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Résumé

L'augmentation du trafic aérien à proximité des zones à forte densité démographique impose aux constructeurs aéronautiques de développer des appareils de plus en plus silencieux. Les systèmes propulsifs figurent parmi les principaux contributeurs du rayonnement acoustique des aéronefs. Plus particulièrement, il est admis que la chambre de combustion est responsable d'une génération acoustique large-bande et basse fréquence. Deux principaux mécanismes générateurs de bruit ont été identifié dans les moteurs d'avions dans les années 70. Le premier correspond à l'émission d'ondes acoustiques par le dégagement de chaleur instationnaire induit par la combustion turbulente au sein de la chambre, bruit qualifié de direct. Le second mécanisme est la génération acoustique dans les étages de turbine par l'accélération des fluctuations de températures et de vorticité crées par la flamme et l'écoulement turbulent dans la chambre, bruit qualifié d'indirect. Ces deux mécanismes ont été largement mis en évidence au travers de travaux académiques analytiques, expérimentaux et numériques. Par contre, l'importance du bruit de combustion sur des moteurs réels a été peu étudiée. Dans ce travail, une méthodologie de calcul basée sur des simulations aux grandes échelles de chambres de combustion couplées à une méthode analytique pour calculer le bruit de combustion dans une configuration réelle est évaluée. Cette chaîne de calcul nommée CONOCHAIN est comparée aux résultats expérimentaux analysés dans cette thèse et issus du projet TEENI (projet européen FP7) où un moteur complet TURBOMECA a été instrumenté pour identifier les sources de bruits large-bandes. Dans un premier temps, un secteur de la chambre TEENI est calculée pour deux points de fonctionnements expérimentaux. Ensuite, la chambre annulaire complète est simulée au point de fonctionnement maximal pour évaluer l'apport du champ aérodynamique complet sur la prédiction du bruit. Enfin, les niveaux de bruits direct et indirect sont calculés, à partir des fluctuations extraites des précédentes simulations en sortie de brûleur, dans les étages de turbines et comparés aux données expérimentales.

ii The growth of air traffic at the vicinity of areas at high population density imposes to make quieter aircrafts on aeronautical manufacturers. The engine noise is one of the major contributors to the overall sound levels. Furthermore, the combustion is known to be responsible for a broadband noise generation at lowfrequency. The combustion noise can be put into two main mechanisms. The first one is the emission of sound pulses by the unsteady heat release of the combustion process and is called the direct combustion noise. The second one is the generation of acoustic waves within the turbine stages by the acceleration of the temperature inhomogeneities and vorticity waves induced by the combustion and the turbulent flow within the combustor. This noise is the indirect combustion noise. These mechanisms were fully investigated in academic cases using experimental, analytical and numerical approaches contrary to the combustion noise within real engines. In this work, a hybrid approach called CONOCHAIN and based on LES of combustion chamber and an analytical disk theory to compute the combustion noise in a real turboshaft engine is evaluated. The predicted noise levels are compared with the experimental results obtained from a TURBOMECA engine in the framework of TEENI project (European project FP7) and analysed in this work where a turboshaft engine was instrumented to locate and identify the broadband noise sources. Two LES of a single sector of the TEENI combustion chamber representative of two experimental operating points are performed as well as a LES of the full-scale combustor at high power. The unsteady fields provided by the LES are used to compute direct and indirect combustion noise within the turbine stages in both cases and compared with the experimental results.
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Introduction

In 2050, the world population should reach 9.5 billions followed by an increasing energy demand. The world power consumption would be multiplied by 3 to exceed 50 MW [UE, 2006] (equal to 40 000 millions tonnes of oil equivalent) where fossil energies count for 70% of the primary energies total as shown in Fig. 1. There are several reasons for this situation: the new oil discoveries (shale gas reserves, oil sands, available artic oil reserves), low-cost of petroleum products and 1 their ease-of-use to generate mechanical or electrical power. Consequently, fossil fuels will play a major role in long-timer global economic development especially in case of developing and newly industrialized countries (Brazil, China, India, Russia, ...).

Four CO2 emissions will double by 2050 [START_REF] Epa | climate action report -fifth national communication of the united states of america[END_REF]: climate scientists predict that if carbon dioxyde levels continue to increase, the planet will become warmer to reach 4 o C global average temperature growth per century. Projected temperature increases will most likely result in a variety of impacts. In coastal areas, sea-level rises due to the warming of the oceans and the melting of glaciers may lead to the inundation of wetlands, river deltas, and even populated areas. Altered weather patterns may result in more extreme weather events. In addition to CO2 emissions, combustion process releases nitrogen and sulfur oxides which are important constituents of acid rain. As the acids accumulate, lakes and rivers become too acidic for plant and animal life. Combustion products are responsible for air pollution which can cause headaches, additional stress and heart diseases.

Transportation sector is more dependent on the fossil fuels than others because cluttering and weight are known to be key constraints in design process of engines. Combustion-driven engines have these advantages because of the easy conversion of fossil energy into mechanical power, the high energy density and the ease of fuel storage of petroleum products.

Furthermore, in order to satisfy the growth of global transport demand and deal with climate changes, transport industry is facing unprecedented challenges :

• Reduction of fuel consumption

• Increase in engine thermo-mechanical efficiency

• Reduction of pollutant emissions : greenhouse gases, nitrogen oxides and noise.

Even if hybrid and full-electrical engines are used on ground vehicles thanks to advanced technologies in electricity storage, the majority of vehicles especially in air transport will be fitted with combustion-driven engines. In particular, air traffic will be multiplied by four in 2050 [UE, 2013] and aero-engine manufacturers are anticipating these challenges under international regulations [ICA, ACA]. Significant efforts are directed to develop new technologies in terms of composite materials, engine fuel efficiency and pollutant emissions (combustion products and noise).

Noise and aircraft

Noise regulations

The International Civil Aviation Organization's (ICAO) role is to lead the development of commonly-agreed solutions to limit aircraft emissions. Particularly, ICAO, through the Committee on Aviation Environmental Protection (CAEP), is setting the standards for noise [ICAO, 2006] noise regulations are summarized in the chapter 8 of the Annex 16 where specifications about the take-off, overflight and approach reference noise measurements are specified, as well as the noise level limits for these three reference points depending on the helicopter take-off mass.

Health impact of noise pollution

Noise reduction is not only a comfort issue for aircraft passengers but also a health problem [enHealth Council, 2004] associated to a long list of symptoms related to noise exposure. The most known effect is sound annoyance for airport neighbourhood population. Hearing loss and sleep disturbance can happen above 45 dB noise level. Furthermore, noise levels above 70 dB can induce cardiovascular effects, hypertension and myocardial infarction. These effects are related to stress generated by noise which rises blood pressure and leads to vasoconstriction. Finally, U. S. Environmental Protection Agency found that noise pollution can affect child physical development.

Sources of aircraft noise

Sound radiated from an aircraft is the result of many individual and separate noise sources. Contribution of these sources in the overall radiated sound pressure depends on the flight phases. Indeed, different engine elements are involved in noise generation like engines, airframe or landing gears. As shown in Fig. 3, many aircraft components are responsible for noise emissions and the relative share of each contribution differs significantly from take-off to approach.

Noise of a helicopter engine

Description of a turboshaft engine

A turboshaft engine is divided into two main parts : a gas generator and a power section [START_REF] Rolls-Royce | The jet engine[END_REF]. A gas generator is composed of three distinct components :

• Compressors

• Combustion chamber

• High-pressure turbine.

Compressors raise the pressure of the working fluid passing through it and are driven by the high-pressure turbine as seen in Fig. 4. Combustion takes place in the annular combustor where liquid fuel is injected through circumferentially injectors and burns with the pressurized air coming from the compressors stages in a primary zone as shown in Fig. 5. This technology is called Rich burn, quick mix, lean burn (RQL) concepts to reduce pollutant emissions. Flame stabilization is ensured in the swirling flow generated by the injector. Dilution holes and multiperforated plates are distributed along the flame tube to mix fresh air and burnt gases reducing mean temperature at the outlet of the combustor. Turbines stages produce rotational power along a shaft to drive compressor stages. On the other hand, the power section converts kinetic energy of the hot gases to propulsive work. For turboshaft engines, several turbine stages are located downstream of the gas generator to extract energy from the hot flow and connected to a central shaft providing mechanical work to the main gear box of the helicopter.

Compressor inlet

Combustor outlet 

Injector and swirler

Noise sources within a turboshaft engine

In a turboshaft engine, there are many acoustic sources over a wide frequency range. Several classification criteria can be used like the location of acoustic sources, the frequency band or the main directivity angles as shown in Fig. 6. A major noise source is induced by the rotating devices within the engine like power shafts or blade rows. It is possible to characterize the sound pressure frequencies with the Blade Passing Frequency (BPF) which corresponds to the revolution rate per second multiplied by the number of compressor or turbine blades. This tonal noise is mainly present at high frequency and radiates through the air intake in case of compressors and through the exhaust in case of turbine stages [START_REF] Tyler | Axial flow compressor noise studies[END_REF]Sofrin, 1962, Griffiths, 1964]. Moreover, an other narrowband noise results from the blade-to-blade interactions: wakes induced by turbulent flows around each blade are convected across the blade-to-blade spacing and impact the next blade rows generating acoustic waves [START_REF] Posson | On a uniformly valid analytical rectilinear cascade response function[END_REF][START_REF] Wang | Gust acoustic response of a swept rectilinear cascade using the space-time ce/se method[END_REF][START_REF] Verdon | Linearized unsteady aerodynamic analysis of the acoustic response to wake/blade-row interaction[END_REF][START_REF] Kazin | Turbine noise generation, reduction and prediction[END_REF][START_REF] Krejsa | Interim prediction method for turbine noise[END_REF], Hanson, 2001a,b, Envia, 1998[START_REF] Atassi | Scattering of incident disturbances by an annular cascade in a swirling flow[END_REF]. For turboshaft engines, turbulence generated

Direct combustion noise

Indirect combustion noise

High pressure turbine induced noise SPL (dB)

Power turbine induced noise
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Figure 6: Ideal sound pressure level spectrum in the far-field of a turboshaft engine with broadband and tonal components.

noise within the low-Mach number jet is not significant. The last contributor of the engine-radiated noise is the combustion chamber. Even if it is commonly admitted as a low-frequency and broadband noise, the importance of combustion noise in the overall radiated noise of a turboshaft engine is not well-known. Engine manufacturers are not able to discriminate combustion noise from exhaust noise and it is often called "core-noise" but they know that low-Nox emissions engines are noisier than standard designs [START_REF] Gliebe | Aeroacoustic prediction codes[END_REF].

