambridge [START_REF] Stow | A time-domain network model for nonlinear thermoacoustic oscillations[END_REF] or EM2C [START_REF] Boudy | Nonlinear mode triggering in a multiple flame combustor[END_REF][START_REF] Noiray | Analyse lineaire et non-lineaire des instabilites de combustion, application aux systemes a injection multipoints et strategies de controle[END_REF].

Experimental test rig for cold flow validation

Large-Eddy Simulation was first validated against experiments performed on a test rig under atmospheric pressure. In this specific laboratory experiment installed in Italy (Ansaldo Genoa), a single sector burner is mounted on a octagonal combustion chamber as shown in Fig. 6.4. Only air is injected through the diagonal and axial swirler and the results are used only here to validate pressure losses and velocity profiles. Tests have only been performed for the configuration with CBO. Measurements provide velocity components just downstream of the CBO and pressure loss through the burner. 6.2 Description of the numerical setup 6.2.1 Computational mesh

Real gas turbine

The grid for the experimental test rig is three-dimensional and fully unstructured with 1.921.370 nodes and 10.472.070 tetrahedral elements for the CBO case and of 1.918.679 nodes and 10.485.031 tetrahedral elements of the NBO case respectively. The time step is approx. 9 • 10 -8 s with the acoustic CFL number being fixed at 0.7 for both cases. The mesh is refined in the flame region and in the vicinity of the fuel injection and progressively coarsened up to the chamber exit. Figure 6.5 shows the meshes on the middle cut plane for both cases and s with the acoustic CFL number also being fixed at 0.7. The mesh is kept similar in the burner for the real gas turbine and the experimental test rig in order to validate it in terms of pressure loss and velocity components. Figure 6.6 shows the mesh on the middle cut plane for the whole domain and a zoom into the burner region in 2D. Stokes Characteristic Boundary Condition (NSCBC) formulation [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF] to control acoustic reflection. At the inlet, the velocity component normal to the boundary patch is imposed and a pressure outlet is used. The outlet of the computational domain is elongated compared to the original geometry to avoid recirculation at the outlet patch, Fig. 6.5. All walls are modeled using a logarithmic wall-law condition and side boundaries of the combustion chamber are considered axi-periodic. The Reynolds number of the two passages are 1.500.000 for the diagonal and 100.000 for the axial swirler.

Pulsation procedure The present burner offers several possibilities to introduce velocity fluctuations. Here a harmonic perturbation is introduced through the diagonal inlet using the inlet wave modulation method proposed by Kaufmann [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF] and the perturbation of the heat release rate is measured. An amplitude of 6 percent of the mean inlet velocity is chosen, to be in the linear regime. Both harmonic and broadband forcing will be used (Section 3.5). Note that tests have been performed to investigate the effect of pulsating the diagonal or axial passages separately. Pulsating only the diagonal swirler results in the same flame response as pulsating both axial and diagonal passages, so only the latter is discussed here.

Experimental test rig

The inlet and outlet boundary conditions follow the NSCBC formulation [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF]. At both inlets the mass flow rate normal to the patch is imposed and a pressure outlet is used. All wall boundaries are modeled through a logarithmic wall-law condition. The Reynolds numbers are 250.000 for the diagonal and 25.000 for the axial passage.

Numerical parameters

Real gas turbine

The numerical parameters used for the simulations are shortly described in this section as they were already discussed in chapter 3. A second-order finite element scheme (Lax-Wendroff) is used for both time and space advancement [START_REF] Hirsch | Numerical Computation of Internal and External Flows[END_REF][START_REF] Lax | Systems of conservation laws[END_REF]. The Sub-grid stress tensor is modeled by a classical Smagorinsky approach [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF]. The artificial viscosity is detected using the Colin sensor [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF]. In the present work, chemistry is modelled using a two-step mechanism for methane/air flames (BFER) [START_REF] Franzelli | Impact of the chemical description on Direct Numerical simulations and Large Eddy simulations of turbulent combustion in indutrial aeroengines[END_REF][START_REF] Franzelli | Large-eddy simulation of combustion instabilities in a lean partially premixed swirled flame[END_REF][START_REF] Franzelli | A two-step chemical scheme for large eddy simulation of kerosene-air flames[END_REF] with two reactions and six species (CH 4 , O 2 , CO 2 , CO, H 2 O and N 2 ). The first reaction is irreversible and controls the oxydation of CH 4 while the second reaction is reversible leading to an equilibrium between CO and CO 2 [START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF]. The considered combustor operates at high pressure: the laminar flame speed decreases compared to atmospheric conditions as shown in Fig. 6.8a for BFER and GRI-mech [START_REF] Frenklach | Gri-mech: an optimized detailed chemical reaction mechanism for methane combustion[END_REF]. Furthermore, the compressor outlet temperature is higher than at atmospheric conditions leading to an increase of the laminar flame speed (Fig. 6.8b). However, measurements of the laminar flame speed at elevated pressure (and temperature) are difficult: premixed laminar flames become susceptible to thermal and hydrodynamic instabilities [START_REF] Chen | Effects of radiation and compression on propagating spherical flames of methane/air mixtures near the lean flammability limit[END_REF][START_REF] Kochar | Laminar flame speed measurements and modeling of alkane blends at elefated pressures with various dilutents[END_REF] so that up to now just a few measurements have been performed in the range of the operating conditions considered here [START_REF] Varea | Measurement of laminar flame speed for high pressure and high temperature conditions: validation of the facility and development of new tool for postprocessing[END_REF]. A comparison between GRI-mech and the BFER scheme is shown in Fig. 6.9 and Fig. 6.10 for maximum temperature and laminar flame speed respectively over equivalence ratio at the gas turbine operating point (approx. T > 500K and p > 15 bar). The temperatures correspond well between both mechanisms in the lean regime, slight differences occur around stoichiometry and the results diverge at high equivalence ratios. Since such rich flames are not expected here, this is not a problem. Laminar flame speeds are predicted by BFER to be higher as in the GRI-mech scheme for lean mixtures (until φ = 0.7), whereas for φ > 0.7 GRI-mech predicts higher flame speeds. Latest results of Varea [START_REF] Varea | Measurement of laminar flame speed for high pressure and high temperature conditions: validation of the facility and development of new tool for postprocessing[END_REF] indicate that GRI-Mech underpredicts the laminar flame speed at high pressure in the lean regime. Since the mixture in the considered configuration is predominantly lean and in the absence of detailed experimental data which also show significant discrepancies even at atmospheric conditions (Fig. 6.7), the BFER scheme is the better choice here and is used for the following computations without modifications.

It is important to remember however that the lack of reliable kinetics and experimental data for lean CH 4 /air flames at high pressure could be a weak point of the present LES.

To capture flame/turbulence interactions, the dynamic thickened flame model is used [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF][START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed turbulent combustion[END_REF]. Sub-gridscale wrinkling and interactions are modeled using an efficiency function [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF][START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed turbulent combustion[END_REF] which is well suited for all flames studied here which all correspond to the premixed or partially premixed regime. The numerical parameters are kept constant for all considered cases to reduce possible sources of variability and facilitate comparisons (Table 6 

Experimental test rig

For the experimental test rig, where only cold flow cases are investigated, the same parameters are used as above to minimize deviations which could be caused by different models. The second order scheme Lax-Wendroff is used for time and space advancement [START_REF] Hirsch | Numerical Computation of Internal and External Flows[END_REF][START_REF] Lax | Systems of conservation laws[END_REF] and the Sub-grid stress tensor is modeled by a classical Smagorinsky approach [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF]. The artificial viscosity is detected using the Colin sensor [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF]. Obviously, no models for chemistry or flame/turbulence interactions are needed since only cold flow cases are computed (Table 6.5).

Numerical scheme Lax-Wendroff Sub-grid scale model Smagorinsky model Artificial viscosity model

Colin Sensor (ε 2 = 0.2; ε 4 = 0.01) In this chapter LES is first validated against experiments on the atmospheric test rig of Ansaldo (Genoa): velocity components and pressure loss through the burner for the non-reacting flow field are compared to experiments (Section 7.1). Then the hot (high pressure) cases are discussed (Section 7.2) and the different operating conditions and burner outlet configurations will be analyzed and their differences will be presented. Furthermore flame anchoring is discussed (Section 7.3 and Section 7.4). Finally, the quality of the LES is analyzed (Section 7.5).

Non-reacting flow fields

Instantaneous flow characteristics

In the absence of experimental results for the high pressure combustion chamber, LES was validated on the atmospheric test rig where experiments have been carried out. The Reynolds number in the combustion chamber is of order of 1.000.000. For such high Reynolds number flows, LES is difficult and validation mandatory. Note also that performing experimental measurements is also much more difficult than in lab-scale set-ups. PIV measurements at the cut plane (Fig. 6.4) just downstream of the burner outlet allow the comparison of different velocity components. Furthermore the pressure drop through the burner will be evaluated and compared against pressure measurements obtained in Genoa.

Swirling flows feature several types of vortex breakdown [START_REF] Lucca-Negro | Vortex breakdown: a review[END_REF] and can lead to the formation of so-called precessing vortex cores (PVC). The PVC is a well known large scale hydrodynamic structure occurring at high Reynolds and swirl number flows [START_REF] Giauque | System identification of a large-scale swirled partially premixed combustor using LES and measurements[END_REF][START_REF] Hall | Vortex breakdown[END_REF][START_REF] Huang | Dynamics and stability of lean-premixed swirlstabilized combustion[END_REF][START_REF] Rayleigh | The explanation of certain acoustic phenomena[END_REF][START_REF] Roux | Studies of mean and unsteady flow in a swirled combustor using experiments, acoustic analysis and large eddy simulations[END_REF][START_REF] Selle | Compressible large-eddy simulation of turbulent combustion in complex geometry on unstructured meshes[END_REF][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]. It is characterized by a regular rotation of a spiral structure around the geometrical axis of the combustion chamber and is shown for the considered configuration in Fig. 7.1 for one cycle. The frequency predicted by LES matches the experiments and is 120 Hz corresponding to a Strouhal St = f D/u bulk = 1.3 based on the burner diameter D and the bulk velocity u bulk . The present vortex breakdown results from a highly swirled flow and leads in combination with the sudden geometrical expansion at the combustion chamber inlet to a recirculation of the flow. An outer and a inner recirculation zone is formed and interacts with the hydrodynamic instability of the PVC. The resulting averaged mean flow field is shown in the following.

Mean flow fields

The PVC influences the mean axial velocity field shown in Fig. 7.2 on the middle cut plane. For this swirler with multiple passages, the flow topology is more complicated than in usual swirling flows. Here, two recirculation zones are found on the chamber axis. As indicated by the zero velocity iso-lines, negative velocity occurs first close to the lance followed by a region of positive velocity and finally by the main inner recirculation zone. The positive velocity region results form the PVC whose low pressure vortex core sucks the flow in the direction of the geometrical axis and dependent on their position along the axis, either the upper flow of the diagonal swirler is deviated or the lower part so that the inner recirculation zone finally underlies strong variations. In the averaged field this is seen as a positive axial velocity region. Comparison to the PIV experiments in Fig. 7.4 for the axial velocity on the measurement plane (Fig. 7.3) just in front of the burner outlet shows differences: in the center LES predicts low positive values but PIV show low negative axial velocities. From the center to the CBO in radial direction, the axial velocity increases significantly with a similar amplitude between PIV and LES. Note that experiments were not performed in the region radially outside the CBO and are marked as zero velocities. The velocities in y-and z direction are compared in Fig. 7.5 and Fig. 7.6 respectively. Experiments and LES agree: the y-velocity is maximal in magnitude on the upper and lower side with opposite sign. The same behaviour is seen for the z-velocity where the maximal magnitude appears on the right and left side. The positions of peaks and zero velocities are in good agreement for both velocity components. Furthermore, similar tangential velocity fields are found (Fig. 7.7). The lowest velocity is found in the center and increases in the radial direction. LES slightly under predicts the magnitude in the outer region and predicts an almost uniform distribution at fixed radius whereas PIV shows a higher velocity magnitude in the top and bottom regions.

Pressure drop

Another possibility to evaluate the quality of LES is to compare the pressure drop through the burner against measurements. A convenient way to quantify pressure losses is to introduce an equivalent section S e defined by

S e = ṁ 2(p in -p c )ρ (7.1)
where p in and p c denote the total pressure at the inlet of the considered passage and in the chamber respectively. The averaged total pressure field (normalized by the mean value in the chamber) is given in Fig. 7.8 and shows a low pressure region in front of the lance due to the rotating PVC. The chamber pressure is taken for three different points: P1 to P3 (Fig. 7.8). For those points the static pressure is almost identical to the total pressure as they are located in low speed zones. The inlet pressure is calculated by mass weighted averaging the corresponding inlet patch for both diagonal and axial swirlers. The deviation of LES results from the experimental values are listed in 

Concluding remarks

In this section the cold flow characteristics obtained by LES were evaluated against experiments under atmospheric conditions and a good agreement was found considering that this is a high Reynolds number flow for which LES as well as measurements are difficult. A PVC appears in both simulation and test rig and the frequency is correctly predicted corresponding to a Strouhal number of 1.3. The mean velocity fields are similar in terms of magnitude and position of extrema, but slight differences are found for the extent of the central recirculation zone in the axial velocities. The differences in radial velocities are explained by errors in the measurements since all other velocities agree well and the radial velocity results from the y-and z-velocity components. Furthermore a reasonable agreement is found for the pressure drop through the axial and diagonal swirler although the wall boundary layer is not resolved and a logarithmic wall-law model is used in the LES. It is concluded that the LES is of good quality and represents the flow field dynamics correctly. It can therefore be used to evaluate the reactive flow fields which are discussed in the following.

Reacting flow fields

To analyse the influence of the operating condition and of the burner outlet geometry on the flame, the averaged reacting flow fields are compared in a first step. Averaged solutions are obtained by time averaging a converged simulation over the time corresponding to five convective timescales. The convective timescale is here defined as the time the flow needs to go from the inlet to the flame front based on the bulk velocity at the entrance of the chamber. The configuration corresponds to the real gas turbine at high pressure. Four cases are studied (Table 7. 