Actually, engine manufacturers estimate sound pressure levels generated by the combustor using scaling laws [START_REF] Harper-Bourne | The noise impact of low nox combustor technology and presiction of combustion noise[END_REF] based on previous engines after removing all the identified acoustic components out of the engine sound pressure spectra where the jet noise is often the most contributor. So, combustion noise is often modelled with a broadband component from 100 Hz to 1200 Hz where two main mechanisms can be distinguished :

• Direct combustion noise : the turbulent combustion process in the combustor generates acoustic waves propagated through the turbines [START_REF] Thomas | Flame noise: sound emmission from spark-ignited bubbles of combustible gas[END_REF][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] Clavin | Turbulent premixed flames and sound generation[END_REF][START_REF] Bailly | Modelling of sound generation by turbulent reacting flows[END_REF].

• Indirect combustion noise : it consists of acoustic waves induced by the convection of combustion-generated heterogeneities like temperature fluctuations or turbulence through mean velocity gradients through the blade rows [START_REF] Candel | Acoustic transmission and reflection by a shear discontinuity separating hot and cold regions[END_REF][START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF][START_REF] Marble | The coherent flame model for turbulent chemical reactions[END_REF][START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF][START_REF] Pickett | Core engine noise due to temperature fluctuations convecting through turbine blade rows[END_REF].

Especially for helicopter engines, combustion noise is suspected to be a major contributor in the overall radiated core-noise. Contrary to tonal noise, installation of passive devices to reduce low-frequency core-noise is impossible because of their impact on the helicopter engine weight.

Direct combustion noise

Because of the inherent unsteadiness within a free flame, direct combustion noise was the first investigated over the last century. Phenomenological rules were established by [START_REF] Bragg | Combustion noise[END_REF] to evaluate the acoustic power generated by a spherical premixed flame: the sound pressure levels produced by the combustion were related to the volume expansion linking the acoustic mass flux of a monopolar acoustic source with the mass flow rate fluctuation of fresh gases. These conclusions were confirmed experimentally by [START_REF] Thomas | Flame noise: sound emmission from spark-ignited bubbles of combustible gas[END_REF] where the experimental temporal variation of free radical combustion products were correlated with the acoustic pressure signals. However, a dependence was found between the fuel type and the sound pressure levels. For turbulent flames, [START_REF] Bragg | Combustion noise[END_REF] considered the combustion zone as a collection of acoustic monopolar sources to build scaling laws. Turbulent flames were also addressed by [START_REF] Strahle | On combustion generated noise[END_REF][START_REF] Strahle | Some results in combustion generated noise[END_REF] where the same monopolar behaviour of the acoustic sources generated by combustion were considered. However, Strahle estimated the sound pressure level of turbulent flames based on an adapted Lighthill's analogy. Using Doak's analogy, [START_REF] Hassan | Scaling of combustion generated noise[END_REF] found a similar result for turbulent premixed flames at low-Mach number.

The Lighthill's analogy

To deal with noise emission by a isothermal turbulent jet in a free space, [START_REF] Lighthill | On sound generated aerodynamically. i. general theory[END_REF] proposed an exact formulation of the Navier-Stokes equations to build a wave equation and operate the different source terms. This formulation divides the domain into two main zones : a source zone (the jet flow) and the quiescent space containing the listener.

∂ 2 ρ ∂t 2 -c 2 0 ∂ 2 ρ ∂x 2 i = ∂ 2 T ij ∂x i ∂x j (1)
where

T ij is ρv i v j -τ ij + (p -c 2 0 ρ )δ ij , ( 2 
)
and ρ is the density, p the pressure, v i a velocity component, δ ij the Kronecker factor, t the time, c the sound velocity and the subscripts and 0 denote the fluctuating variable and the reference state respectively. The right-hand-side of the equation 1 is detailed in 2 where three main aero-acoustic processes are involved in noise generation :

• ρv i v j are the non-linear convective forces described by the Reynold stress tensor

• τ ij are the viscous forces

• (p -c 2 0 ρ )δ ij
is the deviation from an isentropic behaviour [START_REF] Rienstra | An Introduction to Acoustics[END_REF].

Eq. 1 is useful to compute the acoustic field of a turbulent jet and shows that the turbulent noise source is of quadripolar type.

For combustion noise, Dowling re-writes the multi-species Navier-stokes equations [START_REF] Crighton | Modern methods in analytical acoustics[END_REF] similarly to the Lighthill's analogy to deal with the thermo-acoustic source terms :

1 c 2 0 ∂ 2 p ∂t 2 -∇ 2 p = ∂ 2 ∂x i ∂x j (ρu i u j -τ ij ) + ∂ ∂t ρ ∞ ρ (γ -1) c 2 ωT + k h k ∂J k ∂x k - ∂q i ∂x i + τ ij ∂u i ∂x j + Q + ρ ∞ D Dt (lnr) + 1 c ∞ ∂ ∂t 1 - ρ ∞ c 2 ∞ ρc 2 Dp Dt - p -p ∞ ρ Dρ Dt + ∂ 2 ∂x j ∂t (ρ e u j ) ( 3 
)
where γ is the ratio of specific heats, ωT the heat release, h k the specific enthalpy for species k, J k the diffusive molecular flux for species k, q i the j-th component of the diffusive heat flux and ρ e is the excess density and corresponds to the difference between the overall mass density fluctuation and the one generated by the isentropic transformation such as an acoustic wave [START_REF] Morfey | Amplification of aerodynamic noise by convected flow inhomogeneities[END_REF]. Eq. 3 displays the effect of all the thermoacoustic sources and it is more general than the Lighthill's analogy. Consequently, the first term of the right-hand side of Eq. 3 corresponds to the quadripolar source of Eq. 1. The second term is responsible for the direct combustion noise: it is of monopole nature and is related to the sound generated by irreversible flow process especially combustion and heat release. The third term contributes in case of unsteady flow with different mean density and sound speed form the ambient fluid. Finally, the last term can correspond to the indirect combustion noise where density inhomogeneities are accelerated and it is of dipole type. [START_REF] Bailly | Modelling of sound generation by turbulent reacting flows[END_REF] simplified the Eq. 3 using classical assumptions of turbulent combustion such as a constant molecular weight of the mixture, negligible diffusion flux terms, a quasi-isobaric flow at low Mach number and a heat ratio which is independent of temperature. The main acoustic source term is related to the unsteady heat release and the far-field acoustic pressure is equal to

p(x, t) ∼ = (γ -1) 4πc 2 ∞ x ∂ ∂t V ωT y, t - ||x -y c ∞ dy. ( 4 
)
which is the expression found by [START_REF] Strahle | On combustion generated noise[END_REF][START_REF] Strahle | Some results in combustion generated noise[END_REF]. Analytical works used the Philip's analogy [START_REF] Phillips | On the generation of sound by supersonic turbulent shear layers[END_REF] extended to the reacting zones to compute the direct combustion noise [START_REF] Chiu | Theory of combustion noise[END_REF][START_REF] Kotake | On combustion noise related to chemical reactions[END_REF][START_REF] Bailly | Modelling of sound generation by turbulent reacting flows[END_REF] which provides a better identification of combustion noise source terms. Interactions between turbulence and flame in the scope of noise generation was also addressed by [START_REF] Clavin | Turbulent premixed flames and sound generation[END_REF], [START_REF] Lieuwen | Acoustic radiation from weakly wrinkled premixed flames[END_REF], [START_REF] Rajaram | Acoustic radiation from turbulent premixed flames[END_REF] showing that sound intensity is scaled with the volume of flame brush and proportional to the fourth power of the Mach number and the flame dilatation. Furthermore, scaling laws were proposed to take into account turbulent velocity fluctuations which exhibits frequency-dependence relation between sound generation and turbulence. Using numerical approaches, several studies investigated the direct combustion noise to assess these results. Sound pressure generated by a laminar premixed flame was computed by [START_REF] Talei | Sound generation by laminar premixed flame annihilation[END_REF] using Direct Numerical Simulations (DNS) where two mechanisms were identified in direct combustion noise generation. It was found that the wrinkling and surface variation of the flame are responsible for the direct combustion noise as well as flame pitch-off when the flame is acoustically excited. For turbulent cases, Large-Eddy Simulations (LES) coupled with Computational AeroAcoustics (CAA) methods are used to capture the interactions between turbulence and combustion on the one hand and acoustic sources generation and propagation in the free space on the other hand. Good agreements were found between these simulations and the experiments [START_REF] Flemming | Investigation of combustion noise using a les/caa hybrid approach[END_REF], Ihme et al., 2009a] in terms of sound pressure levels and directivity patterns.

Indirect combustion noise

The acoustic analogies presented in the last paragraph highlight the mechanism responsible for indirect combustion noise generated by the convection of inhomogeneities through accelerating flows. Acoustic generation through accelerating flows was first investigated in the scope of combustion instabilities in rocket engines where hot spots were convected by the main flow through the exit nozzle which generated a reflected acoustic waves and strong pressure fluctuations within the engine [START_REF] Tsien | The transfer functions of rocket nozzles[END_REF]. Acoustic behavior of one-dimensional nozzles was firstly addressed by [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF]. In this work, an one-dimensional isentropic mean flow was considered through subsonic or supersonic nozzles. Linearisation of quasi one-dimensional linearised Euler equations highlighted acoustic generation induced by a mean velocity gradient.

D Dt p γp + u ∂ ∂x u u = 0, D Dt u u + c 2 u ∂ ∂x p γp = s c p -2 u u + (γ -1) p γp du dx , D Dt s c p = 0 ( 5 
)
where u is the axial velocity, c p the specific heat at constant pressure, s the entropy and the entropy fluctuation s cp was equal to

s c p = p γp - ρ ρ . ( 6 
)
The left-hand side of the momentum equation in the system 5 shows that an accelerating entropy disturbance is an acoustic source. Then, Marble and Candel computed entropy-to-acoustic transfer functions of subsonic and supersonic nozzles. Considering that combustion noise was very low-frequency, the characteristic axial length of the nozzle was smaller than entropy or acoustic wavelengths. Consequently, the nozzle could be consider as "compact" and was similar to an interface where jump relations could be applied between upstream and downstream zones. Linearisation of mass, total temperature and entropy conservation across the nozzle provided these jump relations between fluctuating and mean variables of the flow. However, these transfer functions were only valid at low-frequency. In order to extend this theory at low-frequency, Marble and Candel considered a linear velocity profile in the nozzle which allowed computing frequency dependent transfer functions but was not representative of a realistic mean flow. [START_REF] Bloy | The pressure waves produced by the convection of temperature disturbances in high subsonic nozzle flows[END_REF] used a characteristic method to solve acoustic generation induced by the temperature disturbance convection through subsonic nozzles Different approaches for dealing with non-compact effects were used. At lowfrequency, [START_REF] Stow | Reflection of circumferential modes in a choked nozzle[END_REF] proposed an asymptotic analysis to compute the first-order correction of acoustic-entropy transfer functions for choked nozzles.