Operating condition Geometry

+15 • C -15 • C CBO +15CBO +15N BO NBO -15CBO -15N BO

Instantaneous flow characteristics

The rotational motion imposed by the swirler provides fuel and air mixing due to the creation of turbulence. In combination with the sudden expansion at the entrance of the combustion chamber it also leads to an increased opening of the gaseous flow compared to the cold flow of Section 7.1. Velocity gradients inside the chamber lead to a strong shear creating supplementary turbulence which is then gradually dissipated downstream. Furthermore, the rotational swirling motion from the axial swirler also causes strong shear when the flow of the diagonal passage meets the axial one and this creates additional turbulence.

Figure 7.9 shows an iso-surface of Q-criterion [START_REF] Hussain | On the identification of a vortex[END_REF] representing vortical structures in the flow for +15CBO and +15NBO. The operating conditions at -15 • C show similar behaviour and are not shown here. Highly vortical structures are present at the lance and at the entrance of the combustion chamber showing a spiral shape due to the rotating motion imposed by the swirler for both cases. In contrast to the cold flow, no PVC was detected in the reactive simulations.

Mean flow field

The high swirling motion of the flow is evidenced in Fig. 7.10 on the middle cut plane of the chamber in terms of normalized averaged axial velocity and zero axial velocity iso-lines for the four considered cases (Table 7.2). The velocity is normalized by the mean bulk velocity at the entrance of the chamber. The inner recirculation zone appears at the center of the chamber and is smaller in the CBO than in the NBO cases. The outer recirculation zone is present in the upper and lower corners of the combustion chamber. As observed on the cut plane in axial direction 3 (Fig. 7.11), the outer recirculation zones are not closed on the side walls where periodic boundaries are applied and are bigger for the CBO cases (Fig. 7.12): the CBO pushes the flow outwards and in axial direction. Furthermore the flow is more accelerated at the burner outlet and a higher axial velocity is observed in the CBO cases. Since the recirculation zones are responsible for the stabilization of the flames, these results suggest that the CBO which diminishes the recirculation zone, may also affect flame stabilization.

A closer look at the velocities forming the recirculation zones and acting on flame stabilization can be obtained by plotting the velocity profiles along cuts (Fig. 7.11). Axial velocity profiles are analyzed in Fig. 7.12 along the different cuts. At location 1 the position and magnitude of the inner recirculation zone are similar for all cases. At 2 the CBO prevents the flow from pushing outwards whereas the NBO flow can move unobstructed. From 3 on, the CBO leads to an acceleration of the flow (compare with Fig. 7.10). Here, the NBO flame is already located at a significantly outer position than the CBO flame. The outer recirculation zone is of lower magnitude from 5 on in the NBO case and is shorter in its extend as it vanishes earlier as seen an cut 7. The inner recirculation zones are similar for all cases and the different operating conditions behave similarly.

The magnitude of the radial velocity is defined as the dot product of the velocity vector in the radial direction: The magnitude of the peaks is slightly higher in the NBO cases at cut 1 with the positions being similar. At 2 the NBO cases develop a distinct peak at the height of the burner outlet and with about twice the velocity of the CBO cases. The CBO geometries develop a peak further in the inner region at cut 3.

U rad = v • r |r| (7.2)
Tangential velocity fields allow a further insight into the rotational motion of the fluid and its magnitude is shown in Fig. 7.14. It is calculated as the cross product of the velocity vector in the radial direction:

U tang = v × r |r| . (7.
3) All flames behave similarly in terms of tangential velocity close to the lance where the peak shows a only slightly decreasing magnitude to outer direction. As the flame opens in the NBO cases, the peaks is further away from the axis but with similar magnitude compared to the CBO cases. No distinctive differences can be found between the operating conditions +15 and -15. The interaction of those different velocity components control the flame and are directly responsible for its stabilization and dynamics.

Figure 7.15 shows the three-dimensional flame surface obtained with a temperature iso-surface (T /T mean = 1.3) and coloured by the axial velocity for the four investigated cases. The negative axial velocities from the inner recirculation zones (Fig. 7.10) anchor all flames at the lance and in combination with the outer recirculation zones the flames attach at the burner outlet. Nevertheless, the different shapes of the recirculation zones and the associated velocity profiles affect the flames directly. The CBO elongates and narrows the flame for both operating conditions while the NBO flame is distinctively shorter and more open. Although the outer recirculation zones are only present in the upper and lower walls of the combustion chamber, the flames are closed and completely attached to the burner outlet. In all cases the lowest velocity appears at the burner outlet with increasing velocities up to the flame tip. The temperature field on the middle cut plane (Fig. 7.16) reveals that the highest temperature occurs at the lance where pure methane stabilizes the flame through the pilot injection. The averaged flame shapes and axial velocity fields are similar for the two operating conditions.

The temperature profiles reveal more details about the flame shapes (Fig. 7.17). Similar normalized temperature profiles between the operating conditions are found. The burner outlet geometry has a great impact: close to the lance (profile 1) all four profiles are similar and show the highest temperature being twice the mean value which is due to the pilot injection where a high local equivalence ratio is present. At cut 2 the NBO flame is significantly more open showing the same temperature magnitude as the CBO case. Downstream of location 3, minima have a higher temperature for the NBO geometry because the flame is shorter. All cases reach a similar temperature in the burnt gases and are axi-symmetric.

To obtain further insight on the mechanisms at play insuring flame stabilization, the fluctuations of temperature in Fig. 7.18 are investigated. Both operating conditions (-15 • C and +15 • C) show similar fluctuations. In both burner configurations two distinct peaks appear and merge downstream. Since the NBO flame is shorter, the fluctuations vanish earlier and are higher close to the lance at cut 2. 

Acoustic characteristics of the chamber

The analysis of the combustion chamber's dynamics reveals fluctuations of pressure in all LES cases as illustrated in Fig. 7.19 on the middle cut plane only for +15CBO. The frequential analysis of this pressure fluctuation allows to determine the frequency at f acous (Fig. 7.20). This high frequency mode is not found experimentally in the full annular chamber and might affect the results of our one sector simulation. To analyze its influence on the flame, the FFT of the heat release signal is superposed in Fig. 7.20: The flame reacts to several different frequencies but only shows a small peak at f acous and has therefore a negligible impact on the overall combustion process. An acoustic analysis with an Helmholtz 3D solver called AVSP [6] using the mean speed of sound reveals that the pressure fluctuations observed in the LES are due to the first transverse eigenmode at a frequency close to that found in the LES and are not a numerical artefact. The eigenmode obtained with AVSP is shown in Fig. 7.21. The fact that AVSP captures correctly the mode appearing in the LES is confirmed by the comparison of the pressure fluctuation in AVBP (dominated by the acoustic mode) and the mode structure in AVSP. 

Concluding remarks

LES of the real industrial gas turbine combustion chamber for two different operating conditions and burner outlets were performed. The mean flames and instantaneous flow characteristics exhibit no significant difference between the two operating conditions +15 • C and -15 • C. In both cases the burner outlet changes the velocity field and therefore the flame stabilization. The CBO elongates the flame and pushes it straight downstream, whereas the NBO leads to an opening of the flame in radial direction and its length is slightly shorter. All cases burn at a similar equivalence ratio. Acoustic analysis reveals that the first transverse eigenmode of the chamber appears in the LES while it is not seen in the real full machine. Nevertheless FFT shows that this mode does not affect the flame dynamics so that FTFs can still be measured using LES of a single sector.

Flame stabilization

In the previous simulations all walls were treated with an adiabatic logarithmic law of the wall. Since the temperatures reached in the combustion chamber and burner parts are higher than their melting temperature, cooling must be applied in a real gas turbine engine to protect them. The temperature difference between the adiabatic walls and the cooled walls (in the real engine) can have an influence on the stabilization of the flame in the computation. The highest temperatures in all cases appear in the pilot flame zone at the lance (Fig. 7.16), where the flame directly attaches. In this section the effects of the wall treatment on the flame is investigated: isothermal and heat loss wall conditions are applied at the lance and results are compared.

To model heat losses through the walls a simple model that follows the linear law

q w = T ref -T w R w (7.4)
is used, where q w describes the heat flux at the wall, T ref a reference temperature and T w the wall temperature. R w is the heat resistance of the material by conduction and of the convection outside the wall with R w = e/λ + 1/h, where e is the material thickness and the heat resistances 1/λ and 1/h of the material and outside convection respectively. Large variations and incertitudes are expected on e and h so that the heat resistance R w is an uncertain parameter. If h = ∞, a heat resistance of 1/R w = 1500W/m 2 K corresponds to the real engine lance resistance. To obtain further insight in the flame stabilization 1/R w = 150W/m 2 K and 15000W/m 2 K are tested as well. The reference temperature T ref is the same for all cases and is the air inlet temperature. Additionally, an iso-thermal boundary condition for the lance is used. The investigated parameters are listed in Table 7.3 and the resulting lance temperature is given in terms of T w /T w,adiab whereas T w /T w,adiab = 0.28 represents the air inlet temperature. The lance temperature decreases with increasing 1/R w and reaches T ref when using isothermal walls. Although the lance temperature changes significantly, the flame still stabilizes at the wall as shown in Fig. 7 isothermal and heat loss (1/R wall = 1500W/m 2 K) conditions. In the isothermal case a small cooled layer between the lance and the hot gases is visible, but no effect of heat transfer from the flame to the lance is observed and no local flame quenching appears. This is due to a strong inner recirculation zone transporting back hot gases and thus keeping this zone at high temperature. 

Concluding remarks

Previous tests have shown that the flame stabilization process at the lance is weakly dependent on the temperature or on the heat flux lost at the lance wall. The gas temperature close to the lance is always high because of the inner recirculation zone carrying back hot burnt gases. The Boundary Condition at the lance does not affect the flame anchoring or the flame dynamics. Therefore, in the following only adiabatic conditions are used on the lance walls. In the attached case no PVC is present whereas the detached flame features a "finger-like" rotating structure in the inner region around which the PVC is turning (Fig. 7.23). A similar phenomenon was observed by Staffelbach [START_REF] Staffelbach | Simulation aux grandes échelles des instabilités de combustion dans les configurations multi-brûleurs[END_REF] who discovered that the flame detaches with decreasing fuel mass flow rate at the lance. Field tests performed by Ansaldo also showed different pressure oscillation levels depending on transition between different operating conditions, suggesting hysteresis phenomena. The detached flame exhibits stronger pressure levels than the attached one and this is not desirable for flame stabilization and thermo-acoustic stability. In the following section the detached flame is analyzed in detail. For simplicity reasons the nomenclature listed in Table 7.4 is used.

Although this arises for both burner outlets, only the CBO case will be investigated since both cases behave similarly.

A first impression is obtained by plotting the three-dimensional surface of the

-15CBO

Attached flame -15CBO-D Detached flame averaged flame as shown in Fig. 7.24 where the flame surface is visualized by a temperature iso-surface (T /T mean = 1.3) coloured by the axial velocity. The flame finds two different stable positions for the same regime and is therefore bi-stable.

A cut through the middle plane reveals differences in the heat release field between both flames which is shown in Fig. 7.25(b). Since the flame is detached from the lance, the high temperature region around the pilot injection disappears. In this case the inner recirculation zone does not reach the lance (Fig. 7.25(a)) and does not bring the flame back to the lance. Furthermore the attached flame acts like a geometrical contraction at the outlet of the burner accelerating the flow and leading to higher axial velocities than in the case with detached flame. This is illustrated by plotting the axial velocity along the cuts (Fig. 7.11) in Fig. 7.26. Both flames still agree well in terms of position of lows and peaks but the attached flame shows significantly higher velocities in the peaks all along the flame region (cut 2 to 7). The detached flame shows positive axial velocity in the inner region close to the lance (1 to 3) whereas the recirculation zone of the attached case leads to negative velocities. In the inner recirculation zone from cut 4 on, both velocity fields become similar. The radial velocity profiles in Fig. 7.27 reveal further differences: on the first cut 1, low radial velocities appear in -15CBO-D in the inner region where -15CBO shows important peaks. In the outer region both profiles are similar. Up to location 5 both profiles are similar in terms of position and magnitude of extrema. At 6 and 7 the peaks of -15CBO-D are further outwards and lower in magnitude than in -15CBO. Further differences are visible for the tangential velocity profiles in Fig. 7.28. Close to the lance (1 and 2), significantly higher velocities are found in -15CBO-D in the inner region, where the peak has a larger extent than in -15CBO. Further outside the -15CBO-D peak meets the -15CBO one and both cases match in the outer region. The high tangential velocities in the inner region decrease with distance but only reach at 7 the magnitude of the -15CBO case. Nevertheless peaks match in terms of magnitude.

The position of the flame can be also visualized using temperature profiles (Fig. 7.29). The maximum temperature is the same for both flames, but the position of extrema differs. The -15CBO-D flame shows no peak in the central zone for the first profiles (1 to 4) but starts to develop one at 6. The flame length is similar to -15CBO as an almost constant temperature profile is reached at position 7. The -15CBO-D flame is susceptible to temperature fluctuations (Fig. 7.30) over a wider radial range. At location 3 one peak is visible with a similar amplitude and position as the outer peak of -15CBO. At 4 the peak widens significantly and is over a larger radial range than for -15CBO but with a similar amplitude. At 5, 6 and 7 the magnitude is increased compared to -15CBO. 

Concluding remarks

LES suggests that the flame possesses two stable positions depending on the transition from one operating condition to the other. In the first position the flame is attached to the lance whereas in the second one the flame takes a stable position detached from the lance. The detached flame features a "finger-like" rotating structure in the inner region around which the PVC is turning and the flame can not move back. Staffelbach [START_REF] Staffelbach | Simulation aux grandes échelles des instabilités de combustion dans les configurations multi-brûleurs[END_REF] observed this phenomenon and showed that strong pressure levels occur. This is coherent with the results found here where strong temperature fluctuations arise. This flame configuration is not desirable in a real industrial machine. From now on, we assume that the lance-stabilized flame is the relevant configuration. It should be kept in mind, however, that this bistable behaviour may be the source of other problems, which were not studied here.
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Quality of the LES

One goal of the present thesis is to evaluate the quality of LES of complex configurations in an industrial context which requires limited time and computational costs. The quality of the mesh is evaluated in Fig. 7.31 and 7.32 showing the thickening factor for the flame and the turbulent viscosity ratio for +15CBO. The thickening reaches its maximal value at the flame tip and is always less than 300. The PDF of the thickening factor (Fig. 7.33) shows that most of the flame is thickened with a value lower than 10 and only a few points are thickened with values around 300 (Fig. 7.33(b)). Also a reasonable ratio between turbulent and laminar viscosity is reached with maximal values downstream of the burner outlet of 500 where the mesh becomes coarse (Fig. 7.32).

At the operating pressure, the typical flame thickness of a stoechiometric flame (computed with Cantera for example) is x = 0.05 mm. Considering the burner size (y = 20 cm in transverse direction), a true DNS using 10 points in the flame thickness would require 10y/x = 40.000 mesh points in each direction. Thickening using TFLES [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF][START_REF] Colin | Development of high-order taylor-galerkin schemes for unsteady calculations[END_REF][START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed turbulent combustion[END_REF] allows to reduce this constraint. Here, the PDF of thickening shows that most flame zones are thickened by numbers ranging between 1 and 124.

Chapter 8

Acoustically perturbed flame Modern regulation policies on pollutant emissions lead to lean (technically) premixed combustion systems [START_REF] Lefebvre | Gas Turbines Combustion[END_REF]. These low-emission gas turbines are known to be particularly susceptible to thermo-acoustic instabilities [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] and their prediction has become an important task today to prevent the appearance of acoustically coupled instabilities at an early design stage [START_REF] Kaess | Cfd-based mapping of the thermo-acoustic stability of a laminar premix burner[END_REF][START_REF] Krebs | Thermoacoustic stability chart for high intense gas turbine combustion systems[END_REF][START_REF] Wolf | Massively parallel les of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF]. For acoustically compact flames, a common approach can be found in the literature and was first introduced by Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part i[END_REF][START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part ii[END_REF]. In this approach, the Flame Transfer Function (FTF) is the key parameter and is defined as the ratio of the relative heat release fluctuation (q/q) to the relative inlet velocity perturbation (û/ū) issued by the acoustic field. In the frequency domain it writes

F (ω) = q/q û/ū . (8.1)
with ω being the angular frequency.

The FTF is affected by different mechanisms acting simultaneously on the heat release rate fluctuation and therefore difficult to isolate [START_REF] Thumuluru | Measurements of the flame response to harmonic excitation in a swirl combustor[END_REF]:

• The axial velocity perturbation: Flame Transfer Functions have been extensively studied in laminar and turbulent premixed flames where only the axial velocity perturbation is at play. Investigations of laminar conical flames performed by Karimi et al. [START_REF] Karimi | Linear and non-linear forced response of a conical, ducted, laminar premixed flame[END_REF], inverted conical by Durox et al. [START_REF] Durox | Combustion dynamics of inverted conical flames[END_REF] and multi-slit conical flames studied by Kornilov et al. [START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF] revealed that the FTF gain shows a low-pass filter behaviour. Schuller et al. [START_REF] Schuller | A unified model for the prediction of laminar flame transfer functions: comparisons between conical and v-flames dynamics[END_REF] observed from laminar flames and Armittage et al. [2] from turbulent V-flames, an overshoot in gain and associated this to vortex roll-up at the flame base. The phase φ of the FTF evolves in these cases in an almost linear way with the frequency f indicating that axial velocity perturbations propagate convectively from the burner outlet to the flame, thereby controlling the delay τ of the FTF: τ = φ/(2πf ).

• The perturbation of swirl: Among the recent contributions towards the understanding of the mechanisms at play for swirled flames, the importance of swirl number fluctuations has been clearly identified. Straub and Richards [START_REF] Straub | Effect of axial swirl vane location on effect of axial swirl vane location on effect of axial swirl vane location on combustion dynamics[END_REF] first noticed a strong impact of the swirler position on the combustion oscillations. Hirsch et al. [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF] hence investigated the effect of swirler designs and found that an additional time lag is responsible for changes in the FTF. Komarek et al. [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF] investigated the influence of several swirler positions on the FTF and concluded that disturbances propagate at a convective and an acoustic speed downstream of the swirler position. Finally, Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF] have shown that the acoustic perturbations reaching the swirler generate transverse velocity fluctuations which are convected by the flow.

• The perturbation of mixture: Since most gas turbines are partially premixed, fluctuations of equivalence ratio may also modify their flame response [START_REF] Lieuwen | The role of equivalence ratio oscillations in driving combustion instabilities in low nox gas turbines[END_REF]. Schuermans et al. [START_REF] Schuermans | A detailed analysis of thermoacoustic interaction mechanisms in a turbulent premixed flame[END_REF] compared the measured transfer matrix of a turbulent flame for a technically premixed and a fully premixed system and found the maximal value in amplitude to increase for the technically premixed case where equivalence ratio perturbations are present. Kim et al. [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF] found a phase difference between equivalence ratio and velocity at the combustor inlet suggesting that this phase determines if both effects cancel out or amplify the dynamic flame response. Furthermore, they showed that this phase difference is a function of frequency, fuel injection location, fuel injector impedance and the mean velocity in the nozzle.

These mechanisms have been studied for simple laboratory premixed flames but much less information is available for real gas turbines. This point is investigated here using LES of a real burner. Thanks to this fully unsteady numerical approach, effects of mass flow rate perturbation, mixture fluctuation and swirl number perturbation can be studied.

This chapter is organized as follows: first (section 8.1) the specific information for the pulsation of the different cases are given and the methodology is shortly summarized (see chapter 3 for more a detailed description). Then the Flame Transfer Functions of the cases with different operating conditions and burner outlets are given and differences are discussed (section 8.2). Then the specifications of the FTFs are analyzed in detail for the single forcing frequency which allows to obtain further insight into the mechanisms influencing the dynamic response of the flame . Therefore the differences due to operating conditions and burner outlets are further evaluated at one specific frequency (section 8.3) and one case is analyzed for several frequencies (section 8.4). Further effects such as axial velocity perturbation, swirl fluctuation and mixing inhomogeneities are considered. Finally, additional LES are performed separating the effect of mixing inhomogeneities (section 9.1) and of velocity perturbation (section 9.2) on the FTF. Forcing is introduced by generating a harmonic acoustic perturbation at the diagonal inlet using the inlet wave modulation method [START_REF] Kaufmann | Flow forcing techniques for numerical simulation of combustion instabilities[END_REF] as illustrated in Fig. 8.1. Tests have been performed to investigate the effect of pulsating the diagonal or axial passages separately. Pulsation amplitudes between both passages were chosen to lead to the same pressure fluctuations at the swirler exit. Pulsating only the diagonal swirler results in the same flame response as pulsating both axial and diagonal passages, so only the latter is discussed here. The response of the flame is quantified by measuring the perturbation of the heat release rate. An amplitude of 6 percent of the mean inlet velocity is chosen, to be in the linear regime. The velocity perturbation is measured at reference point A (Fig. 8.1).

Two different methods are used to obtain the FTF. Their methodology is described in detail in chapter 3 and will here only be summarized shortly:

• Single Frequency Forcing and Fast Fourier Transformation:

A sinusoidal perturbation is introduced at the diagonal swirler. One obtains the flame response in one LES for each frequency so that several simulations are needed to cover the frequency range. In this study four frequencies are chosen which are known from measurements to be present in the real gas turbine.

For confidentiality reasons they are only given in terms of f 1 < ... < f 4 . This 8.1. Pulsation procedure and system identification 113 method is less sensitive to errors and will be used to validate the following second method.

• Broadband excitation and Wiener-Hopf Inversion (WHI) [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF]:

This method allows the determination of the whole FTF in one single LES. A Discrete Random Binary Signal (DBRS) is used to perturb the flame. This signal is first low-pass filtered to excite only the frequency range of interest and to achieve a higher power spectrum density [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF]. It is also high-pass filtered to avoid reflection on the NSCBC boundaries.

NSCBC boundary conditions show a high-pass filter behaviour. The cut-off frequency is determined by the reflection coefficient. To avoid reflection on the boundaries in the frequency range of interest, the reflection coefficients have been adapted to the lowest forcing frequency.

System identification

One goal of this thesis is to evaluate the capabilities of LES to perform thermoacoustic analysis in an industrial context with limited computational time and cost. The sinusoidal pulsation is performed for six cycles of each frequency and the broad band excitation for six cycles of the lowest frequency of interest f 1 . Furthermore the reference velocity signal as well as the heat release response are low pass filtered to exclude effects of the transverse pressure mode discussed in Section 7.2.3. A fixed time step δt = 9 • 10 -8 s is used which corresponds to a CFL of 0.7.

A typical evolution of reference velocity and global heat release for a forced case is given in Fig. 8.2 with the corresponding FTF values in Table 8.1. It shows that the forced response of the burner is established after 1 or 2 cycles justifying that six cycles are enough to obtain FTFs. 

Flame Transfer Function

FTFs for swirled flames often exhibit typical shapes in gain with a decrease at low frequencies followed by a second peak at higher frequencies [START_REF] Durox | Experimental analysis of flame transfer functions nonlinearities[END_REF][START_REF] Kornilov | Experimental and numerical investigation of the acoustic response of multi-slit bunsen burners[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF]. Similar behaviours are observed here: Figure 8.3 shows the FTF results for the +15CBO case. The gain in this frequency range is slightly increasing to f 2 for WHI whereas the gain for single frequency forcing decreases already at f 1 . From frequency f 4 on the gain again and both show a similar behaviour. The gain at f 1 differs slightly as the single frequency forcing predicts an overshoot in gain whereas the other frequencies agree well for both methods. The phase is constantly decreasing with frequency and especially in the higher frequency range a good agreement is found for both methods.

The +15NBO case is investigated in Fig. is decreasing from f 1 to f 3 and increasing again up to f 4 . This behaviour is similar to the +15CBO case. WHI predicts in general lower gain except at f 3 where both methods match. As in +15CBO the phase decreases continuously and WHI gives higher values. Both methods show an overshoot in gain at f 1 in the -15CBO case (Fig. 8.5). Here the gain is slightly higher with WHI but a reasonable agreement is found. The phase matches well for both methods from f 1 to f 3 but decreases faster in the WHI method and a difference of π is found for f 4 showing a major problem at f 1 , decreases until f 3 and increases again for the harmonic forcing. The phase decreases with frequency and corresponds to the other cases. The gain agrees well between WHI and harmonic forcing, whereas WHI predicts a higher phase.

Note that for all cases the minimal frequency shown here do not correspond to f min = 0 since the multi-frequential signal has also been high-pass filtered in order to avoid reflections at the boundaries for low frequencies and results for f < f min are not physical. Following [START_REF] Polifke | On the low-frequency limit of flame transfer functions[END_REF] an amplitude n(f = 0) = 1 is expected. The Flame Transfer Functions exhibit typical behaviour in all cases. The phase decreases with increasing frequency and the gain is characterized by at least two zones of larger amplification. Concerning the gain, both CBO cases show an overshoot in gain at f 1 , decreasing to f 3 and increasing again. The NBO cases agree as well in terms of gain with a peak at f 1 which is below 1 and a similar behaviour as the CBO cases with decreasing and increasing gain. The phase is generally decreasing but a variable time lag is found in all cases. Comparing the CBO cases with the NBO cases shows that most frequencies lead to a shorter time delay for the CBO case. This result is contradictory to what is found in literature: Krebs et al. state in [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF] that the time lag increases when adding a CBO compared to the case with no CBO. Their result has been obtained by postprocessing CFD RANS data and the application of the Rayleigh criterion showed an improvement of thermoacoustic stability which has been validated against field tests [8]. This stands in contradiction to what is found here: the CBO cases show shorter time lags at both operating conditions.

Comparison of the identification methods

For all cases a reasonable agreement is found between the two methods WHI and Harmonic but some differences occur especially at high frequencies. They can partly be explained by the complexity of the WHI method and its sensitivity to errors. Another source of error is that the velocity signal is taken at a reference point (see Fig. 8.1) where turbulent fluctuations can have an influence. This is easy to recognize and to filter for an harmonic excitation but it becomes more complicated with a random signal. Furthermore, Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF] states that even with a low signal to noise ratio of S/N = 4 the quality of the identification process is 90% when having a total simulation time of ten times the longest time lag considered. Below ten times the quality decreases drastically. Here, the WHI simulation was performed to be in the quality range of > 90% but this means also that some errors are expected.

Generally, the Fast Fourier Transformation is less sensitive to errors in the system identification process than the WHI method. Additionally it allows to easily separate turbulence effects from those coming from the excitation. Although WHI is supposed to minimize the error in a least mean square sense, which means to separate effects from turbulence and excitation, a long time series is needed to reach statistical convergence.

To study the dynamic flame response more in detail, in the following the FTFs obtained by harmonic excitation are analysed in order to determine which mechanisms are at play. In a first step the two operating conditions and burner outlets will be compared to obtain insight into the mechanisms leading to a shorter time lag for the CBO cases. Second, the response to different excitation signals will be evaluated to study the differences in gain and time delay at several frequencies.

Influence of operating conditions and burner outlets

Constructing stability maps of a given combustor as a function of operating conditions (air flow rate and equivalence ratio) is a classical problem in combustion. For swirled flows, the influence of operating conditions on the stability of a lean premixed swirl-stabilized burner has been studied experimentally for example by Broda et al. [START_REF] Broda | An experimental study of combustion dynamics of a premixed swirl injector[END_REF] and Seo [START_REF] Seo | Parametric study of lean-premixed combustion instability in a pressurized model gas turbine combustor[END_REF]. They found instabilities to increase for increased inlet air temperatures, equivalence ratios from 0.5 to 0.7 and an increase in instability intensity for decreasing swirler angles. Increasing inlet velocity was found by Venkataraman et al. [START_REF] Venkataraman | Mechanisms of combustion instability in a lean premixed dump combustor[END_REF] to increase unstable behaviour on a bluff-body stabilized combustor. Instability occurred for low equivalence ratios of 0.55 and around stoichiometry. Increasing swirl stabilizes the combustor at high equivalence ratios. Bernier et al. [7] investigated the instability mechanisms in a premixed prevaporized combustor. Co-and counter-rotating swirlers were used and instabilities occurred for the first when the fuel injection velocity was less than a critical value whereas the counter-swirl configuration triggered instability for higher injection velocities. Additionally, instabilities arised for equivalence ratios higher a threshold value which is in contrast to the observations made in [START_REF] Venkataraman | Mechanisms of combustion instability in a lean premixed dump combustor[END_REF].