To remove this frequency limit, several authors divided an arbitrary nozzle into several segments for which the mean velocity was linearly distributed along the nozzle axis [Giauque et al., 2012a,b, Moase et al., 2007]. Thus, reflection and transmission coefficients of each segment were computed using the hypergeometric solution proposed by [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF]. Acoustic behaviour of the complete nozzle was computed by combining the analytical coefficients. More recently, Duran and Moreau [2013] solved analytically the quasi one-dimensional Euler equations using a Magnus expansion. This powerful method provides reflection and transmission coefficients for any nozzle geometry and any mean flow.

Indirect noise has been thoroughly studied by DLR in an experiment called Entropy Wave Generator [START_REF] Bake | Experimental investigation of the entropy noise mechanism in aero-engines[END_REF][START_REF] Bake | The entropy wave generator (EWG): a reference case on entropy noise[END_REF]. This experiment was a single nozzle where entropy waves were generated by an electrical device at the upstream of the nozzle and different flow regimes were tested. Consequently, this work was the aim of numerous analytical and numerical studies [START_REF] Muhlbauer | Numerical investigation of the fundamental mechanism for entropy noise generation in aero-engines[END_REF], Giauque et al., 2012b[START_REF] Leyko | Numerical and analytical investigation of the indirect noise in a nozzle[END_REF]. [START_REF] Howe | Indirect combustion noise[END_REF] suggested that a significant part of generated acoustic waves in the EWG experiment could be induced by vorticity generation in the divergent part of the nozzle at high-Mach number. Particularly, the compact theory of [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF] was validated with Euler simulations and analytical works [START_REF] Leyko | Numerical and analytical investigation of the indirect noise in a nozzle[END_REF]. [START_REF] Leyko | Massively parallel les of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF] proposed an evaluation of the ratio between direct and indirect combustion noise according to the nozzle exit Mach number. Fig. 7 shows the importance of indirect combustion noise for supersonic nozzles compared to the direct noise. In modern aero-engines, the first turbine stage at the combustion chamber exit is often choked. Consequently, indirect combustion is expected to be dominant compared with direct combustion noise.

The acoustic behaviour of turbines was investigated for several decades. As turbine blades are the place of complex physics, noise mechanisms are numerous and are characterized by their frequency range. Consequently, numerous analytical works deal with the acoustic generation and are dedicated to one kind of noise mechanism. Combustion noise mechanisms within turbine blades are quite similar to the nozzle case even if the mean flow structure is more complex because of deviation induced by the turbine blades and the rotating devices. Particu-Figure 7: Ratio η between indirect and direct combustion noise calculated by the compact theory. M 1 is the combustion chamber Mach number at the nozzle inlet and M 2 us the Mach number at the nozzle exit [START_REF] Leyko | Massively parallel les of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF].

larly, the compact assumption used in nozzle cases can also be applied in turbine stages. Indeed, the axial blade chord is smaller than characteristic wavelengths of combustion noise. Different studies proposed a compact approach to deal with turbine stages in the scope of low-frequency noise. Kaji and Okazaki [1970a] proposed a two-dimensional semi-actuator disk theory able to take into account acoustic resonances within the blade rows with a finite axial chord but infinitesimal blade spacing for isentropic flows. Jump relations were written at the leading and trailing edges. As this approach was two-dimensional, only azimuthal modes were considered. Mach number, flow deviation and blade loading effects were investigated in terms of acoustic transmission and reflection coefficients in case of non-reflecting boundary conditions at the turbine exit. To remove the infinitesimal blade spacing assumptions, Kaji and Okazaki [1970b] wrote a second analytical method based on the acceleration potential method. Muir [1977a,b] extended this method to deal with three-dimensional acoustic waves where radial components of the acoustic modes were taken into account. [START_REF] Matta | Theory of low frequency noise transmission through turbines[END_REF] proposed a two-dimensional approach where a finite-length of blade rows was taken into account. Each blade spacing was modeled by a wave guide similar to a "linear" nozzle defined by [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF] in the one-dimensional case. Consequently, this model was able to capture acoustic resonances within the blade rows. However, it was found that an actuator disk theory was sufficient to mimic the acoustic behaviour of turbine stages at low-frequency. The actuator disk theory was used by [START_REF] Pickett | Core engine noise due to temperature fluctuations convecting through turbine blade rows[END_REF] dealing with temperature disturbances convected through turbine stages. Linearised Euler equations were written in blade vanes. Then, jump relations across blade rows were determined by computing the limit of these equations when the axial chord length tended to zero. [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] developed a similar two-dimensional approach based on the actuator disk theory where linearised conservation laws across blade rows provided the jump relations. Leyko used this theory [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] coupled with LES of a turbulent reactive flow in an aero-engine to compute core-noise induced by a combustion chamber. Using also numerical simulations of a two-dimensional turbine stage, Leyko proved the ability of this analytical method to predict indirect combustion noise generated by entropy fluctuations, the direct combustion noise generated through a stator [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF], Duran et al., 2011] or a rotor [START_REF] Duran | Study of the attenuation of waves propagating through fixed and rotating turbine blades[END_REF] and through a complete turbine stage [Duran andMoreau, 2013, Duran et al., 2013]. Entropy wave scattering induced by the turbine stages was also addressed. In the same way, this actuator disk theory is investigated by comparing two-dimensional numerical simulations of a subsonic stator with an injection of entropy spots against analytical predictions [START_REF] Mishra | Evaluation of actuator disk theory for predicting indirect combustion noise[END_REF] showing the validity of this theory for low-frequency cut-on acoustic modes. Few studies deal with combustion noise generation within a real aero-engine because of the lack of experimental measurements especially within the engine. [START_REF] Tam | Indirect Combustion Noise of Auxiliary Power Units[END_REF] investigated combustion noise generation within auxiliary power units but the separation of indirect part from the combustion noise is still a challenge.

The present work used the actuator disk theory proposed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] to compute combustion-generated noise in a real turboshaft engine. This theory will be fully described in the first part of this document.

Motivations and objectives of the thesis

New designs of combustion chamber start emerging with the main objective of reducing NOx emissions and fuel consumption. Unfortunately, these new concepts generate unwanted effects like combustion instabilities or extinction and are sensitive to side effects as broadband noise generation at low-frequency. Consequently, Turbomeca was involved in the European project SILENCE(R) where efficient technologies were developed to reduce significantly broadband noise around 2kHz by 5 dB but low-frequency core-noise was not addressed, nor well-known, in a real engine. To fill this gap, Turbomeca launched the Turboshaft Engine Exhaust Noise Identification (TEENI project) in the seventh European Framework of programme research with European partners. This project focused on several major objectives:

• identification and location of broadband noise sources within a real turboshaft engine,

• development of sensors able to measure unsteadiness of the flow from the combustion chamber to the engine exit despite the harsh conditions,

• building of a database composed of simultaneous internal and external acoustic measurements of stabilized operating points,

• development of broadband noise source breakdown techniques.

In parallel to these experimental investigations, significant efforts were made to provide analytical and numerical tools dedicated to the combustion noise analysis: thanks to the growth of High-Performance Computing resources, computational fluid dynamics are now a powerful tool to design the low-NOx combustors and anticipate the unstable behaviour of combustion process. Particularly, LES is becoming a reliable method to predict turbulent and reactive flows within combustion chambers. Consequently, this method should provide a realistic estimation of noise sources within the combustion chamber. However, in order to deal with indirect combustion noise generated in the turbine stages, [START_REF] Leyko | Mise en oeuvre et analyse de calculs aéroacoustiques de type SGE pour la prévision du bruit de chambres de combustion aéronautiques[END_REF] and [START_REF] Garcia-Rama | Prediction of combustion noise in modern aero engines combining LES simulations and analytical methods[END_REF] applied an actuator disk theory [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] called CHO-RUS on realistic aero-engines coupled with LES. This thesis is the outcome of these previous and fruitful works and aims at the evaluation of a hybrid method called CONOCHAIN combining LES simulations of combustion chamber, combustion noise computation using CHORUS and the far-field propagation with the Helmholtz solver AVSP. Using TEENI's results, validation of this hybrid approach will be made by comparing with experimental results from combustion chamber to the far-field .

First of all, the analysis of the experimental database provided by the TEENI project will be made in the scope of combustion noise. In parallel, LES of a sector of TEENI combustion chamber will be performed for two operating points to capture the unsteadiness of the turbulent reactive flow and the acoustic sources within the combustor. To estimate the loss of information induced by the computation of only one sector of the chamber in the scope of combustion noise, the fullscale combustion chamber will be computed and compared to the single-sector case. Using instantaneous LES fields, acoustic power generated by the combustion process will be computed using CHORUS and compared with internal experimental measurements. Finally, the acoustic footprint of the computed combustion noise sources will be analysed and compared with the experimental far-field database.

This manuscript is organized into three different parts. The first contains the experimental analysis of TEENI's results and the description of CONOCHAIN tool dedicated to combustion noise computation in realistic aero-engines. The second part deals with LES of the TEENI's combustion chamber and the last part consists of the application of the CONOCHAIN method followed by a comparison between experimental and numerical results:

• Part I : This part contains two chapters dealing with the experimental analysis using TEENI's database to investigate the combustion noise in a real engine on the one hand and a numerical approach called CONOCHAIN to compute combustion noise generation within a modern aero-engine on the other hand. The first chapter focuses on the experimental set-up and the dedicated signal processing techniques used to analyse the acoustic role of each engine module from the combustion chamber to exhaust at low-frequency. The description of the numerical hybrid method used in this thesis to compute combustion noise is addressed in the second chapter. The actuator disk theory proposed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] called CHORUS to mimic acoustic behaviour of turbine stages is described followed by the Helmtoz solver AVSP used to propagate the combustion-generated acoustic waves in the far-field.

• Part II : This second part focuses on the Large Eddy simulations of the TEENI combustion chamber performed with AVBP. First simulations are based on a axi-symmetric single sector of the TEENI's annular combustor computed for two experimental operating points. After a description of the LES solver AVBP, the numerical set-up is presented in which simulation parameters are detailed. Mechanisms of combustion-generated noise are identified by analysing single-sector LES representative to two computed operating points (low and high power cases). Finally, the LES of the full annular combustion chamber is performed to estimate the benefits of a complete simulation compared with single-sector LES in terms of mean flow and unsteady features at the exit of the combustor.

• Part III : This last part is dedicated to the computation of combustion noise propagation and generation within the turbine stages of the TEENI engine using LES results and the analytical method CHORUS: the computed acoustic powers at different locations within the turbine are compared with the experimental database. Results show that indirect combustion noise is mainly induced by the first turbine stages and is an important broadband noise source at low-frequency for turboshaft engines. Experimental trends identified in the first part are well-predicted with the hybrid approach. The full-scale simulation provides a better estimation of combustion noise than the single-sector calculations because of a better prediction of spatial unsteadiness description at the exit of the combustion chamber. Finally, the acoustic far-field is also computed using the Helmholtz solver AVSP-f and interesting properties of the experimental acoustic footprint of the engine are well-captured. Abstract This chapter deals with the study of broadband noise generation in a real helicopter engine. A full turboshaft engine is instrumented from the combustion chamber to the exhaust to capture unsteady pressure and temperature fluctuations for several stabilized operating points. In addition to the internal measurements, the acoustic far-field is characterized by a set of microphones placed on a radius of 19.2m from the engine. The noise sources within the engine are identified by applying breakdown techniques between different locations inside and outside the engine. It was found that a narrowband at 200Hz corresponds to the direct combustion noise and a large hump from 200Hz to 1200Hz can be attributed to the indirect combustion noise mainly generated by the high-pressure turbine in the acoustic footprint of the engine. Moreover, the experimental acoustic directivity pattern is qualitatively explained with a simple analytical model involving temperature gradients through the exhaust jet flow in the acoustic rays propagation showing that this pattern is controlled to first order by the temperature field of the hot jet issuing into the atmosphere.

Introduction

In aeronautical engines, the experimental characterisation of the generation of combustion noise remains a challenge because of the harsh conditions imposed by the combustion chamber making the discrimination of direct and indirect combustion noise sources in the radiated core noise difficult. Few attempts have already been made to track combustion noise in real aeroengines. Using a ducted combustor with an exhaust subsonic nozzle where the jet velocity range was 140-200 m/s, internal pressure and temperature fluctuations were analysed to identify direct combustion noise [START_REF] Plett | Combustion contribution to noise in jet engines[END_REF] in the far-field acoustic footprint. It was found that a narrowband component close to 150-200 Hz in far-field acoustic spectra correlated with internal pressure fluctuations. Contrarily, temperature measurements were not sufficient to identify indirect combustion noise component. The overall noise levels were 14 to 20 dB higher than from the same experiment without combustion which showed the importance of combustion noise. To ease our understanding, separation of entropy induced noise from the pure acoustic waves generated by combustion in a real gas turbine combustor was also addressed by Strahle [START_REF] Strahle | Combustion noise[END_REF]. To do so, an aero-engine burner coupled with a subsonic nozzle to induce mean pressure gradient at the outlet of the combustion chamber was used to generate indirect combustion noise. However, the low-Mach number at the outlet of the nozzle was not sufficient to discriminate indirect combustion noise generation. In the absence of turbine stages at the end of the combustion chamber, this experiment did not mimic perfectly the combustion noise generation within an aero-engine. [START_REF] Krejsa | Combustion noise from gas turbine aircraft engines measurement of far-field levels[END_REF] proposed an identification of combustion noise components in the far-field acoustic footprint of a turbojet using a noise breakdown technique between internal pressure signals in the combustion chamber and far-field microphones but high levels of jet noise made combustion noise identification impossible. However, this method will be described and used in this chapter with more success.

In regards to the difficulties encountered in these works, the identification of combustion noise mechanisms in a real engine aircraft requires :

• reduction of the other acoustic sources radiated at low-frequency,

• simultaneous measurements within the engine and in the far-field,

• dedicated noise breakdown techniques.

Jet noise is known to be a major contributor of core-noise at low-frequency in turbojet acoustic footprint. As presented in the introduction , [START_REF] Lighthill | On sound generated aerodynamically. i. general theory[END_REF] proposed a quadrupole source term due to turbulence generated noise. In the case of homentropic flow, acoustic power produced by a turbulent jet followed is proportional to a 8-th power law Mach number. Contrarily, when the lowvelocity jet has a temperature different from the environment which corresponds to a turboshaft engine case, mixing and convective effects are dominant and lead to dipole acoustic source generation [START_REF] Morfey | Amplification of aerodynamic noise by convected flow inhomogeneities[END_REF]. Then, the acoustic power scales at 6-th power law of Mach number. For turboshaft engines, the acoustic power generated by the jet is then negligible because the Mach number never exceeds 0,15. Finally, in the scope of broadband noise at low-frequency, these engines are then good candidates because the absence of jet noise limits core-noise to two major components :

• turbomachinery noise

• combustion noise.
However, turbomachinery tonal noise are known to contribute at higher frequencies.

More recently, to improve our understanding in core-noise generation within turboshaft engines, in the seventh European framework of programme for research, the Turboshaft Engine Exhaust Noise Identification (TEENI) project was dedicated to the location of acoustic sources in a realistic helicopter engine. Internal and external measurements were made to cover the entire downstream section from the combustion chamber to the far-field in real operating conditions. The experimental analysis of combustion noise presented in this chapter is based on the TEENI's database.

Characterisation of core-noise requires broadband noise breakdown techniques. In this work, different signal post-processing methods based on Discrete Fourier Transform [Wirsching et al., 2006, Bendat and[START_REF] Bendat | Random data; analysis and measurement procedures[END_REF]] are used. Particularly, the method used by [START_REF] Krejsa | Combustion noise from gas turbine aircraft engines measurement of far-field levels[END_REF] is used to identify combustion noise from internal and far-field measurements. Then, the experimental set-up of TEENI experiment is presented where a dedicated instrumentation was installed on a real engine to record pressure and temperature fluctuations while preserving probes from burnt products. Next, a discrimination of acoustic sources is made within the engine from the combustion chamber to the exhaust and in the far-field. Finally, the directivity properties of these acoustic sources are investigated.

My contribution to this study was the participation to the tests, the analysis of TEENI data and the development of the processing techniques required to identify noise sources due to combustion.

Signal post-processing techniques

This first part describes signal post-processing techniques used in the experimental analysis of TEENI's database: the extraction of relevant information contained in experimental time series requires adapted signal processing techniques to limit signal-to-noise ratio. Correlations techniques presented in the following section are rely on discrete Fourier transform and are briefly introduced here.

Discrete Fourier Transform

To deal with discrete periodic time signals known at N instants separated by a sample duration T , Discrete Fourier Transform is the equivalent of the continuous Fourier transform [Wirsching et al., 2006, Bendat and[START_REF] Bendat | Random data; analysis and measurement procedures[END_REF]. Let s(t) be the continuous time signal which is the source of the data. The continuous Fourier transform of s is

S(jω) = ∞ -∞ s(t)e -jωt dt (1.1)
where ω is the pulsation. Knowing N samples of s noted s[0], ..., s[N ] (Fig. 1.1), the DFT of s is

S(jω) = N -1 k=0 s[k]e -jωkT .
(1.

2)

The constant sampling step over a time period T gives

T N -1 s(t) s[k] t 0 N Figure 1
.1: Signal sampling representation where the blue colored line is the continuous signal and the red dots are the discrete samples

S(n) = N -1 k=0 s[k]e -jnk 2π N , (1.3)
The finite duration T of the signal s imposes the smallest computed frequency which is equal to 2π/T while the highest computed frequency is imposed by Nyquist-Shannon sampling theorem [START_REF] Shannon | Communication in the presence of noise[END_REF] to describe properly the signal and avoid aliasing. The computational cost of a DFT using the equation (1.3) for a signal containing N samples requires N 2 operations which can be ineffective if N is big. Based on this observation, an algorithm was proposed [START_REF] Cooley | An algorithm for the machine calculation of complex fourier series[END_REF] to reduce the computational cost of a DFT when its sample size N is a power of 2. To fill experimental time series to reach 2 n elements, zero -padding can be used to artificially increase the duration without adding any relevant information. Thus, this transform called Fast Fourier Transform (FFT) requires only N logN operations.

Parseval's theorem

The Fourier transform is unitary which means that the integral of the squared signal is equal to the integral of the square of its Fourier transform. For a continuous infinite signal, this property reads

∞ -∞ s(t)s(t) * dt = ∞ -∞ S(ω)S(ω) * dω (1.4)
and corresponds to the well-known Parseval theorem (where the subscript * denotes the conjugate of a complex number). In other words, this equality can be seen as a power conservation carried by the signal in time and frequency domain. For the DFT, Parseval's theorem becomes :

1 N N -1 n=0 F (n)F (n) * = N -1 k=0 s(k)s(k) * .
(1.5)

F (n)F (n) *
being the power carried by the signal at a given frequency.

Power Spectral Densities and periodograms

To compare several Fast Fourier Transforms of discrete signals with different durations, it makes more sense to use power spectral density (PSD) which is the power divided by the frequency step. For ergodic signals, averaged PSD can be used in order to reduce measurement noise in PSD spectra called periodograms.

As presented in Fig. 1.2, averaged power spectral density is computed using duplicated signals divided into equal segments for which a fast Fourier transform is computed. Note that this method causes the loss of the signal phase angle. To artificially increase the number of segments, splitting can be coupled with an overlap-add method. Welch's method [START_REF] Welch | The use of fast fourier transform for the estimation of power spectra: a method based on time averaging over short, modified periodograms[END_REF] is an averaged PSD computation with an overlap equal to the half of one segment. As a Fourier transform requires periodic signals, imposing periodicity over these segments can be done using scaling periodic functions (summarized in Table 1.1) on each segment. Note that this splitting increases the frequency step because of a shorter signal duration and the number of segment elements has to be equal to a power of 2 as mentioned in section 1.1 to perform a FFT. Averaged PSD of the TEENI's experimental time series will be performed with the Welch's method and a Hann window.