The geometry of a combustion chamber is of great importance to the stability of the gas turbine since it determines the flow and flame characteristics as well as the acoustic properties of the system [START_REF] Huang | Dynamics and stability of lean-premixed swirlstabilized combustion[END_REF]. The geometry of the combustion chamber is amongst others characterized by its dimensions in length and diameter, the fuel injection system, inlet and exit conditions and the flame stabilization setup. Several duct geometries were tested by Katsuki et al. [START_REF] Katsuki | The influence of duct geometry on unsteady premixed flames[END_REF] on a bluff-body stabilized burner and only one configuration showed stable combustion. Straub and Richards [START_REF] Straub | Effect of fuel nozzle configuration on premixed combustion dynamics[END_REF] changed the fuel nozzle location along the burner axis of a lean premixed configuration and altered the interaction between heat release and pressure oscillations since the distance and thus the time lag changed. This small literature review suggests that geometry and operating conditions changes must affect the FTF. In this section, we investigate how a change of geometry (CBO or no CBO) or a change in regime (-15 • C or +15 • C) changes FTF in our computations. The analysis between the two different operating conditions and burner outlets is performed by means of the averaged pulsated flow fields and the dynamics of the flame.

Mean pulsated flow fields

An interesting issue to study combustion instabilities is to know whether mean fields with forcing remain similar to unforced mean fields since this is an assumption used to linearize equations in almost all approaches [START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF]. This point was tested here: averaged pulsated flow fields behave similarly in both operating conditions (-15 • C and +15 • C) compared to their averaged non-pulsated ones, so that only the cases +15CBO and +15NBO are shown here. The temperature profiles along the cuts match very well for the pulsated and non-pulsated averaged flame of +15CBO (Fig. 8.7) in terms of position and magnitude extrema, meaning that both flames are in the same averaged position. Since the stabilization of the flame is determined by the recirculation zones, the velocity profiles agree also very well for both cases as shown in Fig. 8.8 on the axial velocity. Nevertheless, differences occur in the RMS temperature profiles (Fig. 8.9): The fluctuations are higher close to the lance (1) and reach almost the double of the non-pulsated case at cut 2. A similar behaviour is observed for the +15NBO case. Both temperature profiles agree (Fig. 8.10) as well as velocity profiles (not shown). The fluctuations of temperature in Fig. 8.11 reveal also differences in this case: compared to the non-pulsated case, RMS fluctuations are about doubled in the pulsated one on the first profiles. These pulsations decrease with downstream distance showing that the effect of forcing remains limited to the near-swirler zone. After cut 4 typically, the flow is almost unaffected by forcing and even RMS values are similar for forced and unforced cases. 

Dynamic flame response

The global flame response for frequency f 4 is shown in Fig. 8.12 with the corresponding reference velocity signal (at reference point A in Fig. 8.1) for both operating conditions and burner outlets and corresponding values for the amplitude and the time delay are given in Table 8.2. The amplitude of both +15 cases is similar whereas a small difference is found between -15CBO and -15NBO with the latter value being slightly higher. As previously mentioned the CBO cases show a shorter time delay whereas the difference in +15 cases is larger than in the -15 operating condition. Following Krebs et al. [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF] the time lag increases when adding a CBO compared to the case with no CBO whereas in this study the CBO cases show at both operating conditions a change to shorter time lags. The reason for this apparent discrepancy is investigated in the following. 

Local comparison of FTF

Experimental studies are usually limited to measurements of global FTFs: the transfer functions between fluctuating velocity at the reference points and the global heat release as discussed in section 8.3.2. With LES, it is also possible to quantify local FTFs giving the transfer function between velocity and local heat release at every point in the burner.

Local FTFs for the four cases of Table 7.2 are shown on longitudinal cuts coloured by the local amplitude and phase in Fig. 8.13 and 8.14 respectively. All flames exhibit maximum response zones in the vicinity of the pilot flame. Both configurations (CBO and NBO) show high gain along the inner flame and low gain along the outer flame. High gain in the CBO geometry occurs over a longer distance in the inner flame whereas the low gain on the outer flame surface is slightly lower in the NBO cases. Globally, a similar local amplitude field occurs for the two geometries and operating conditions. The time delay fields (Fig. 8.14) are plotted in terms of their phase (note that the phase is wrapped and might be shifted by 2π) and show that the flame is not reacting in a compact way for all cases: the phase jumps observed for almost all cases show that at the same instant certain parts of the flame damp the excitation while others feed it. Even flame regions which are located right next to each other exhibit significant differences in delay. Both NBO cases are comparable: the flame tip is reacting with a phase close to 2π to the velocity fluctuation. The CBO cases both show a phase close to π to the velocity fluctuation at the flame tip, whereas -15CBO shows a slightly higher phase.

There is a link between local and global FTF: obviously the overall response of the burner must be the integral of the local response. A consistency equation corresponding to this statement is that

n(ω)e -iωτ (ω) = V n l (ω, x)e -iωτ l (ω, x) (8.2) 
where the global n and τ are given by Table 8.2 and the local n l and τ l are given by Fig. 8.13 and Fig. 8.14. This consistency property is verified in Table 8.3. The global n and τ obtained by Eq. 8.2 and the n and τ obtained from global heat release signals agree reasonably for both amplitude n and phase θ. The flame exhibits local variations in amplitude and time delay response for all cases. It is known that mixture [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF][START_REF] Lieuwen | The role of equivalence ratio oscillations in driving combustion instabilities in low nox gas turbines[END_REF][START_REF] Schuermans | A detailed analysis of thermoacoustic interaction mechanisms in a turbulent premixed flame[END_REF] and swirl fluctuations [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF][START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF][START_REF] Straub | Effect of axial swirl vane location on effect of axial swirl vane location on effect of axial swirl vane location on combustion dynamics[END_REF] have an strong impact on the flame dynamics. This point is therefore investigated in the following.

Effect of mixture and swirl perturbation

The effect of mixture perturbation on the flame can be analyzed by phase averaging solutions over the heat release oscillation cycle and are shown for the two distinct oscillation cycles T /2 and 3T /2 in Fig. 8.15 on the middle cut plane coloured by the normalized equivalence ratio and iso-line of the heat release rate. This is only given for +15CBO and +15NBO since -15CBO and -15NBO behave similarly.
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First, both configurations show a longer flame at T /2 than at 3T /2. Second, fluctuating mixture during the oscillation cycle appears over a large flame surface area.

Along the inner flame region (close to the burner center line), both cases show a strongly rich mixture at T /2, which becomes leaner at 3T /2 explaining the strong amplitude response in this region (Fig. 8.13). In the CBO configurations this rich mixture is present over a longer distance of the burner axis which is also seen on the extent of the strong local amplitude response in Fig. 8.13. Along the outer flame region (close to the chamber walls) the mixture is for both configurations and oscillation cycles predominantly leaner than the global equivalence ratio in the diagonal swirler resulting in a low local gain (Fig. 8.13).

Fluctuations of equivalence ratio φ or mixture fraction Z 1 can be considered as one dimensional waves propagating at the convective speed u conv :

Z Z = A Z e i(ωx/uconv-ωt) (8.3) 
They can couple with the axial velocity fluctuations u ax u ax ū ax = A u e i(ωx/c-ωt) (8.4) which travels at the speed of sound c and affect the FTF [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF][START_REF] Lieuwen | The role of equivalence ratio oscillations in driving combustion instabilities in low nox gas turbines[END_REF][START_REF] Schuermans | A detailed analysis of thermoacoustic interaction mechanisms in a turbulent premixed flame[END_REF]. The phase difference between both components is of crucial importance. Since the four configurations (+/-CBO/NBO) are forced with the same frequency here, the phase between axial velocity fluctuation and mixture fraction fluctuation is the same until reaching the diagonal swirler outlet. Figure 8.15 shows that both flames exhibit similar equivalence ratio fluctuations along the flame front which results in similar local FTF fields (Fig. 8.13). Considering the additional size of the burner outlet in the CBO case, the convective velocity and the sound speed, the phase between Z and u ax changes only slightly between CBO and NBO before reaching the flame. This effect is therefore not considered to be the driving mechanisms being responsible for the differences in FTF. Swirl fluctuations can also have an important effect on FTF [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF][START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF][START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF][START_REF] Straub | Effect of axial swirl vane location on effect of axial swirl vane location on effect of axial swirl vane location on combustion dynamics[END_REF] but are for the same reason not considered to be responsible for the differences.

Concluding remarks

This section compared the dynamic flame response to an acoustic perturbation for two operating conditions and two burner outlets. The averaged velocity and temperature profiles between pulsated and non-pulsated cases agree well for all cases. 1 The equivalence ratio φ is linked to RMS temperature profiles reveal that the NBO cases undergo slightly stronger fluctuations than the CBO cases. Distinct equivalence ratio fields of the oscillation cycle reveal that mixture perturbations propagate similarly to and on the flame surface for both configurations.

Z by φ = Z/(1 -Z) • (1 -Zst)/Zst
The global flame response in terms of n and tau shows that the CBO cases have a slightly shorter time lag than the NBO cases although the flame is slightly longer. This result is contradictory to Krebs et al. [START_REF] Lieuwen | Combustion instabilities in gas turbine engines. operational experience, fundamental mechanisms and modeling[END_REF] who states that the time lag increases when adding a CBO compared to the case with no CBO. Although an uncertainty exists regarding the values of amplitude and time delay found in this work, the shorter CBO delay is explained as follows: first, the length of the averaged flame is only slightly shorter in the NBO case as found in chapter 7. Second, even though hypothetically the time delay values could be shifted by 2π, a significantly higher time delay for the NBO case is less probable. To support this, the length of the flame is additionally evaluated defined as the distance from the lance to the flame tip. It is found that the CBO flame is about 1.15 times longer. The acoustic fluctuation perturbs the flame front which is convectively transported to the flame tip and the time needed even for a convective perturbation to reach this additional part is only of 1/5T based on the bulk velocity. This means that a different mechanism is at play causing the NBO flame to react slightly later. The mean velocity profiles in Fig. 7.10 to 7.14 show that the CBO cases possess a higher axial velocity at the burner outlet. Vortices are formed due to shear at the burner outlet in the outer flame region and in the inner region where the mass flow of axial and diagonal meet. These vortices convect along the flame front and control the dynamic flame response. Since the convective velocity is higher in the CBO cases this can lead to a lower time delay as the differences in flame length are small. Sensiau et al. [START_REF] Sensiau | A tool to study azimuthal and spinning modes in annular combustors[END_REF] noticed that even small changes in time delay can lead to important effects on the stability and found the transition between amplification and damping to be at half the period T with damping occurring at τ < T /2. The time lags found for this frequency f 4 correspond to this. One can state furthermore, that a simple model taking only into account the flight time is not appropriate [START_REF] Giauque | System identification of a large-scale swirled partially premixed combustor using LES and measurements[END_REF]: as shown by [START_REF] Schuller | A unified model for the prediction of laminar flame transfer functions: comparisons between conical and v-flames dynamics[END_REF], even though FTF delay scales to first-order like the flame length divided by the bulk velocity for very simple flames, additional mechanisms in real chambers make flight time estimates of the delay doubtful in complex combustors. The amplitude of the global FTF varies only slightly for all cases. Local FTFs of all cases revealed that +15NBO and -15NBO behave similarly in terms of n and tau whereas differences between +15CBO and -15CBO occur slightly for the amplitude in the inner flame region and especially for the time delay.

Effects of forcing frequencies

The aim of this section is to analyze the differences of the global FTF when the forcing frequency changes. Only one case (+15CBO) is considered and analyzed at the different forcing frequencies f 1 to f 4 . Note that also here the averaged nonpulsated and pulsated flames agree very well for all frequencies and confirm hence the assumption used to linearize equations [START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF]. The RMS fluctuations behave for all cases similarly to +15CBO at f 4 . This point shall not be discussed in detail here.

Dynamic flame response

The FTF of the +15CBO case with single frequency forcing is summarized in Table 8.4 in terms of n and τ . At frequency f 1 an overshoot in amplitude arises and the time delay is lower than at the other frequencies. Time lags are similar at f 2 and f 3 but f 2 shows a slightly higher amplitude. The time lag of f 4 is higher than for f 1 but still lower than for f 2 and f 3 with an amplitude between the latter.

Local comparison of FTF

The local FTFs allow a further insight into flame responses. The gain in Fig. 8.16 reveals that the flame reacts strongly close to the lance at all frequencies. This zone is important but note that it is also very small and may not control the overall flame response of the burner. The global overshoot at frequency f 1 is caused by high local responses all along the inner flame region and the flame tip. Between frequencies f 2 to f 4 the differences in local gain occur mainly in the flame tip region. High local values there, lead also to a higher global amplitude response suggesting that the flame tip is responsible for the amplitude response change in this configuration. In all cases the local gain is low at the outer flame region, whereas it is slightly higher at f 1 . The local phase at frequency f 1 is close to 2π at the flame tip and around π/2 at the swirler outlets (Fig. 8.17). The global phase of 0.89, is clearly formed out of the different local responses. The phase at f 2 and f 3 is more uniformly distributed, whereas non-uniformities are stronger again at f 4 . The flame is not compact even at the lowest frequency f 1 . 
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Effects of fuel heterogeneities and swirl perturbation

In this section, the effects of mixing for pulsated regimes are investigated. Since pure fuel is injected in the vanes of the diagonal swirler, two phenomena take place during forcing:

• fuel and air have to mix in the diagonal passage before they enter the chamber. Even if the injected air and fuel flow rates are constant, this local phenomenon may be too slow to ensure perfect mixing in the chamber inlet plane (plane A in Fig. 8.18).

• in addition, fuel and air flow rates both fluctuate, changing the mean equivalence ratio of the injected gases and creating unmixedness.

These two effects combine to lead to a mixture in reference plane A at the combustor inlet (Fig. 8.18) which has an oscillating mean equivalence ratio (averaged over the section of the passage) but also an oscillating spatial distribution. To analyze this question, this section focusses on the analysis of LES results between the diagonal passage inlet and the combustor inlet for +15CBO. The analysis does not include what is taking place at the axial swirler: most of the fuel and air enters the chamber through the diagonal swirler and in a first approach, it is assumed that this is the most important part of the burner. The global mixture fraction Z through the diagonal passage is calculated with: A phase difference appears for the different frequencies indicating a different phase between axial velocity perturbation and mixture fraction oscillation. Following Kim et al. [START_REF] Kim | Response of partially premixed flames to acoustic velocity and equivalence ratio perturbations[END_REF] this has an impact on the amplitude response of the flame: When the two perturbations are out of phase richer mixtures enter the combustion chamber with low velocity, and mixtures with lower equivalence ratio reach the flame front with high velocity. The flame sees nearly the same amount of fuel during a cycle of oscillation. Therefore, the heat release rate does not vary significantly and a low amplitude response results.