Rectangular 1 Hann 0.5 -0.5cos(2π t T ) Hamming 0.54 -0.46cos(2π t T ) Blackman -Harris 0.42 -0.5cos(2π t T ) + 0.08cos(4π t T ) Table 1.1: Windowing wave-functions over a period T

Signal X Signal X (or Y)

Splitting and multi-windowing of the signals over N segments (eventually with an overlap)

1 st 2 nd 3 rd i th N Loop over N pair of segments i th X-segment i th X-segment (or Y) F F T X F F T X C i XX = F F T X .F F T * X P SD i = P SD i-1 + C i XX P SD = 1 N P SD N Figure 1
.2: Sketch of averaged periodograms computation for a pair of signals X and Y

Correlations and signal breakdown techniques

Frequency analysis using averaged PSD of unsteady fluctuating signals within the engine and in the far-field are not sufficient to locate noise generation within the engine and radiated acoustic components at the outlet. However, using both internal and far-field measurements to track common informations, the identification of broadband noise sources is can be performed by identifying the signature of the internal noise in the far-field data. Indeed, experimental measurements contain acoustic and hydrodynamics components as well as spurious noise. So, reducing the signal-to-noise ratio is then essential in further analysis.

Cross-spectrum

To analyse common components between two signals, a cross-spectrum C is computed and consists of the complex product between their corresponding FFT as defined in the equation 1.9. Similarly to the averaged PSD computation defined in section 1.1, averaged cross-spectrum is calculated with the same procedure shown in Fig. 1.2 using two different FFTs of time signals X and Y .

C XY (f i ) = X(f i )Y (f i ) * . (1.6)
Using averaged cross-spectrum is efficient to remove stochastic informations or spurious noise from signals to highlight only the coherent components as shown in Fig. 1.3. In the scope of TEENI, the whole of noise breakdown techniques uses the averaged cross-spectra especially to remove hydrodynamic components recorded by the pressure probes. The phase-shift difference between two probes is related to the periodic phenomenon eventually recorded by both signals and characterizing the wave propagation velocity. 

Instantaneous cross-spectra

C XY C XY (1) C XY (2) C XY (N ) ĈXY = 1 N N k C XY (k) - → 0 Averaged cross-spectrum ĈXY Coherent component Random component

Coherence

To highlight a correlated frequency between two signals, the coherence spectrum is commonly used. This is the square of a cross-spectrum divided by normalized PSD of both input signals. This coherence follows the expression:

γ 2 XY (f i ) = C 2 XY (f i ) P SD X (f i )P SD Y (f i )
.

(1.7)

The lower bound of this estimator is 0 when there is no common component recorded by both signals whereas an upper bound of 1 indicates fully coherent power spectral densities. In tonal and narrowband analyses, estimators based on two input signals like coherence are effective. Contrarily, for broadband noise, these methods do not yield significant levels, the correlation being lost because of uncorrelated noise.

Three-sensors technique

To enhance the signal-to-noise ratio, a technique based on cross-spectra between three sensors can be applied [START_REF] Chung | Rejection of flow noise using a coherence function method[END_REF][START_REF] Krejsa | Combustion noise from gas turbine aircraft engines measurement of far-field levels[END_REF][START_REF] Shivashankara | Gas turbine core noise source isolation by internal-to-far-field correlations[END_REF]. Thus, in the frequency domain,

Source S H X H Y H Z Noise N X Noise N Y Noise N Z
X = H X .S + N X , Y = H Y .S + N Y , Z = H Z .S + N Z .. (1.8)
The aim of this estimator is the identification of the PSD emitted by the source S without uncorrelated noise contained in one of these signals.

Cross-spectra between the three signals defined in the system (1.8,1.8) give (1.11) where the cross-spectrum between any component and uncorrelated noise N is equal to 0. Note that the PSD of three inputs signals are

C XY = H X .H * Y .S.S * + N X .N * Y , (1.9) C Y Z = H Y .H * Z .S.S * + N Y .N * Z , (1.10) C ZX = H Z .H * X .S.S * + N Z .N * X ,
P SD X = H X .H * X .S.S * + N X .N * X , (1.12) P SD Y = H Y .H * Y .S.S * + N Y .N * Y , (1.13) P SD Z = H Z .H * Z .S.S * + N Z .N * Z , .
(1.14) Thus, PSD emitted by the source S and recorded by any input signal is (1.16)

Gs X = C XY C ZX C Y Z = H X .H * X .S.S * , (1.15) Gs Y = C Y Z C XY C ZX = H Y .H * Y .S.S * ,
Gs Z = C ZX C Y Z C XY = H Z .H * Z .S.S * .
(1.17)

Finally, the PSD of the source S, noted Gs, can be compared with PSD of one of three input signals because

P SD X = Gs X Source S + N X .N * X Noise ,
(1.18)

P SD Y = Gs Y Source S + N Y .N * Y Noise , (1.19) P SD Z = Gs Z Source S + N Z .N * Z Noise , (1.20)
This method provides a better estimation of the contribution of source S in case of broadband acoustic spectra than coherence estimators. For the experimental analysis, having two pressure probes in each location within the engine allows using this method coupled with one probe in the nozzle or a far-field microphone. So, signals X and Y are either the internal pressure signals in the combustion chamber or in the HPT or in the power turbines and the signal Z is a nozzle or far-field signal. The acoustic power of the source S is given by the equation 1.17 and can be compared with acoustic power P SD Z (equation 1.20) measured by the nozzle probe or the far-field microphone. This method will be used in sections (1.3.4.2,1.3.4.3).

Using the same signal definitions, the coherence spectrum between an internal signal X and a nozzle or far-field signal Z is equal to

γ 2 XZ = (H X .H * Z .S.S * ) 2 (H X .H * X .S.S * + N X .N * X ) (H Z .H * Z .S.S * + N Z .N * Z ) (1.21)
which will be applied on the experimental signals in the section 1.3.4.1. These estimator levels are deeply impacted by the presence of the uncorrelated noise powers of both signals which drastically reduce the efficiency of the coherence method compared with the three-sensors techniques.

This section presented the signal-processing techniques used to analyse TEENI's database. The next section deals with the experimental set-up following by the acoustic analysis of the engine. Finally, broadband noise breakdown techniques will be used to identify the combustion noise mechanisms within the engine.

Experimental set-up

The Turbomeca acoustic test bench is located at Uzein (France) where the turboshaft engine is placed on a platform at three meters height to be representative of a helicopter at take-off as shown in Fig. 1.5.

In the combustion chamber, temperature and pressure can reach 1600 K and 12 atm which can seriously damage classical sensors. To deal with these challenging operating conditions, each pressure probe is a flush-mounted pin-hole apparatus with a remote microphone put perpendicular to a semi-infinite tube to limit standing wave effects [START_REF] Perennes | Aerodynamic noise of a two-dimensional wing with high-lift devices[END_REF]] as shown in Fig. 1.6. To protect the microphone from hot combustion products, a cooling system injects a controlled air flow rate through the tube [F. [START_REF] Bake | Investigation of entropy noise in aero-engine combustors[END_REF]. This flow rate injected through the tube has to be enough to prevent hot flow entering the tube without polluting the pressure signal. Temperature sensors use a combination of two thermocouples with different thin diameters to quickly adjust to a change in temperature and to ensure measurements up to 1900 K and 700 Hz. To measure pressure and temperature fluctuations in each module of the engine from the combustor to the exhaust, several probes are mounted at different circumferential locations (Figs. 1.5(b), 1.7):

• 2 pressure probes and 4 twin thermocouples are located in the combustion chamber (position A in Fig. 1.7),

• 2 pressure probes and 2 twin thermocouples are placed between the highpressure turbine (HPT) and the power turbine (position B in Fig. 1.7), Figure 1.5: Aerial picture of Uzein test bench and rear view of TEENI instrumented engine.

• 2 pressure probes located between the first and the second turbine stages of the power turbine (position C in Fig. 1.7),

• 30 pressure probes are present in an extended nozzle: 2 planes with 3 probes and 2 planes with 12 probes (position D in Fig. 1.7),

• 18 microphones are placed circumferentially at 19.2 meters away from the engine every 10 degrees to capture the acoustic far-field as shown in Fig. 1.8.

To synchronise time series, each system received an Inter-Range Instrumentation Group (IRIG) time code. IRIG procedure consists of sending perfectly synchronized signals from reference transmitter containing codified digital frames to know the exact date. A 1 second reference frame contains 100 bits which allows building the exact date. The length of time recordings were 120 seconds with a sampling frequency equal to 102.4 kHz for internal measurements and 10 seconds for the far-field time series with a sampling frequency equal to 65.536 Hz. Productive tests were composed of two main phases:

• a stepped acceleration from 344 kW to 904 kW • a stepped deceleration from 904 kW to 344kW. A silencer is mounted on the air intake to reduce compressor noise pollution in the measurements as shown in Fig. 1.9. For each operating point, measurements start after a specified duration to ensure thermal equilibrium within the engine. Note that internal pressure sensors are calibrated using a complex transfer function measured at ambient conditions.

Signal processing parameters

Far-field signals are split into 128 segments with 50%-overlap while internal measurements are split into 1024 frames with 50%-overlap to reduce variability of the PSD. In case of cross-correlation computations between far-field and internal probes, synchronization of both signals over a common time vector is required. To avoid information losses and aliasing in the resampling step, internal measurements used in cross-correlations with far-field microphones are interpolated over a far-field time vector that has the higher sample frequency and shortest duration. 
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Acoustic analysis of engine experimental data 1.3.1 Acoustic far-field data

To characterize the acoustic field radiating from the engine, radiation maps are plotted in Fig. 1.11 for all power settings. The PSD of acoustic pressure are computed in terms of Sound Pressure Levels (SPL) with a frequency step equal to 6 Hz hence relative to a reference value equal to 2.10 -5 Pa which is usually considered as the threshold of human hearing.

Analysis of the acoustic radiation maps

Common characteristics of the acoustic far-field can be drawn out of the various operating conditions. Variation of the engine power induces a slight increase in acoustic PSD as shown in the PSDs located to 120 o (Fig. 1.10). Furthermore, several peaks are present and correspond to tonal noise induced by the rotating shafts and blade rows (rotors) within the engine. These spectra show two narrowband components at 200Hz and 550 Hz and a broadband one centred around 1500 Hz. Fig. 1.11 shows a clear directivity pattern where the most intense noise is found at an angle close to 120-130 o when the frequency grows. This angle deviation can be explained by the acoustic waves transmission across temperature gradients generated by the mixing of the hot jet flow in the quiescent atmosphere. A straightforward analytical model using Snell's law is provided in the Appendix B and predicts a theoretical angle deviation close to 130 o with respect of the engine axis.

Unsteady pressure within the engine

PSD of pressure fluctuations at each location within the engine (see Fig. 1.7 for locations) are given in Fig. 1.12 for operating conditions ranging from 344kW to 904kW.