Z = ṁCH4 ṁAir + ṁCH4 (8.5 
In a first step, to see the impact of mixture fraction fluctuations over the heat release oscillation cycle, phase averaged solutions are shown in Fig. 8.23 and 8.24 at T /2 and 3T /2 respectively. Although the global FTF response is different (table 8.4), significant similarities are found: for all frequencies, the normalized equivalence ratio is the highest at the maximum of the global heat release and a richer mixture reaches the highest flame surface (on the inner flame in axial direction) for all oscillation cycles. Note that phase averaged solutions are taken for 2T , T /2, T and 3T /2 whereas only T /2 and 3T /2 are shown here. At 3T /2, the phase corresponding to the lowest global heat release, equivalence ratio fluctuations meeting the flame front are also lowest for all cases (Fig. 8.24). Nevertheless, high equivalence ratios are still present near the lance due to pilot injection.

The equivalence ratio field is similar for the four frequencies with respect to the heat release oscillation cycle: Fig. 8.23 and 8.24 suggest that the rich mixture region in the inner flame region close to the flame tip is responsible for this since it is the most significant difference occurring during the different oscillation cycles. Furthermore, local FTF delay fields (Fig. 8.17) prove the that differences in phase are mainly due to differences in the flame tip region. Here, also the local FTF amplitude (Fig. 8. [START_REF] Buschmann | Generalized logarithmic law and its consequences[END_REF] shows the highest differences between the forcing frequencies. To address this issue, it is useful to plot Z, u and Q near the flame tip. This can be done using Eq. 8.3 and 8.4: the mixture fraction and axial velocity fluctuation measured at reference plane A is shifted to a reference point C shown in Fig. 8.18. The mixture fraction fluctuation is transported with the convective velocity for which the bulk velocity is taken. The axial velocity fluctuation propagates with the speed of sound which is given through the inlet temperature. For simplicity reasons, damping effects on the fluctuations are not accounted for. The resulting relative axial velocity, mixture fraction and heat release fluctuation at reference point C are shown in Fig. 8.25 to 8.28 for frequencies f 1 to f 4 leading to an interesting observation (Table 8.5). At point C, the phase between mixture fraction Z and heat release Q fluctuation is the same for all frequencies while the phase between velocity perturbation u and Q changes significantly (it increases with frequency). This result suggests that the heat release is synchronized with the fluctuation of mixing and not with the velocity for this regime. A third effect of the ingoing acoustic wave besides the acoustic perturbation normal to the flame front and the convectively transported mixture fluctuation is the effect of swirl number perturbations [START_REF] Hirsch | Influence of the swirler design on the flame transfer function of premixed flames[END_REF][START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF][START_REF] Straub | Effect of axial swirl vane location on effect of axial swirl vane location on effect of axial swirl vane location on combustion dynamics[END_REF]. When acoustic perturbations impinge the swirler, an axial and azimuthal velocity fluctuation is created travelling with the speed of sound and the convective velocity respectively [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF][START_REF] Palies | Modeling of premixed swirling flames transfer functions[END_REF]. This is illustrated in Fig. 8.29. At the trailing edge of the swirler vanes (plane 1), the axial u ax and azimuthal u θ velocities are in phase. Since both components are propagating with different velocities, their phase at plane 2 can take any value depending on the length L. This phase is one of the parameters which control swirl variation at the chamber inlet. As the vortex breakdown changes with the swirl number, the size and position of the recirculation zones change and affect thus the flame angle. Palies et al. [START_REF] Palies | The combined dynamics of swirler and turbulent premixed swirling flames[END_REF] state that an overshoot occurs when axial and azimuthal velocity are in phase when impinging the flame front and low amplitude when both components are out of phase. However, an increasing air mass flow rate at the fuel injection leads to a decrease of mixture fraction Z (Fig. 8.19 and 8.21) so that u ax and Z are out of phase at plane 1 (supposing that the distance from the fuel injection to the vane trailing edge is small). This means that u θ and Z are out of phase at plane 1 and since they are propagating at the same convective velocity they are also out of phase at plane 2. 
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Concluding remarks

The dynamic flame response for one case (+15CBO) at four frequencies showed differences in the global FTF for the amplitude as well as the time delay. The local FTF gain fields reveal that these differences are due to different responses at the flame tip and along the inner flame region. The flame is not compact as evidenced by the local FTF delay fields. Phase averaged solutions over the heat release oscillation cycle show strong similarities between the equivalence ratio field at the different frequencies. Rich mixture enters the region close to the flame tip in all cases. Mixture fraction perturbation at the tip have a similar phase to the heat release oscillation for the four frequencies suggesting that the mixture fraction fluctuation at least partially controls the FTF delay. Since the mixture fraction propagates at the convective speed, the changes in global time delay can be explained. Although this is the important mechanism in this configuration, the effect of axial velocity on the global FTF is still present. Furthermore, azimuthal velocity fluctuations are propagating out of phase with the mixture fraction oscillations. Its impact (and also of the mixture fraction oscillation) on the global FTF gain still remains a matter of investigation.

Obviously, the present analysis fails to clearly identify individual mechanisms controlling FTFs because they all play a role at the same time. In the next chapter, a new strategy will be utilized: additional LES are performed to isolate mechanisms and study their effects separately. In a first simulation a fully premixed flow is injected in the diagonal passage in order to investigate only the effect of axial velocity perturbation. Then, only fuel is pulsated at the diagonal inlet to analyze only the effect of mixture fraction fluctuation decoupled from the axial velocity perturbation.

Chapter 9

Identification of mechanisms controlling FTFs The mechanisms controlling FTF have been studied extensively for simple laboratory flames but much less information is available for real gas turbines. Previous chapters have shown that one of the specificities of gas turbine chambers is that several mechanisms control the flame dynamics (Fig. 9.1). The fluctuating air and fuel inlet mass flow rates in the diagonal swirler cause oscillations of mixture fraction, axial velocity and swirl number which combine and act on the flame. When LES of FTF are performed, they integrate these three mechanisms and the LES results are certainly valid. However, understanding what controls FTF and how they can be modified requires to be able to isolate mechanisms. Additional LES are performed here to reach this goal. This chapters' goal is to exclude one mechanism after the other to study separately its effect on this complex flame. Therefore the +15CBO case will be considered at one frequency f 4 and compared against two additional LES of the same geometry:

• For the first one, a fully premixed flow is passing through the diagonal swirler (Section 9.1) thereby cancelling any potential effect on the FTF due to modulated mixing and focussing on the effect of mass flow rate perturbation.

• A second simulation is performed in Section 9.2 where only the fuel at the diagonal swirler is fluctuated and the main air mass flow rate through the diagonal swirler is kept constant in order to cancel out the effect of fluctuating mass flow rate and to study only the influence of mixture fluctuation.

At the end of the chapter, a FTF based on a relation between Q and (u , Z ) is proposed (following Huber [START_REF] Huber | Impact of fuel supply impedance and fuel staging on gas turbine combustion stability[END_REF]) and tested to replace the usual Q versus u FTF used up to now in this thesis. This evolution from SISO (Single Input Single Output) models to a MISO (Multiple Inlet Single Output) model is a promising path to describe combustion instabilities in gas turbines.
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Effects of mass flow rate perturbation

To analyze the effect of mass flow rate fluctuation separately, an additional LES is performed with a fully premixed flow passing through the diagonal swirler thereby cancelling any potential effect on the FTF due to modulated mixing (Fig. 9.2). This will be performed for the +15CBO case at forcing frequency f 4 . Table 9.1 gives the nomenclature used here. The pilot flame injection in the axial swirler is not changed. Table 9.1: Description of investigated cases: TECH and FULL. Both cases correspond to +15CBO.

Mean reacting flow fields

In a first step, both cases (TECH and FULL) are compared by analyzing their averaged flow fields. The normalized equivalence ratio φ and an iso-line of temperature are shown in Fig. 9.3 for the mean flows. The equivalence ratio is normalized by its value at the inlet of the diagonal swirler for the FULL case. In the TECH case the nonuniformity of mixture in the diagonal swirler is clearly visible. However, mixing takes place due to the rotational fluid motion and a quasi-uniform mixture reaches the flame front. Of course, for the FULL case, the mixture in the diagonal swirler has a constant equivalence ratio ( φ = 1). Figure 9.3 shows that the two flames are very similar in terms of shapes. The mean fields of both configurations are similar and remain similar with the forced fields (not shown): the assumption used to linearize equations [START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF] is fulfilled here too. For the sake of completeness, the flames of the technically premixed and fully premixed case are only shortly compared in terms of averaged pulsated solutions in Fig. 9.4 and 9.5 showing profiles in terms of mean and RMS temperature respectively. Very good agreement is found for both flames for the location and magnitude of extrema in all flame regions. RMS temperature profiles also agree well for both flames.

Mixing can be analyzed by plotting the probability density functions (PDF) of normalized heat release versus local equivalence ratio φ (Fig. 9.6). While the overall heat release is constant for both cases, a different heat release distribution over φ is found. The TECH flame produces slightly less heat around φ = 1 and more at φ = 0.8 than the FULL case but differences between the two cases for the mean flow are limited. The next step consists of analyzing the influence of these differences on the forced flame. 

Dynamics of the reacting flow fields

The previous section has shown that both cases exhibit similar mean pulsated and non-pulsated flame shapes but show slight differences for the equivalence ratios at which combustion occurs. It is worth investigating how this affects the dynamics of the flame. mean flame shape is not influenced by mixing heterogeneities, the dynamic response of the flame is changed especially in terms of time delay: the delay of the TECH case is 1.5 times the FULL case delay, showing that mixture fraction fluctuations in the diagonal swirler do modify the FTF: when the flow is fully premixed (FULL) and fluctuations of Z are excluded, the delay decreases significantly compared to the TECH case studied up to now in this thesis.

Figure 9.7 shows that the global response of the system is highly affected by mixing heterogeneities. It is therefore interesting to focus on the local response of the flame: longitudinal cuts coloured by the local amplitude and time delay are shown in Fig. 9.8 and Fig. 9.9 respectively. The amplitude response of the TECH case is intense near the lance and in the inner flame region. At the flame tip the amplitude varies strongly and is non-uniform with higher values on the inner side and lower at the outer flame. The FULL case shows less intense amplitude near the lance than the TECH case but behaves similarly in the inner flame region where a shear layer separates the flows of the axial and diagonal swirlers. Close to the flame tip and in the outer flame region, the amplitude is almost uniformly distributed but at slightly lower values than the TECH case. Although the global amplitude of both cases is similar, the local FTF fields reveal significant differences. The mixture fluctuations in the TECH case are phased with the velocity perturbations and propagate along the flame front affecting the local amplitude of the flame to higher and lower values whereas the FULL case shows a more uniformly distributed amplitude along the flame. The phase (Fig. 9.9) is in the FULL case similar to TECH in the vicinity of the lance. Differences are found at the flame tip underlying the importance of the flame tip reaction on the global time delay. In TECH, the reaction of the flame tip is predominantly determined by its phase to the mixture fraction fluctuation close to it (section 8.4).

Concluding remarks

LES reveals that both cases, the fully premixed (FULL) and the technically premixed (TECH), exhibit similar mean pulsated and non-pulsated flame shapes but PDFs show slight differences for the equivalence ratio distribution participating in heat release production. Mixture perturbations have an important effect on the global FTFs: the FTF delay for the TECH case is 1.5 times larger than for the FULL case and the interactive index slightly lower. Local FTF fields show that mixture heterogeneities propagating in the diagonal swirler lead to locally different responses over the flame region, whereas the FULL flame shows similar values of amplitude and time delay over the whole flame. The following section gives a deeper investigation on the effect of mixture heterogeneities while only forcing the fuel in the diagonal swirler and hence excluding the effect of air mass flow rate perturbations. 

Effects of mixture fluctuation

To isolate the effects of mixture fluctuations on the flame response, another LES (called TECH-F, table 9.3) is performed where forcing is introduced only at the diagonal fuel inlet in order to exclude the effects of fluctuating air velocity perturbation (Fig. The FTF in a system with fluctuating mixture fraction can be captured by an- 

F (ω) = q/q Ẑ/ Z . (9.1)
The fuel pulsation amplitude in TECH-F is 10% of the fuel injection velocity and has been chosen to reach the same global mixture fraction oscillation at the diagonal inlet as in TECH. Note that even if Z levels are the same, they are obtained in very different ways. In TECH, Z fluctuates because the air flow rate varies. In TECH-F, Z fluctuates because the fuel flow rate varies (the air flow rate is constant). The forcing frequency is f 4 . In a first step, the mechanisms leading to mixture fraction fluctuations are studied in section 9.2.1 and the FTF response is analyzed in section 9.2.2.

Dynamic flame response

The heat release rate response of the flame to the mixture fraction perturbation at the reference plane A (Fig. 8.18) are given in Fig. 9.11 and Fig. 9.12 for TECH and TECH-F respectively. In both cases, the heat release fluctuates with 10% of its mean value. However the FTF amplitude is almost double for TECH (table 9.4). The FTF phase for TECH (3.93) is significantly shorter than in TECH-F (4.46) and the amplitude in TECH-F is almost doubled (based on the mixture fraction fluctuation). Although in section 8.4 a relation between the phase of the flame and the mixture fraction fluctuation was demonstrated, this is not the only mechanism determining the FTF delay. Furthermore, although the same mixture fraction oscillation was imposed through the boundary condition, a different amplitude occurs at reference plane A for Z /Z. It is therefore interesting to investigate how mixing heterogeneities are transported between the vanes of the swirler and the chamber. Note that two mechanisms control mixing in such a regime: (1) the fuel jets created at the vanes must mix with the air of the diagonal passage and (2) the flow rate of the fuel jet is oscillating leading to an unsteady mixing problem.

Propagation of mixing heterogeneities

.13 shows that the global instantaneous inlet mixture fraction of the diagonal passage (defined as the ratio of the fuel flow rate to the total flow rate) oscillates at the forcing frequency between 0.025 and 0.035 which is about 10% of the mean value for both cases. At the inlet of the chamber (reference plane A) in Fig. 9.14, after convection and mixing through the diagonal swirler, the mixture fraction fluctuations have been damped. The TECH case shows fluctuations between 0.029 and 0.032 and TECH-F between 0.027 and 0.032. The spatially averaged fluctuations are more damped, when the air and fuel are oscillating at the same time (TECH).