Impact of the sensors on the spectra: Some spectra exhibit narrowband (∆f = 140 Hz) as well as broadband (∆f = 1200 Hz) modulations especially in the combustion chamber (Fig. 1.12(a)). Both modulation patterns were identified: they correspond to acoustic resonances within the sensors of Fig. 1.6 where the acoustic damping effect is not effective. Actually, the probe calibration at the atmospheric pressure was not valid for the combustion chamber conditions where the mean pressure was ten times higher. As the damping effect is based on the kinematic viscosity decreasing with the pressure, internal measurements are polluted by acoustic resonances within the probes. As the combustion chamber pressure is the highest within the engine, these resonances in the PSD of pressure fluctuations are mostly seen at station A (Fig. 1.7). Details of an acoustic modelling of the pressure probes used in the experiment are provided in the appendix A.2.

Power spectral densities: In the combustion chamber, the acoustic activity is very similar for all power settings (Fig. 1.12(a)) where the tonal peak at 650 Hz is generated by rotating shaft. Figure 1.12(b) focuses on the high pressure turbine PSD levels. A difference of 5dB is noted over the whole spectra between 344kW and 904kW with a broadband hump up to 1500 Hz. Similarly to the combustion chamber, acoustic resonances are also visible in this section of the engine. Tonal peaks generated by the rotating shafts are also present in both plots (although more pronounced in the HPT Fig. 1.12(b)), the frequency shift between peaks being induced by the difference in rotating shaft speeds function of the operating conditions. These peaks are also visible in the power turbine PSD in Fig 1 .12(c), the difference between the operating conditions being in the order of 2dB. The PSD at the exhaust in Fig 1 .12(d), shows a 5dB difference from 500 Hz to 4000 Hz, identical acoustic levels being recorded below 500 Hz.

To conclude, engine power variation does not impact significantly the PSD of pressure fluctuations in terms of level and pattern within the engine from the combustor to the exhaust for all power settings. This remark is coherent with the far-field analysis made in the section 1.3.1. 

Unsteady temperature in the combustor and the highpressure turbine

If measurements of unsteady pressure within the engine and in the far-field are sufficient to characterize direct combustion noise, the evaluation of indirect combustion require estimate of the convective unsteadiness or temperature fluctuations entering the turbine stages. As shown in Fig. 1.7, twin thermocouples are mounted in the combustion chamber and the high-pressure turbine to capture convected hot spots. A PSD of temperature fluctuations in the combustion chamber is plotted in Fig 1 .13: it does not provide relevant information about entropy wave generation. Moreover, correlations techniques described in section 1.1 do not yield fruitful result. In particular, coherence spectrum between a HPT pressure probe and a twin thermocouple located in the combustion chamber do not reach 0,1 in Fig. 1.14. Furthermore, bicoherence estimators were used between pressure and temperature signals (not shown in the present manuscript) to evaluate nonlinearity correlation but these methods also failed to provide fruitful results. This makes impossible the correlation of entropy spots and indirect combustion noise generation. Consequently, for the rest of this chapter, only microphone results will 

Tracking combustion noise inside the engine 1.3.4.1 Coherence spectra applied to internal pressure sensors

Identifying broadband noise sources within different zones of the engine can be performed using coherence spectra. Averaged coherence spectra plotted in Fig. 1.15 are computed with the equation 1.7 combining the coherence function between one pressure sensor located within the engine and all nozzle microphones. Only two operating points are considered here (344kW and 904kW). Although coherence levels never exceed 0.4 over the whole frequency range (which is typical of broadband spectra), remarks still can be drawn about coherence pattern: Highly-correlated frequency peaks are visible in both power settings resulting from tonal noise generated by the rotating devices within the engine. Slight coherence levels are present close to 200 Hz between the combustor and the exhaust for both operating states.

For the HPT, coherence spectra reveal an increase in the range [200Hz,1000Hz] emphasized at the high power setting. Note that HPT coherence shapes are very similar to power turbine shapes : this suggests that the last turbine stages have no significant role in the broadband acoustic generation. To conclude, coherence estimators are not an efficient way to provide a proper estimation of the coherent acoustic power shared by a pair of sensors in the scope of broadband noise. 

Three-sensor technique applied on the exhaust probes

The three-sensors technique presented in the equation 1.17 of section 1.1.1 is applied to pressure fluctuations between a nozzle pressure probe and each pair of probes located either in the combustion chamber, in the high pressure turbine or in the power turbine. Applied on the combustion chamber pressure probes, the three-sensors technique identifies an narrow-band acoustic source close to 200 Hz as shown in Fig. 1.16 for all power settings. Generation of broadband noise occurs in the high-pressure turbine as highlighted in Fig. 1.17. The acoustic power computed with the three-sensors technique is close to the PSD of unsteady pressure located in the nozzle in the range [200Hz,1000Hz]. This noise generation is stronger for the high power settings. Furthermore, no significant broadband noise generation occurs at low-frequency in the power turbine. PSD of the three-sensors technique applied in the power turbine do not yield added acoustic power in [0Hz,4000Hz] compared with the high pressure turbine as seen in Fig. 1.18. ).

Three-sensors technique applied on the far-field microphones

The three-sensors technique presented in the section 1.1.1 is applied now by considering far-field microphones and each pair of probes located within the engine. As the aim of cross-correlations is the identification of common components between a set of signals, the acoustic waves propagation delay between the engine and microphone locations has to be taken into account for synchronising both signals. To compute this propagation delay, the dot product of the cross-spectra between an internal pressure probe and a far-field microphone is computed where a shift-time is added on the time vector of the internal pressure signal. The maximization of the dot product of cross-spectra between an internal pressure probe and a far-field microphone provides an estimation of this delay close to 0,06s for the combustion chamber sensors and 0.055s for the both turbines sensors as evidenced in Fig. 1.19. Consequently, to use three-sensors technique in this case, internal measurements were delayed. Acoustic footprint found in the far-field spectra of the combustion chamber is plotted in Fig. 1.20 up to 2 kHz. As expected, the three-sensors technique reveals a common significant narrowband component close to 200 Hz between the combustion chamber the far-field spectra. There is also a broadband hump [200Hz,1200Hz] radiated in the far-field from the HPT as seen in Fig. 1.21 and also detected in the power turbine stage. These conclusions tally with the three-sensors technique only applied within the engine in section 1.3.4.2. The narrow-band component found in the combustion chamber at 200 Hz corresponds to direct combustion noise. The difficulty to make the link between unsteady temperature measurements and pressure fluctuations makes the identification of indirect combustion noise impossible. However, it was found that the high-pressurized turbine is a broadband noise generator contrary to the two stages of power turbine (Fig. 1.22) which could be attributed to indirect combustion noise. Finally, broadband noise generation at low-frequency is weakly impacted by the variation of engine power. 

Conclusions

TEENI was the first project where a full real turbo-shaft engine was dedicated to broadband noise investigation. TEENI's partners successfully proposed original instrumentation to capture unsteadiness of the flow in harsh conditions coupled with acoustic far-field measurements. Even though temperature measurements proved to be hard to exploit, microphone data provided valuable informations and several signal processing techniques have been tested. Acoustic footprint of the engine is weakly impacted by the change in engine power and the contribution of jet noise to core-noise is not significant. Below 4000 Hz, a first narrow-band hump at 200 Hz radiates all around the engine while a second hump close to 500 Hz radiates at 120 o . A simple model provided in the appendix B that acoustic directivity pattern is caused by the hot jet flow where temperature gradients deviate the acoustic rays close to 130 o . Similarly to the acoustic far-field levels, acoustic analysis within the engine does not show an impact of the change in engine power on the PSD of pressure fluctuations in terms of patterns and levels. From the high-pressurized turbine to the exhaust, frequency peaks induced by rotating shafts are present and shifted to the high-frequency with the increase in engine power. Broadband noise breakdown sources techniques were used to highlight the location of acoustic sources responsible for core-noise summarized in Fig. 1.23. Applying the three-sensors technique within the engine reveals a narrow-band direct combustion noise hump generated in the combustion chamber close to 200 Hz. In the absence of reliable unsteady temperature measurements, it was impossible to build any correlations between entropy spots and acoustic generation but noticeable remarks can be drawn. Coherence spectra as well as three-sensors technique capture a broadband noise increase over a wide frequency range [200Hz,1200Hz] after the high-pressure turbine which may be attributed to indirect combustion noise. As noise signature does not significantly evolve between the high-pressurized and power turbine stages, the latter does not seem to be responsible for noise generation in the studied frequency band. The power turbine does not seem to contribute significantly to the combustion noise generation. Finally, three-sensors technique applied between engine probes and the far-field microphones confirmed these observations. engine. Based on the unsteady fields of turbulent reacting flows provided by highfidelity LES of combustion chamber, a wave decomposition acoustic is performed to get acoustic waves responsible for the direct combustion, entropy spots and vorticity. Once the waves obtained, the actuator disk theory proposed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] called CHORUS is used to compute the acoustic generation and propagation through the turbine stages. This theory has also been validated by comparing with literature test cases. Finally, the Helmholtz solver AVSP-f has been presented to compute the far-field acoustic propagation through a nonhomogeneous medium. To assess the efficiency of CONOCHAIN in the prediction of combustion-generated noise within an aero-engine, the next chapters present the LES of the TEENI's combustion chamber followed by a comparison between computed combustion noise within the turbine stages and in the far-field and experimental results presented in chapter 1.

Chapter 2

CONOCHAIN: Numerical method to predict combustion-generated noise in aero-engine

Abstract This chapter presents the hybrid numerical approach named CONOCHAIN used to predict combustion noise levels emitted by an aero-engine. This method relies on (Fig. 2.1):

• compressible, turbulent and reactive Large-Eddy simulations within the combustion chamber to provide the accurate unsteady flow features at the exit of the combustion chamber,

• an actuator disk theory to mimic the acoustic behaviour of turbine stages within the turbine,

• a Helmholtz solver downstream of the exhaust nozzle to compute the acoustic propagation within the far-field.

The actuator disk theory is a two-dimensional acoustic modelling of the turbine proposed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF]. This approach allows computing both stator and rotor stages with subsonic and supersonic flows. Note that for the purpose of our application, this theory is complemented by a simple model to take into account the scattering of the convective entropy waves induced by their convection across blade rows. Finally, the Helmholtz solver AVSP-f used to compute the acoustic far-field is presented. The LES method is not presented in this chapter.