Nevertheless, looking at the local mixture fraction at reference point A (Fig. 9.15) shows that locally, even higher fluctuations can occur in TECH than in TECH-F. With the mixture fraction fluctuating between 0.01 and 0.045 (TECH) and 0.02 and 0.045 (TECH-F), pockets of leaner and richer mixture reach the flame. The local mixture fraction shows larger fluctuations than the global mixture fraction, demonstrating that the heterogeneities created at the chamber inlet are not only due to flow rate fluctuations but also to unsteady mixing in the swirler. This point is analyzed next.

Forcing the diagonal air inlet (TECH) causes not only an acoustic perturbation normal to the flame but also pressure fluctuations at the fuel injection holes. This results in two effects: 1) the injected fuel flow rate pulsates and 2) the trajectory of the fuel jet fluctuates. Figure 9.17 and Fig. 9.18 show the fuel and air flow rate perturbation at the reference point B (Fig. 9.16) for TECH and TECH-F respectively. The air flow rate perturbation at this point is 12% of the mean axial component and the fuel flow rate fluctuation 5% in the TECH case whereas for TECH-F 7% of air and 10% of fuel flow rate perturbation are present. Compared to TECH the fuel flow rate perturbation is higher and the air perturbation is less pronounced. Note that the small fuel injection holes are fed by a plenum (Fig. 9.16) where the most important pressure drop occurs through the holes. This means that even when a non-reflecting boundary condition is imposed at the plenum, the impedance and therefore the fluctuations of fuel flow rate are captured realistically in TECH by the LES set-up used here. The fuel velocity perturbation causes a variation of the fuel jet trajectory as well as a perturbation in mixture illustrated by two snapshots from LES in Fig. 9. [START_REF] Candel | Flame interactions as a source of noise and combustion instabilities[END_REF] showing an iso-surface of methane mass fraction, the normalized equivalence ratio field and a temperature iso-surface (T /T mean = 1.3) for TECH. The oscillations of v Air [-] v Fuel [-] the fuel jet observed in the LES can be confirmed by literature data on jet in cross flows. Since fuel and air jets oscillate with different phases at the injection point, the resulting velocity ratio, which determines the trajectory of the jet and therefore the mixing, oscillates with another phase. The corresponding momentum flux ratio J [START_REF] Williams | Aerodynamic interference effects with jet lift schemes on vstol aircraft at forward speeds[END_REF] is shown in Fig. 9.20 as a function of time and is defined as follows:

J = ρ Jet U 2 Jet ρ ∞ U 2 ∞ (9.2)
To describe the jet trajectory several analytical models can be found in the literature.

Following Priere [START_REF] Prière | Simulation aux grandes échelles : application au jet transverse[END_REF] the empirical relation given by Ivanov [START_REF] Ivanov | Shape of the centerline of an axisymmetric fan type jet in a cross flow[END_REF] reads: tions in TECH (Fig. 9.21) and less in TECH-F (Fig. 9.22), as observed in the LES. Twenty diameters downstream of the vanes, Eq. 9.3 shows that in both cases the variations in J lead to lateral displacements of the jet of the order of ten diameters and obviously to fluctuations of local mixing. Both effects, the pulsating injected fuel flow rate and the fluctuating trajectory of the fuel jet have an impact on mixing close to the injection (Fig. 9.19). Generally, the diagonal swirler is designed to provide good mixing and to damp those effects. Nevertheless, Fig. 9.15 shows that pockets of leaner and richer mixture reach the flame (here at point A of Fig. 8.18). The local mixture fraction shows larger fluctuations than the global mixture fraction, demonstrating that the heterogeneities created at the chamber inlet are not only due to flow rate fluctuations but also to unsteady mixing in the swirler induced by the unsteady movements of the methane jets. 

x d = U ∞ U Jet 2.6 y d 3 + y d cot(δ) (9.

Swirl number perturbation

Since velocity perturbations are not introduced in TECH-F, the azimuthal velocity component does not fluctuate as shown in Fig. 9.23. It is known that swirl number fluctuations can also have an impact not only on the FTF gain but also on the FTF delay [START_REF] Komarek | Impact of swirl fluctuations on the flame response of a perfectly premixed swirl burner[END_REF]. Here this effect is totally avoided so that the flame response is due only to fluctuation of mixture fraction. 

Concluding remarks

Two mechanisms are responsible for the perturbation of mixture during forced operation of the chamber: 1) the pulsating injected fuel flow rate and 2) the fluctuating trajectory of the fuel jets. Even though mixing takes place in the diagonal swirler, mixture fluctuations are not damped at the combustion chamber inlet. They are phased with velocity (and hence with swirl) fluctuations and combine with them to lead to different FTF results. The global FTF delay for the TECH case is smaller than for TECH-F and the interactive index is almost doubled. Note that the FTF links mixture fraction fluctuation to heat release response. This shows that although fuel injection in this turbine was designed to produce good mixing, this is true only for steady flames. As soon as the flames are pulsated, LES reveals that the fuel injection system produces a response which is not the same as a fully premixed system. stead of the SISO (Single-Input-Single-Output) element (which was used until now) can be expressed as:

Q Q = n u u ū e -iωτu + n Z Z Z e -iωτ Z (9.4)
This model takes into account the fluctuations of axial velocity perturbation and mixture fraction in terms of two amplitude response indices n u and n Z and two delay response τ u and τ Z . The analyses performed in section 9.1 and 9.2 can theoretically be combined since the response is in the linear regime. Table 9.5 gives the results and shows that with both SISO (TECH) and MISO (FULL+TECH-F) approach, similar values for n and τ can be found. In the previous chapter, a possible extension of usual SISO (Single Input Single Output) models to MISO (Multiple Input Single Output) approaches have been discussed. Another limitation of usual models is the existence of nonlinearities. This issue is investigated here for the gas turbine chamber.

For acoustically compact flames the linear analysis of combustion instabilities is generally performed with the Flame Transfer Function (FTF) introduced by Crocco [START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part i[END_REF][START_REF] Crocco | Aspects of combustion instability in liquid propellant rocket motors. part ii[END_REF] presented in the previous chapters. In this approach the FTF is defined as the relative heat release fluctuation (q/q) to the relative inlet velocity perturbation (û/ū) issued by the acoustic field and writes F (ω) = (q/q)/(û/ū). Nevertheless it is well known that in real gas turbine engines limit cycle oscillations can occur where non-linear effects play a dominant role. Figure 10.1 shows energy gain and losses as a function of the perturbation in terms of the square of the acoustic velocity: the energy gain of the flame is linear for low perturbation amplitudes (region I) and saturates for larger perturbation levels (region II). The acoustic losses, e.g. due to turbulence and the boundaries, are assumed to be linearly increasing with the perturbation level [START_REF] Dowling | Nonlinear self-exited oscillations of a ducted flame[END_REF]. A limit cycle is reached when the losses and gain balance. This limit cycle is controlled by non-linear effects due to heat release [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF]. The flame is observed to saturate in the presence of high perturbation amplitudes when the acoustic velocity reaches a magnitude of the order of the mean flow velocity [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF]. Since the flame response is not only a function of the frequency any more but also of the perturbation amplitude, the classical FTF approach is not able to describe the flame behaviour correctly. Therefore an extended version of the linear FTF approach is introduced [START_REF] Dowling | Nonlinear self-exited oscillations of a ducted flame[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF]: The so-called Flame Describing Function (FDF) is defined as F (ω, û) = q/q û/ū (10.1) and accounts for the perturbation amplitude dependence û.

The saturation mechanism has been investigated by several reviewers. Studies on V-flames and swirling flames [3,[START_REF] Durox | Experimental analysis of flame transfer functions nonlinearities[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF] showed that the flame sheet and the vortices shed from the injector interact non-linearly and that the flame surface area evolves non-linearly with increasing excitation amplitude. Durox et al. [START_REF] Durox | Experimental analysis of flame transfer functions nonlinearities[END_REF] found experimentally that the response is dependent on the amplitude. Lieuwen et al. [START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF] state from investigations on a swirled flame that vortex roll-up and unsteady flame lift-off decrease the flame surface area and lead therefore to saturation at higher amplitudes. Thumuluru et al. [START_REF] Thumuluru | Measurements of the flame response to harmonic excitation in a swirl combustor[END_REF] showed that the flame shape is strongly influenced by the excitation level as well as the position and strength of the vortex breakdown region. Schimek et al. [START_REF] Schimek | Design of a combustion test rig with high amplitude forcing capabilities for nonlinear flame transfer function measurements[END_REF][START_REF] Schimek | An experimental investigation of the nonlinear response of an atmospheric swirl-stabilized premixed flame[END_REF] found that the flame saturation mechanisms were flame quenching due to local extinction and re-ignition. Kim et al. [START_REF] Kim | Experimental investigation of the nonlinear response of swirl stabilized flames to equivalence ratio oscillations[END_REF] investigated the effects of equivalence ratio fluctuations in a swirled flame and showed that the response of the flame depends on the phase difference between velocity and equivalence ratio fluctuations and can be either linear or non-linear.

Recent publications often deal with the experimental determination of the Flame Describing Functions and the analysis of mechanisms at play in the saturation mechanisms. Nevertheless, only a few publications deal with the numerical investigation of non-linear effects. Armitage et al. [2] investigated in a 2D-URANS approach the FDF for a bluff body flame and Krediet el al. [START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF] detemined the FDF of the FVV case (chapter 4). An analysis of non-linear effects in real gas turbine engines has not been performed so far. The goal of this chapter is investigate this topic for an industrial configuration. The aim is not to determine the FDF over the whole frequency range for computational cost reasons, but to analyze one frequency in detail. Therefore the +15CBO case is chosen and the ingoing acoustic wave is pulsated sinusoidally at a frequency f 4 with an amplitude reaching 45% of the mean section compares the simulations TECH and TECH-NL in terms of mean pulsated flow fields and flow field dynamics.

Mean pulsated flow fields

For low pulsation amplitudes, Section 8.3.1 showed that averaged fields were not significantly affected by forcing. Here, the situation is different: averaged pulsated temperature fields are compared in Fig. 10.2. The TECH-NL mean fields are affected by the strong forcing. The flame arrives at the diagonal swirler outlet and the hot temperature region of the pilot flame penetrates more into the combustion chamber. This shows that high pulsation amplitudes change the mean pulsated flow fields compared to non-pulsated ones and the assumption used to linearize equations [START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF] is not valid any more. These observations agree with Thumuluru et al. [START_REF] Thumuluru | Measurements of the flame response to harmonic excitation in a swirl combustor[END_REF] stating that the flame shape is strongly influenced by the excitation level. shows the probability density functions (PDF) for the TECH and the TECH-NL flame in comparison to the unforced flame. Forcing has a strong influence on the equivalence ratio at which combustion takes place. For strong forcing (TECH-NL), the PDF of heat release versus equivalence ratio is flatter, indicating that more flamelets are formed at equivalence ratios which differ from the mean value in the diagonal swirler. This shows that mixing is less efficient in the diagonal swirler for TECH-NL: strong forcing leads to less efficient mixing.

Phase averaging the PDF during the heat release oscillation cycle shows that significant fluctuations of equivalence ratio occur (Fig. 10.5) for high forcing amplitudes which are much less in the linear case. The phase averaged heat release rate shows that the TECH-NL flame shape undergoes strong oscillation during the oscillation cycle, whereas the TECH flame shape is only slightly changing (Fig. 10.6 to 10.9 for 2T to 3T /2). In TECH-NL at 2T , the flame rolls up at the lance and a "ball-like" structure with strong heat release rate appears along the inner flame. This structure grows within the oscillation cycle and decreases from T on. The maximum of heat release along the inner flame is at T /2. At time T , the flame rolls-up at the tip and forms a characteristic "mushroom" shape. In TECH, the flame close to the pilot injection is also characterized by a strong heat release but opens and closes only slightly during T . A slightly higher heat release is also present along the inner flame front at T /2 which is due to a richer mixture entering this region. The flame tip does not change significantly. 

Effect of pulsation amplitude on FDF

The dynamic flame response is shown in Fig. 10.10 for the TECH and the TECH-NL case and the values of the FTF/FDF are given in Table 10.2. Both flames react similarly in terms of gain: the TECH case shows an amplitude of 0.63 and 0.75 for the TECH-NL case. All signals in TECH are harmonic, whereas TECH-NL exhibit clear nonlinearities. At this pulsation frequency a saturation (which would lead to a decrease of n) does not appear: the gain for TECH-NL is 0.75 while it is 0.63 for TECH. A larger difference is found for the phase: TECH-NL has (with a phase of 3.78) a longer time delay than TECH (2.96). 

Local Flame Transfer Function

Since the global response is strongly affected by mixing inhomogeneities it useful to look at the local response of the flame. The local amplitudes and time delays are given in Fig. 10.11 and Fig. 10.11 respectively on longitudinal cuts and show very large differences. The local amplitude is in the TECH-NL case significantly higher along the inner flame region but slightly different at the flame tip. The phase is in the inner flame region higher in TECH than in TECH-NL. TECH-NL shows low time delays close to the lance which are increasing constantly to the flame tip where the maximum value occurs. The phase at the flame tip is lower in TECH compared to TECH-NL. These results also confirm that the flame is not compact: Fig. 10.11 shows much larger values of the local interaction n for TECH-NL than for TECH. These high values do not lead to a much larger value of the global amplitude response given in Table 10.2 because the time delay is not homogeneous (the flame is not compact).

The link between the global amplitude n and the local field n l ( x) is:

ne -iωτ = V n l ( x)e -iωτ l ( x) (10.2)
This relation is satisfied and it explains why n is not very different for TECH-NL compared to TECH: local values of n l are larger for TECH-NL but since the flame is not compact, these large n l values have opposite effects in regions where τ l changes rapidly. In other words, at high pulsation amplitudes, the flame reacts locally more strongly but this does not mean that the global amplification increases. The absence of saturation observed at high amplitudes of the flame is only true for the global FTF. Locally, the gain increases with increasing velocity perturbation.

Mixture perturbation

The perturbation of mixture results from the fluctuating inlet air mass flow rate (Fig. 