Introduction

Adequate evaluation of combustion noise emitted by a turboshaft engine requires methods able to capture the strong unsteadiness of the combustion chamber flow as well as the acoustic propagation and generation processes through the turbine stages and in the downstream jet flow. LES techniques have proven successful in providing accurate compressible simulations of complex turbulent flows because they provide temporally and spatially evolving set of fields representative of the spatially filtered governing system of Navier-Stokes equations [START_REF] Leonard | Energy cascade in large eddy simulations of turbulent fluid flows[END_REF][START_REF] Ferziger | Large eddy simulation: an introduction and perspective[END_REF][START_REF] Mason | Large-eddy simulation: a critical review of the technique[END_REF][START_REF] Meneveau | Scale-invariance and turbulence models for large eddy simulation[END_REF][START_REF] Sagaut | Large Eddy Simulation for incompressible flows[END_REF] thereby giving access to the most energetic flow motions of crucial importance in such configurations. LES of turbulent combustion have been validated on academic burners to retrieve mean statistical features but also unsteady flow characteristics [START_REF] Menon | Subgrid modeling for simulation of spray combustion in large scale combustors[END_REF][START_REF] El-Asrag | Large eddy simulation of bluff-body stabilized swirling non-premixed flames[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] Patel | Simulation of spray-turbulence-flame interactions in a lean direct injection combustor[END_REF][START_REF] Galpin | Large-eddy simulation of a fuel-lean premixed turbulent swirl-burner[END_REF][START_REF] Albouze | Chemical kinetics modelisation and les combustion model effects on a perfectly premixed burner[END_REF][START_REF] Moureau | From large-eddy simulation to direct numerical simulation of a lean premixed swirl flame: Filtered laminar flame-pdf modeling[END_REF]. These numerous academic works were followed by computations of turbulent and reactive flows within real burners despite the lack of experimental databases [START_REF] Staffelbach | Highly parallel large eddy simulation of multiburner configurations in industrial gas turbines[END_REF][START_REF] Pitsch | Large eddy simulation of turbulent combustion[END_REF][START_REF] Boudier | Effect of mesh resolution on large eddy simulation of reacting flows in complex geometry combustors[END_REF][START_REF] Mahesh | Large eddy simulation of reacting turbulent flows in complex geometries[END_REF][START_REF] Mare | Large eddy simulation of a model gas turbine combustor[END_REF], Moin and Apte, 2006[START_REF] Fureby | LES of a multi-burner annular gas turbine combustor[END_REF][START_REF] Kuenne | LES modeling of premixed combustion using a thickened flame approach coupled with fgm tabulated chemistry[END_REF][START_REF] Gicquel | Large Eddy Simulations of gaseous flames in gas turbine combustion chambers[END_REF]. Using LES compressible solvers, transient flows phenomena can be also addressed such as extinction and ignition sequences [START_REF] Stow | Conditional moment closure les modelling of an aero-engine combustor at relight conditions[END_REF][START_REF] Jones | Les-pdf simulation of a spark ignited turbulent methane jet[END_REF][START_REF] Boileau | LES of an ignition sequence in a gas turbine engine[END_REF][START_REF] Barré | Flame propagation in aeronautical swirled multi-burners: Experimental and numerical investigation[END_REF], thermo-acoustic instabilities [START_REF] Staffelbach | Large eddy simulation of self-excited azimuthal modes in annular combustors[END_REF][START_REF] Wolf | Massively parallel LES of azimuthal thermo-acoustic instabilities in annular gas turbines[END_REF][START_REF] Hermeth | Bistable swirled flames and influence on flame transfer functions[END_REF].

Combustion-generated noise can be also investigated in real-scale burners and by use of LES. Direct combustion noise has been evaluated in free-space for turbulent and laminar flames [START_REF] Talei | Sound generation by laminar premixed flame annihilation[END_REF], Ihme et al., 2009b[START_REF] Silva | Numerical study of combustion noise in gas turbines[END_REF][START_REF] Bui | Acoustic perturbation equations for reacting flows to compute combustion noise[END_REF][START_REF] Flemming | Investigation of combustion noise using a les/caa hybrid approach[END_REF]. By construction, LES is able to capture vorticity and hot spots generation induced by a turbulent flame and therefore indirect combustion noise. For indirect noise to be produced, acceleration and deformation of these flow inhomogeneities through the turbine stages is needed. For this, LES of the combustor coupled with the complete turbine should be required but are still out of reach today in terms of computational cost. Instead, a hybrid approach is proposed in this work. Indirect combustion noise mechanisms within turbine stages were addressed analytically in the literature [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF][START_REF] Pickett | Core engine noise due to temperature fluctuations convecting through turbine blade rows[END_REF][START_REF] Matta | Theory of low frequency noise transmission through turbines[END_REF]]. In the present work, LES of a realistic combustion chamber are coupled with the actuator disk theory proposed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF], validated by Moreau and co-workers [Duran et al., 2011[START_REF] Duran | Study of the attenuation of waves propagating through fixed and rotating turbine blades[END_REF], 2013, Duran et al., 2013, Leyko et al., 2013] and called CHO-RUS. The LES of stabilized operating points of an engine will be used to provide numerous unsteady fields at the exit of the combustion over several planes where a wave decomposition is introduced. This chapter presents the actuator disk theory of CHORUS used in CONOCHAIN followed by the description of the post-processing applied to the unsteady fields at the exit of the combustion chamber to extract the acoustic and convective waves. Finally, the free-stream propagation obtained using the Helmholtz solver AVSP-f is described.

The actuator disk theory : CHORUS

In real turbines, a fully analytic description of complex three-dimensional flows is out of reach but the low-frequency nature of combustion noise allows some simpli-fications to deal with it theoretically. Similarly to one-dimensional cases addressed by [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF] where the wavelengths of the perturbations longer than the axial blade chord, each blade row can be seen as a thin interface between two uniform regions where simple jump relations can be written between the inlet and outlet of a turbine row. In a real aeronautical turbine, the mean radius is close to 0,15 cm and the inter-wall spacing is close to 0,02 cm so that the compact assumption limits the studied frequency range of interest from 0 Hz to 2000 Hz approximately. Consequently, radial acoustic modes are not taken into account because their cut-on frequency is above the frequency limit of the compact assumption. As an example, the cut-off frequency computed with an analytical approach (C) of the first radial mode is close to 15 kHz for the engine well above the cut-off frequency of the first azimuthal mode (730Hz) and out of the compact frequency limit. Thus, [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] reduced the problem to two dimensions by unwrapping the turbine stages (Fig. 2.2) and proposed an analytical method to predict the generation and propagation of acoustic azimuthal waves through the blade rows. Between turbine blade rows, the flow is considered inviscid, isentropic, two-dimensional and uniform, characterized by the mean velocity vector w (with modulus w and angle θ), the mean Mach number M , the mean pressure p and the mean density ρ. Four dimensionless primitive fluctuations are considered: Assuming all these fluctuations are harmonic, it is more convenient to write the set of primitive variables in terms of waves w in the general form:

w = ŵ exp i ωt -k. x , or ŵ exp (i (ωt -k x .x -k y .y)) , or ŵ exp (i (ωt -k. (x cos(ν) + y sin(ν)))) , (2.1)
where each wave is characterized by a wave vector k (with modulus k and angle ν). Thus, as detailed in this section, four waves (upstream-propagating and downstream-propagating acoustic waves, entropy and vorticity waves) are related to the fluctuating primitive variables. This section presents the wave decomposition proposed for CHORUS followed by the linearised jump relations for fixed and rotating blade rows. The matrix formulation is also described to compute acoustic transfer functions of each turbine To assess the numerical implementation, CHORUS is compared with the one-dimensional approach of [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF], the actuator disk theory of [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] and results found by Kaji and Okazaki [1970b] using a semi-infinite actuator disk theory.

Linearised Euler equations

As the flow within the turbine is considered isentropic, inviscid, homogeneous and two-dimensional, Euler equations can be used to described the mean flow. The axial and circumferential velocities u and v are respectively equal to w cos θ and w sin θ respectively. The perturbations are supposed to be small enough to not impact the mean flow which allows writing linearised Euler equations in terms of primitive fluctuating variables following [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] for a mean steady homogeneous flow:

D Dt ρ ρ + ∂u ∂x + ∂v ∂y = 0, (2.2) D Dt (u ) = - 1 ρ ∂p ∂x , (2.3) D Dt (v ) = - 1 ρ ∂p ∂y , (2.4) D Dt s c p = 0, (2.5)
where the material derivative is 

D Dt = ∂ ∂t + w.∇ = ∂ ∂t + u ∂ ∂x + v ∂ ∂y , ( 2 

Wave classification

As mentioned above, any fluctuating primitive variable can be related to acoustic or convective waves. So, each wave w can be written as ŵ exp (i (ωt -k. (x cos(ν) + y sin(ν)))) .

(2.14)

The wave vector k is scaled using the mean sound speed c and the pulsation ω to give K= kc/ω. In CHORUS, a "mode-matching" assumption is applied to compute each dimensionless wave-number across the turbine stages. The azimuthal component k y = k sin(ν) of the wave number k is equal to m/R (m is the azimuthal mode number and R is the mean radius) and conserved across each blade row.

Vorticity wave

The vorticity fluctuation is a pure hydrodynamic perturbation and does not generate pressure or entropy fluctuations. Using a wave formulation as specified in equation (2.1), a vorticity wave w v is

w v = ξ = ŵv exp (i (ωt -k v (x cos(ν v ) + y sin(ν v )))) . (2.15)
With equation (2.15) in equation (2.12), the dispersion relation of the vorticity reads

K v .M cos(ν v -θ) = 1. (2.16)
The dispersion relation is used to compute the axial component of the dimensionless wave vector K v knowing the azimuthal component. Combining the equations (2.2,2.5) and (2.9), dimensionless velocity fluctuations u /c and v /c can be related to the vorticity wave, namely

u c = -iξ sin(ν v ) ωK v , (2.17) v c = iξ cos(ν v ) ωK v .
(2.18)

In terms of velocity magnitude w and angle perturbations θ , we have

w c = -iξ sin(ν v -θ) ωK v , (2.19) θ = iξ cos(ν v -θ) ωM K v , (2.20) with u u = w w -θ tan θ, (2.21) v v = w w + θ 1 tan θ . (2.22)

Entropy wave

Similarly to the vorticity wave, the entropy wave is defined as:

w s = s c p = ŵs exp (i (ωt -k s . (x cos(ν s ) + y sin(ν s )))) (2.23)
for which the entropy fluctuations are not associated to any pressure or velocity perturbations. Using the entropy conservation (2.5), the dispersion relation of the propagating entropy wave is

K s M cos (ν s -θ) = 1.
(2.24)

Acoustic waves

In CHORUS, the fluctuating pressure is purely acoustic, namely

p γp = w + + w - (2.25)
where w + and w -are the upstream and downstream propagating acoustic waves.