Conclusion

The pulsation with high excitation level created for the TECH-NL run causes a non-linear response of the flame. The averaged flame shape changes significantly compared to the linear behaviour. During the oscillation cycle the flame undergoes strong variations in shape, with a typical roll-up in mushroom shape [START_REF] Poinsot | Analyse des instabilités de combustion de foyers turbulents prémélangés[END_REF]. The global FTF shows that the forcing amplitude does not only lead to a saturation of the flame [2,3,[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF][START_REF] Palies | Nonlinear combustion instability analysis based on the flame describing function applied to turbulent premixed swirling flames[END_REF] but also changes the delay response. The heat release oscillation shows sharp peaks at its maximum which could be related to the mixture fraction fluctuation. Strong fluctuations of equivalence ratio during the oscillation cycle are shown by PDFs. Local FTF fields reveal that the local interaction index increases significantly with increasing forcing amplitude. Nevertheless the global gain remains similar between the linear and non-linear case since the flame is not compact. This means that high local gain values have opposite effects in regions where the local time delay changes rapidly. To conclude, forcing amplitudes do have an influence on the FTF when they reach large values. Whether this point must be included now in the analysis of instabilities in this gas turbine is an open question: the forcing amplitude used in TECH-NL was very large and should not be reached in the real engine. Moreover, ensuring linear stability (for which linear FTFs are sufficient) is a priority for engineering purposes. However, moving from FTF to FDF formulation is clearly an interesting path which will be investigated in the future.

Conclusion and perspectives

"The machine does not isolate man from the great problems of nature but plunges him more deeply into them." Antoine de Saint-Exupery .

Modern pollutant regulations have led to lean (technically) premixed combustion systems which are prone to thermo-acoustic instabilities. In this work, compressible reactive Large Eddy Simulation (LES) has been applied to an academic single burner and a heavy-duty industrial gas turbine combustion chamber. The coupling between acoustic and combustion has been modeled with the Flame Transfer Function approach. The LES of the academic burner has been successfully validated against measurements and against OpenFoam LES simulations. The large-scale industrial gas turbine has been analyzed for two different burner geometries and operating conditions. The assumption used to linearize equations is valid in the linear regime as mean flow fields with forcing remained similar to the unforced mean fields which is not valid for high pulsation amplitudes in the nonlinear regime. The FTF was only slightly influenced for the two operating points considered here. Burner outlets did modify the characteristics of the FTF with the Cylindrical Burner Outlet (CBO) cases having a slightly shorter time lag than the cases without elongated burner outlet (NBO) whereas the CBO flames were slightly longer. This means that a simple model taking only into account the flight time from the reference point to the flame is not appropriate and additional mechanisms are at play. Results showed that pulsating air or fuel flow rates trigger fluctuations of the inlet velocity, swirl and the inlet mixture fraction whereas the latter is caused by two mechanisms: 1) the pulsating injected fuel flow rate and 2) the fluctuating trajectory of the fuel jets. The diagonal swirler, although designed to provide good mixing, did not damp those effects at the combustion chamber inlet. Mixing inhomogeneities showed to partially control the FTF delay which gets shorter in their absence when a fully premixed flow passes the diagonal swirler instead. Mixture perturbations are phased with velocity (and hence with swirl) fluctuations and combine with them to lead to different FTF results. Another possibility to clarify modeling of FTFs is linking heat release to inlet velocity and mixture fraction fluctuation (MISO model) which showed to be a promising solution. The nonlinear analysis showed that the forcing amplitude not only leads to a saturation of the flame but also to changes of the delay response. All flames studied here were not compact: flame regions located right next to each other exhibited significant differences in delay meaning that at the same instant certain parts of the flame damp the excitation while others feed it.

The ability of LES to handle complex unsteady phenomena in gas turbines has been evidenced during this thesis work. LES has shown its ability to give important insight in the mechanisms dominating the dynamic flame behaviour. Embedding LES solvers at an early design stage is recommended to help understanding and changing flame dynamics in order to finally construct stable combustors.

Thermo-acoustic instabilities are mainly controlled by the complex interaction between acoustics and combustion. Future work includes further evaluating the effects of combustion modeling and chemical kinetics on the dynamic flame behaviour. Also the influence of a more detailed chemical reaction scheme should be evaluated in order to predict pollutant emissions. Furthermore, the influence of cooling of the chamber walls has not been investigated in this work and should be considered for the future. Including further details in the LES is a logical step since computational power is increasing continuously. 9.1 Schematic description of the pulsation mechanisms in the gas turbine.
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  flame speed S L S L ∝ D • A (3.28) on the reaction rate pre-exponential constant A and the diffusion coefficient D. This model is developed in order to resolve the flame front smaller than the mesh size by multiplying it with a thickening factor F while preserving the flame speed S L . The constant A is therefore divided and D multiplied by F. The thickening reduces the ability of the vortices to wrinkle the flame front. This results in a reduced reaction rate since the flame surface is decreased which is shown in Fig. 3.2. The efficiency (a) Non-thickened flame (b) Thickened flame
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 5 Figure 5.14 and Figure 5.15 show the relative axial (u ax /ū ax ) and transverse velocity (v θ /v θ ) components at the reference plane (Fig. 5.5) over the normalized time for two cycles of axial velocity fluctuation for the two distinct frequencies 53 Hz and 115 Hz. Axial and transverse velocities are almost in phase at 53 Hz and in quadrature at 115 Hz. Here, in phase variations of u ax and u θ lead to smaller swirl variations and reduced flame angle fluctuations. At 53 Hz, this leads to a small value of the gain n (Fig. 5.[START_REF] Bloxsidge | Active control of reheat buzz[END_REF]. Inversely, at 115 Hz, the swirl variations will be larger, leading to larger values of n. This result does not support Palies model, suggesting that more complex phenomena (in addition to u ax and u θ ) determine the
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Finding a proper

  chemical scheme for these flames is difficult because two flame zones are expected: (1) stoichiometric diffusion flames in front of the lance and (2) lean premixed flames for the mixture provided by the diagonal swirler (Fig.6.2). For the latter flames, combustion of mixtures around φ = 0.4 to 0.6 and T = 700 K are expected. For such flames, large uncertainties exist both in experimental and kinetics data.
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 6 7 shows recent results for the laminar flame speed of CH 4 /air flames at T = 300 K and 1 bar[START_REF] Bosschaart | The laminar burning velocity of flames propagating in mixtures of hydrocarbons and air measured with the heat flux method[END_REF][START_REF] Coppens | Effects of hydrogen enrichment on adiabatic burning velocity and no formation in methane + air flames[END_REF][START_REF] Frenklach | Gri-mech: an optimized detailed chemical reaction mechanism for methane combustion[END_REF][START_REF] Gu | Laminar burning velocity and markstein lengths of methane-air mixtures[END_REF][START_REF] Rozenchan | Outward propagation, burning velocities, and chemical effects of methane flames up to 60 atm[END_REF][START_REF] Selle | Experimental and numerical study of the accuracy of flame-speed measurements for methane/air combustion in a slot burner[END_REF][START_REF] Vagelopoulos | Direct experimental determination of laminar flame speeds[END_REF][START_REF] Van Maaren | Measurement of Flame Temperature and Adiabatic Burning Velocity of Methane/Air Mixtures[END_REF]. Most data converge to similar values for stoichiometric flames, but larger discrepancies occur for leaner mixtures. This means that even under atmospheric conditions uncertainties for chemical schemes exist. These uncertainties increase with pressure.
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 67 Figure 6.7: Laminar flame speed s 0 L vs. equivalence ratio φ at 300 K and 1 bar [155].

Figure 6 . 8 :

 68 Figure 6.8: Comparison between GRI-meach and BFER scheme for (a) different pressures p = 1, 3, 10atm at T = 300K and (b)different temperatures T = 300, 500, 700K at p = 1atm [45].
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 69 Figure 6.9: Temperature over equivalence ratio for GRI-Mech and BFER for CH 4 /air flames at T = 700 K and p = 17 bar.
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 610 Figure 6.10: Laminar flame speed over equivalence ratio for GRI-Mech and BFER for CH 4 /air flames at T = 700 K and p = 17 bar.
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 71 Figure 7.1: Precessing vortex core (PVC) in cold flow LES.

Figure 7 . 2 :

 72 Figure 7.2: Mean axial velocity field on middle cut plane. The white line corresponds to zero axial velocity.
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 73 Figure 7.3: Reference plane location.
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 74 Figure 7.4: Axial-velocity: comparison PIV and LES.
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 75 Figure 7.5: y-velocity: comparison PIV and LES.
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 76 Figure 7.6: z-velocity: comparison PIV and LES.
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 77 Figure 7.7: Tangential velocity: comparison PIV and LES.
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 78 Figure 7.8: Total pressure field on middle cut plane.

  2): with or without CBO (change of geometry), for inlet temperatures of -15 • C and 15 • C (change of operating condition).
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 79 Figure 7.9: Instantaneous iso-surface of Q-criterion (Q = 3.4 • 10 8 ) in the chamber. Case +15CBO and +15NBO.
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 710 Figure 7.10: Normalized axial velocity field on middle cut plane and iso-line of zero axial velocity (solid black line).
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 711712 Figure 7.11: Planes for profile extraction
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 713714715 Figure 7.13: Radial velocity profiles for +15CBO, +15NBO, -15CBO, -15NBO
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 716717718 Figure 7.16: Normalized temperature field on middle cut plane.
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 719 Figure 7.19: Normalized RMS pressure field on middle cut plane obtained from LES data.
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 720 Figure 7.20: FFT of chamber pressure signal and heat release rate obtained from LES data.

Figure 7 . 21 :

 721 Figure 7.21: Mode shape obtained with the Helmholtz 3D solver AVSP.
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 a722 Figure 7.22: Instantaneous temperature field close to the lance.
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 41014 Bi-stable behaviour of the reacting flow Bi-stable behaviour of the reacting flowDuring the initialisation of the operating condition at an ambient temperature of -15 • C, LES revealed that when the transition between the two states (15 • C to -15 • C) is applied harshly, the flame detaches from the lance and a PVC develops, preventing the flame to move back to its normal stabilization point. Figure. 7.23(a) and Fig. 7.23(b) use a low pressure iso-surface to represent the PVC and a temperature iso-line of T /T mean = 1.3 to track the flame surface in 2D for the attached and detached flame respectively.
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 723 Figure 7.23: Temperature iso-line (T /T mean = 1.3) and pressure iso-surface (visualizing the PVC structure) for the -15CBO case: attached (a) and detached (b) flame. The PVC disappears totally for the attached flame.
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 724 Figure 7.24: Temperature iso-surface (T /T mean = 1.3) coloured by normalized axial velocity for the -15CBO case: attached (a) and detached (b) flame.

  (a) Axial velocity field and zero axial velocity iso-lines on the middle cut plane (b) Heat release field on the middle cut plane
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 725 Figure 7.25: Detached flame (-15CBO-D).
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 7726727741057287291067730 Figure 7.26: Axial velocity profiles for the attached (-15CBO) and detached (-15CBO-D) flame.
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 731 Figure 7.31: Thickening factor on the middle cut plane (+15CBO).
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 732 Figure 7.32: Turbulent viscosity ratio on the middle cut plane (+15CBO).
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 733 Figure 7.33: PDF of thickening factor (+15CBO).
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 181 Figure 8.1: Reference point location for FTF measurement and pulsation procedure.
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 82 Figure 8.2: Typical time evolution of heat release rate and velocity fluctuation at the reference point A (Fig. 8.1).
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 83 Figure 8.3: Flame Transfer Function for +15CBO.
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 84 Figure 8.4: Flame Transfer Function for +15NBO.
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 85 Figure 8.5: Flame Transfer Function for -15CBO.

Figure 8 . 6 :

 86 Figure 8.6: Flame Transfer Function for -15NBO.
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 878889810811 Figure 8.7: +15CBO: Temperature profiles for the averaged pulsated and non-pulsated flame at f 4 .
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 812 Figure 8.12: Flame response and velocity signal for +15CBO, +15NBO, -15CBO and -15NBO at f 4 .
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 813 Figure 8.13: Local amplitude response for the cases +15CBO, +15NBO, -15CBO and -15NBO at frequency f 4 .
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 814 Figure 8.14: Local phase response for the cases +15CBO, +15NBO, -15CBO and -15NBO at frequency f 4 .

Figure 8 . 15 :

 815 Figure 8.15: Normalized equivalence ratio field and iso-line of heat release rate on the middle cut plane for +15CBO and +15NBO at T/2 and 3T/2 phase averaged over the heat release oscillation cycle.
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 1308 Acoustically perturbed flame(a) f1 (b) f2 (c) f3 (d) f4
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 816 Figure 8.16: Local amplitude response for +15CBO at frequencies f 1 , f 2 , f 3 and f 4 .
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 818 Figure 8.18: Location of reference point A, plane A and reference point C.
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 8198208214822 Figure 8.19: Relative variations of the air mass flow rate at diagonal inlet at frequencies f 1 , f 2 , f 3 and f 4 .
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 823 Figure 8.23: Normalized equivalence ratio field and iso-line of heat release rate on the middle cut plane for +15CBO phase averaged at the maximum of the heat release oscillation cycle for frequencies f 1 , f 2 , f 3 and f 4 .
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 824 Figure 8.24: Normalized equivalence ratio field and iso-line of heat release rate on the middle cut plane for +15CBO phase averaged at the minimum of the heat release oscillation cycle for frequencies f 1 , f 2 , f 3 and f 4 .
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 825826 Figure 8.25: Relative axial velocity, mixture fraction and heat release fluctuation at reference point C for frequency f 1 .
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 827828 Figure 8.27: Relative axial velocity, mixture fraction and heat release fluctuation at reference point C for frequency f 3 .
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 829 Figure 8.29: Illustration of the propagation of swirl number and mixture perturbations.
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 8830831 Figure 8.30 to 8.33 show the relative axial (u ax / ū ax ), the azimuthal velocity (u θ / ūθ ) components and the relative mixture fraction fluctuation Z / Z at the reference plane A as a function of normalized time for the frequencies f 1 to f 4 . Mixture fraction and azimuthal velocity are fluctuating nearly out of phase for all frequencies.The phase angle between u θ and Z is constant over the geometry (in the cold gases) since both are propagating at the same convective velocity so that u θ and Z are both acting on the flame with opposite effects on the amplitude response. Here, the flame is long and anchored at two different positions (lance and CBO) so that it is
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 832833 Figure 8.32: Relative fluctuation of axial velocity u ax / ū ax , azimuthal velocity u θ / ūθ and mixture fraction Z / Z at reference plane A for frequency f 3 .
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 91 Figure 9.1: Schematic description of the pulsation mechanisms in the gas turbine. In previous chapters, ṁAir and ṁF uel were both pulsated. Here, only one will be pulsated for each case.
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 92 Figure 9.2: Schematic description of the pulsation mechanisms in the gas turbine with a fully premixed diagonal swirler. Only the inlet velocity u changes.
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 93 Figure 9.3: Normalized averaged equivalence ratio field and temperature iso-line for the TECH (left) and the FULL (right) case.
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 94 Figure 9.4: Profiles of temperature for the pulsated mean technically (TECH) and fully premixed flame (FULL).
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 95 Figure 9.5: Profiles of RMS temperature for the pulsated mean technically (TECH) and fully premixed flame (FULL).
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 96 Figure 9.6: PDF of the TECH and the FULL case for the averaged and the pulsated averaged flame (the equivalence ratio is normalized by its value in the diagonal passage).
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 97 Figure 9.7: Relative velocity perturbation at the reference point A and relative heat release fluctuation for the TECH and the FULL cases (frequency f 4 ).
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 98 Figure 9.8: Amplitude of the local FTF for the TECH (left) and the FULL case (right).
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 99 Figure 9.9: Time delay of the local FTF for the TECH (left) and the FULL case (right).

  9.10). It is compared to the "original" case +15CBO (called TECH). Although the fuel flow rate fluctuates, its effects on the global mass flow rate and thus the velocity fluctuation are negligible because the total fuel flow rate represents only 2 to 3 % of the total flow rate in the engine. Note that the absence of axial velocity fluctuation also excludes the fluctuation of azimuthal velocity and thus of swirl number.

Figure 9 . 10 :

 910 Figure 9.10: Schematic description of the pulsation mechanisms in the gas turbine with only fuel fluctuation. Only the inlet mixture fraction changes (TECH-F).
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 911 Figure 9.11: Normalized mixture fraction at the reference plane A (Fig. 8.18) and heat release rate for TECH.

Figure 9 . 12 :

 912 Figure 9.12: Normalized mixture fraction at the reference plane A (Fig.8.18) and heat release rate for TECH-F.
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 94 Global FTF: amplitude n and phase θ for TECH and TECH-F based on reference plane A (Fig.8.18) and mixture fraction fluctuation (Eq. 9.1).
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 913914915 Figure 9.13: Global mixture fraction at diagonal swirler inlet for TECH, TECH-F and mean diagonal mixture fraction.
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 916 Figure 9.16: Relative fuel and air velocity at reference point B.
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 917 Figure 9.17: TECH: Relative fuel and air velocity perturbation at reference point B (Fig. 9.16).
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 918 Figure 9.18: TECH-F: Relative fuel and air velocity perturbation at reference point B (Fig. 9.16).
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 919 Figure 9.19: Jet trajectory visualized as Y CH4 iso-surface and normalized equivalence ratio field for two distinct snapshots (TECH case).

Figure 9 . 20 :

 920 Figure 9.20: TECH: Momentum flux ratio at reference point B (Fig. 9.16).
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 921922 Figure 9.21: TECH: Jet trajectory envelope.

Figure 9 . 23 :

 923 Figure 9.23: TECH-F: Axial, azimuthal velocity and mixture fraction fluctuation at reference plane A.
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 31613924 Figure 9.24: Schematic description of the pulsation mechanisms in the gas turbine.
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 101 Figure 10.1: Interaction between between energy losses and gain with unsteady heat addition[START_REF] Lieuwen | Nonlinear flame transfer function characteristics in a swirl stabilized combustor[END_REF].

  RMS temperature fluctuations are almost doubled at the near-lance profiles (Cut 1 to 4) in Fig. 10.3 and the location of the extrema change significantly. At the flame tip from cut 6 on, both cases behave similarly in terms of mean values.
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 102 Figure 10.2: Averaged pulsated temperature field on middle cut plane for TECH and TECH-NL at frequency f 4 .
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 103 Figure 10.3: Averaged RMS temperature profiles for the non-pulsated flame, TECH and TECH-NL.
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 104 Figure 10.4: PDF of the unforced, TECH and TECH-NL cases (the equivalence ratio is normalized by its value in the diagonal passage).
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 105 Figure 10.5: Phase averaged PDF for TECH and TECH-NL at frequency f 4 (the equivalence ratio is normalized by its value in the diagonal passage).
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 106 Figure 10.6: Phase averaged pulsated heat release field on middle cut plane for TECH and TECH-NL at frequency f 4 for 2T .
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 107 Figure 10.7: Phase averaged pulsated heat release field on middle cut plane for TECH and TECH-NL at frequency f 4 for T /2.
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 108 Figure 10.8: Phase averaged pulsated heat release field on middle cut plane for TECH and TECH-NL at frequency f 4 for T .

Figure 10 . 9 :

 109 Figure 10.9: Phase averaged pulsated heat release field on middle cut plane for TECH and TECH-NL at frequency f 4 for 3T /2.
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 1010 Figure 10.10: Relative velocity and heat release fluctuations at reference point A for TECH and TECH-NL.
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 1011 Figure 10.11: Local Flame Transfer Function amplitude for TECH and TECH-NL at frequency f 4 .

Figure 10 . 12 :

 1012 Figure 10.12: Local Flame Transfer Function phase for TECH and TECH-NL at frequency f 4 .

  10.13) which causes the fuel flow rate to oscillate (20%) in TECH-NL. The global mixture fraction fluctuation is much larger for TECH-NL (Z / Z between -0.4 and 3.8) compared to TECH (Z / Z = ±0.1) as shown by Fig.10.14 which also shows nonlinear variations of Z for TECH-NL. Further downstream at the reference plane A (Fig.10.15), the fluctuations in TECH-NL are damped to about 10% (between -0.33 and 0.4), whereas TECH fluctuates with 50% of the inlet fluctuations (Z / Z = ±0.05). Higher mixture fraction fluctuation are also stronger damped in the swirler. The nonlinear oscillation in TECH-NL explains also the nonlinear heat release fluctuation. At strong forcing levels the fluctuations of equivalence ratio at the chamber inlet are very strong: it is likely for example that when Z / Z reaches -0.3, the mixture gets out of flammability limits and must mix downstream of the chamber inlet before burning.
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 1013 Figure 10.13: Air and fuel mass flow rate fluctuation at the diagonal swirler inlet for TECH-NL.
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 4 

	Upstream duct	Length	2.0 to 2.7 m
		Diameter	0.1484 m
	Annular duct	Length	0.171 m
		Diameter interior	0.0275 m
		Diameter exterior	0.055 m
	Combustion chamber	Length	1.5 m
		Diameter	0.2 m

1. The upstream duct is variable in length in order to generate resonance in
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1: Main parameters of the FVV configuration.

Table 4 .

 4 

	Operating mode	Pre-premixed
	Swirl number	1.2
	Air mass flow rate	150 kg/hr
	Air preheat temperature	493 K
	Equivalence ratio	0.65

2: Operating point Number of cells 7.716.647 Number of nodes 1.400.323 Smallest cell volume 4.699 • 10 -13 m 3 Time step (CFL=0.7) 8.742 • 10 -8 s
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3: Parameters describing the mesh for the FVV burner.
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 44 Numerical parameters used for the FVV simulation.

	5)

Table 4 . 5 :

 45 Coefficients used in the reduced chemical scheme for CH 4 /air flames.
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The goal of this part was to validate the modeling for a lean premixed swirled burner against experiments and against OpenFoam LES simulations

[START_REF] Krediet | Identification of the flame describing function of a premixed swirl flame from les[END_REF]

. The LES code AVBP presented in chapter 3 captures the phenomena appearing during thermoacoustic instabilities. The next part is dedicated to the simulation of the thermoacoustic behaviour of a complex real gas turbine application.
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	.1 summarizes its main

Table 6 . 1 :

 61 Parameters describing the mesh for the real gas turbine.

6.2.1.2 Experimental test rig of Genoa

LES were performed on a three-dimensional fully unstructured mesh composed of 895.196 nodes and 4.655.880 tetrahedral elements. The time step is approx. 1.2 • 10 -7

Table 6

 6 .2 summarizes its main parameters.

	Parameter	CBO case
	Number of cells	4.655.880
	Number of nodes	895.196
	Smallest cell volume	4.918 • 10 -13 m 3
	Time step (CFL=0.7)	1.18 • 10 -7 s

Table 6 . 2 :

 62 Parameters describing the grid for the experimental test rig.

  6.2.2 Boundary conditions6.2.2.1 Real gas turbineIn addition to the investigation of the CBOs influence on flame dynamics and stabilisation, two different operating points (corresponding to two different powers) are analyzed as well. The first case corresponds to an ambient temperature of +15 o C, whereas the second case (-15 o C) is at ambient conditions of -15 o C. The four investigated cases and the abbreviations used in the following are listed in Table6.4. Note that for confidentiality reasons, no further detail of the operating points is given. Inlet and outlet boundary conditions are imposed through the non-reflecting Navier-

		Operating mode	Geometry
	+15CBO Ambient temperature: +15 o C Cylindrical Burner Outlet (CBO)
	+15NBO Ambient temperature: +15 o C	Normal Burner Outlet (NBO)
	-15CBO	Ambient temperature: -15 o C Cylindrical Burner Outlet (CBO)
	-15NBO	Ambient temperature: -15 o C	Normal Burner Outlet (NBO)
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 6 

3: Investigated cases

Table 6 . 4 :

 64 .4). Numerical parameters used for the real gas turbine simulation.

	Numerical scheme	Lax-Wendroff
	Sub-grid scale model	Smagorinsky model
	Artificial viscosity model	Colin Sensor (ε 2 = 0.2; ε 4 = 0.01)
	Chemistry	Two-step BFER
	Flame/turbulence interaction	Thickened flame model
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 65 Numerical parameters used for the experimental non reacting test rig simulation of Genoa. Non-reacting flow fields . . . . . . . . . . . . . . . . . . . . . . 79

	Chapter 7

7.1.1 Instantaneous flow characteristics . . . . . . . . . . . . . . . . 79 7.1.2 Mean flow fields . . . . . . . . . . . . . . . . . . . . . . . . . 80 7.1.3 Pressure drop . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 7.1.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . 85 7.2 Reacting flow fields . . . . . . . . . . . . . . . . . . . . . . . . 87 7.2.1 Instantaneous flow characteristics . . . . . . . . . . . . . . . . 87 7.2.2 Mean flow field . . . . . . . . . . . . . . . . . . . . . . . . . . 87 7.2.3 Acoustic characteristics of the chamber . . . . . . . . . . . . 96 7.2.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . 96 7.3 Flame stabilization . . . . . . . . . . . . . . . . . . . . . . . . 99 7.3.1 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . 100 7.4 Bi-stable behaviour of the reacting flow . . . . . . . . . . . . 101 7.4.1 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . 106 7.5 Quality of the LES . . . . . . . . . . . . . . . . . . . . . . . . . 107

Table 7 .

 7 1. The static pressure in the chamber does not change much so that all points give similar results: the equivalent section of the diagonal swirler agrees well with the experiments and only slightly over predicts the experimental results (2.1% to 3.2%). Differences occur in the axial swirler where the LES under predicts S e by 13% in all points. Note that S e is not the true geometrical minimum surface in each passage S

		Point 1	Point 2	Point 3
	Diagonal swirler	102.6%	102.1%	103.2%
	Axial swirler	87.0%	87.0%	87.0%

g . They differ through a discharge coefficient C d given by C d = S e /S g . The pressure drop is predominantly caused by the loss of dynamic pressure due to the flow expansion at the burner exit and the friction in the boundary layer. The LES is performed using a logarithmic wall-law model for computational cost reasons and the agreement with experiments is reasonable. The experience of Cerfacs for smaller swirlers is that pressure losses are usually over predicted by 30 to 50 %, showing that the present geometry is somewhat easier than the aero engine swirlers used by Snecma or Turbomeca.
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	1: Ratio S LES e	/S Exp e	of the computed equivalent section to the experimental
	value.		
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2: Denomination of investigated cases.
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3: Flame stabilization: Wall treatment at the lance
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4: Nomenclature for attached and detached flame.
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1: FTF determination: amplitude n and phase θ.

Table 8 . 2 :

 82 Global FTF: amplitude n and phase θ for +15CBO, +15NBO, -15CBO and -15NBO at f 4 .

		.63	0.67	0.49	0.74
	Phase [-]	2.96	3.37	3.34	3.58
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 8 

		.11	0.78	0.47	0.63
	Phase [-]	0.89	1.89	2.70	2.96

4: Global FTF: amplitude n and phase θ for +15CBO at f 1 , f 2 , f 3 and f 4 .
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 85 Phase angle (radian) of mixture fraction and axial velocity to the heat release rate oscillation at reference point C for f 1 , f 2 , f 3 and f 4 .
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 92 Global FTF: amplitude n and phase θ for TECH and FULL.

		n [-]	θ [-]
	TECH	0.63	2.98
	FULL	0.74	2.05
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 93 Description of investigated cases: TECH and TECH-F other transfer function, which describes the impact of mixture fraction variation Z to heat release rate fluctuations:
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	Case	Pulsation amplitude
	TECH	6 %
	TECH-NL	45 %
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 102 Global FTF/FDF: amplitude and phase response for the TECH and TECH-NL case.
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(a) Averaged solution (b) Instantaneous solution

There are many examples where the ISAAC assumption is not valid: e.g. rocket engines are known to be dominated by flame/flame interactions[START_REF] Candel | Flame interactions as a source of noise and combustion instabilities[END_REF][START_REF] Culick | Combustion instabilities in liquid-fueled propulsion systems-an overview[END_REF][START_REF] Mery | Injection coupling with high amplitude transverse modes: experimentation and simulation[END_REF][START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] 

(a) f1 (b) f2 (c) f3 (d) f4Figure 8.17: Local phase response for +15CBO at frequencies f 1 , f 2 , f 3 and f 4 .
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Chapter 9. Identification of mechanisms controlling FTFs

Effects of velocity Effects of mixture

Global effects regimes (-15 • C or 15 • C) and frequencies to compare the results of the MISO model to the direct measurements performed with the SISO approach. This will be the topic of future work at Cerfacs.