Extracting the acoustic wave amplitudes from the pressure fluctuations requires to compute the wave vectors associated to each wave on the one hand and their velocity components on the other hand. Considering harmonic acoustic pressure fluctuations p γp = p γp exp (i (ωt -k. (x cos(ν) + y sin(ν)))) (2.26) which satisfies the D'Alembertian of Eq. 2.13, we obtain a dispersion relation

(1 -KM cos(ν -θ)) 2 -K 2 = 0 (2.27)
which is a second degree polynomial equation. Considering the axial component K x = K cos(ν) and the azimuthal component K y = K sin(ν) of the dimensionless wave vector K, the dispersion relation (2.27) is now

(1 -K x M cos(θ) -K y M cos(θ)) 2 -(K 2 x + K 2 y ) = 0.
(2.28)

The solutions of Eq. 2.28 can be either real or complex. The two roots of Eq. 2.28 are related to the upstream and downstream propagating acoustic waves w + and w -. Solving for (2.28) yields the axial acoustic wave numbers K + x and K - x when 1 -2K y M sin θ + K 2 y (M 2 -1) is positive. For the upstream-propagating acoustic wave w + , we get

K + x = M cos θ (1 -M K y sin θ) (M cos θ) 2 -1 - 1 -2K y M sin θ + K 2 y (M 2 -1) (M cos θ) 2 -1 (2.29)
and for the downstream-propagating acoustic wave w -,

K - x = M cos θ (1 -M K y sin θ) (M cos θ) 2 -1 + 1 -2K y M sin θ + K 2 y (M 2 -1) (M cos θ) 2 -1 .
(2.30)

For azimuthal modes, the axial wave numbers defined in Eqs. 2.29 and 2.30 can have an imaginary part when 1 -2K y M sin θ + K 2 y (M 2 -1) is lower than 0. These cases correspond to evanescent waves and the axial wave numbers K +

x and K - x are

K + x = M cos θ (1 -M K y sin θ) (M cos θ) 2 -1 + i 1 -2K y M sin θ + K 2 y (M 2 -1) (M cos θ) 2 -1 (2.31)
and

K - x = M cos θ (1 -M K y sin θ) (M cos θ) 2 -1 -i 1 -2K y M sin θ + K 2 y (M 2 -1) (M cos θ) 2 -1 . (2.32)
Once the acoustic wave vectors K + and K -are known, the associated velocity components w c and θ of the acoustic pressure fluctuations p /γp can be computed by combining Eqs. 2.3, 2.4 and 2.26. Noting that

K ± x = K (1)± x + iK (2)±
x , velocity magnitude and angle fluctuations induced by the fluctuating pressure p /γp associated to the upstream-propagating wave w + are

w c = p γp K + cos (θ -ν + ) + iK (2)+ x cos θ 1 -K + M cos (ν + -θ) -iK (2)+ x M cos θ , (2.33) θ = p γp 1 M K + sin (ν + -θ) + iK (2)- x sin θ 1 -K + M cos (ν + -θ) -iK (2)- x M cos θ , (2.34) and w c = p γp K -cos (θ -ν -) -iK (2)- x cos θ 1 -K -M cos (ν --θ) + iK (2)- x M cos θ , (2.35) θ = p γp 1 M K -sin (ν --θ) -iK (2)- x sin θ 1 -K -M cos (ν --θ) + iK (2)- x M cos θ , (2.36)
for the fluctuating pressure p /γp associated to the downstream-propagating wave w -.

Matrix formulation

Acoustic, entropy and vorticity waves can be expressed in terms of fluctuating primitive variables through

     s /c p w /c p /γp θ      = [M]      w s w v w + w -     
(2.37)

where the matrix [M] is

         1 0 0 0 0 -i sin(νv-θ) Kv K + cos(θ-ν + )+iK (2)+ x cos θ 1-K + M cos(ν + -θ)-iK (2) x+ M cos θ K -cos(θ-ν -)-iK (2)- x cos θ 1-K -M cos(ν --θ)+iK (2)- x M cos θ 0 0 1 1 0 i cos(νv-θ) KvM 1 M K + sin(ν + -θ)+iK (2)+ x sin θ 1-K + M cos(ν + -θ)-iK (2)+ x M cos θ 1 M K -sin(ν --θ)-iK (2)- x sin θ 1-K -M cos(ν --θ)+iK (2)- x M cos θ          , (2.38) the wave vector W is W =      w s w v w + w -      ,
(2.39) and the primitive vector P is

P =      s /c p w /c p /γp θ     
.

(2.40)

This wave formulation allows computing the convective and acoustic waves at the interface between the homogeneous steady mean flow and the turbine blade. Jump relations are however required to get the transfer functions between blade rows in terms of primitive variables. In the following description, [M] will be used in two states u and d corresponding to upstream and downstream conditions. M (u) and M (d) are obtained using θ, ν and K for these two conditions.

Jump relations across a blade row

Using a similar approach as proposed by [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF], conservation laws are written across a blade row and linearised to link fluctuating primitive upstream and downstream variables. The two-dimensional problem imposes to find in this case four jump relations that will differ depending on the blade row type (stator or rotor) and the sonic state of the flow at the trailing edge of the blade as specified in leads to an enthalpy conservation contrary to the rotor in which the mean flow provides mechanical work to the stage, so, rothalpy conservation is used. The entropy conservation through a blade row is an assumption made by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] but [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF] and Duran and Moreau [2011] showed that the distortion of the mean streamlines within the blade rows induced a scattering effect of the entropy waves. An attenuation model is hence proposed in this work to take into account this phenomenon which is then validated on the twodimensional simulations [Leyko et al., 2010, Duran andMoreau, 2011]. Finally, a Kutta condition is applied at the trailing edge of the blade for subsonic flows in the moving reference frame. Similarly, for a supersonic flow at the exit of a stage, a mass flow rate relation for choked flows in one-dimensional nozzle is used.

The following section details the linearisation of the relations summarized in the Table 2.1.

Mass conservation

The conservation of the axial mass flow rate ṁ across a blade row gives: ṁ = ρw cos θ.

(2.41)

From a logarithmic differentiation of (2.41):

ṁ ṁ = ρ ρ + 1 M w c -θ tan θ where M = w c .
(2.42) (2.43)

Upstream (u) Donwstream (d) Rotor Rotor Velocity U x y w (u) r w (d) r w (d) w (u) θ (u) θ (u) r θ (d) r θ (d)

Total enthalpy conservation

The total enthalpy conservation through a blade row is equivalent to the stagnation temperature T t conservation:

T t = T 1 + γ -1 2 M 2 .
(2.44)

Linearising equation (2.44) yields:

T t T t = 1 1 + γ-1 2 M 2 (γ -1) p γp + s c p + (γ -1)M w c .
(2.45)

Rothalpy conservation

The total rothalpy I can be seen as an enthalpy conservation in the moving reference frame of the rotor. It is defined as:

I = h t -U w sin θ (2.46)
and corresponds to the difference between the total enthalpy of the flow and the work provided to the rotor (U is the azimuthal velocity of the row). The linearisation of the equation (2.46) gives:

I I = h t -U v h t -U v = h t ht -U v ht v v 1 -U v ht , (2.47)
defining the parameter ψ as

ψ = U v h t .
(2.48)

Combining equations (2.45), (2.22) with (2.47), the linearised rothalpy equation becomes

I I = 1 1 -ψ T t T t -ψ 1 M w c + θ tan θ .
(2.49)

As mentioned above, the rothalpy can be seen as a total enthalpy conservation and for an azimuthal rotor velocity U equal to zero, the linearised equation (2.49) tends to the linearised total temperature relation (2.45). In CHORUS, the total enthalpy h t is written as:

h t = w 2 2 + c p T = c 2 M 2 2 + 1 γ -1 , (2.50)
where the parameter ψ equals

ψ = U M sinθ c M 2 2 + 1 γ-1
.

(2.51)

Entropy conservation

Cumpsty and Marble [1977] supposed that the entropy fluctuation across a blade row is conserved, namely

s c p (u) = s c p (d) .
(2.52) Furthermore, the entropy is not necessarily conserved mode-by-mode across a blade row according to two-dimensional numerical simulations of turbine stages [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF][START_REF] Duran | Study of the attenuation of waves propagating through fixed and rotating turbine blades[END_REF], Duran et al., 2013].

Convection of an entropy wave through a blade row

Cumpsty and Marble [1977] assessed that the entropy fluctuation is not altered by convection through the turbine stages. However, entropy-to-acoustic transfer functions were found to depend on the scattering of the normal entropy wave to higher-order modes through the turbine stages because of a non-uniform convective velocity through the blade rows [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF][START_REF] Duran | Study of the attenuation of waves propagating through fixed and rotating turbine blades[END_REF], Duran et al., 2013]. As the entropy wave is carried by the mean flow, the streamlines distortion through a blade vane leads to a time delay τ d between the entropy 'particles' and the entropy wave front. This delay can be evaluated using a very The dimensionless pitch length y ranging from 0 to 1 for each blade vane is build using the dimensionless perimeter r also ranging from 0 to 1, namely

y = N V anes .r -(i V anes ) (2.53)
where N V anes is the number of blade vanes and i V anes is the i th considered blade vane. The dimensionless axial velocity profile for the complete row is

U axial x (r) U axial max = 4y(r)(1 -y(r)).
(2.54)

To ensure mass conservation across the row, the integration over the dimensionless perimeter of the velocity profile (2.54) gives the maximum velocity U axial max according to the mean velocity U axial mean ,

U axial max = U axial mean 1 0 U axial x (r)dr . (2.55)
The delay τ d is computed by using a log-differentiation of the expression

U axial x (r) = L x τ (r) (2.56)
where τ (r) is the convective time across the blade row, and leads to

dU axial x (r) U axial mean = - τ d τ mean
(2.57)

where τ mean = L x /U axial mean , and

τ d (r) = - L x U axial mean U axial (r) -U axial mean U axial mean .
(2.58)

Using the delay τ d , a entropy-to-entropy transfer function D m (f ) through a blade row can be computed in the frequency domain for the convective azimuthal wave where the mode-index is m, namely

s /c p | d s /cp| u = D m (f ) = 1 0 exp(i2π (f τ d (r) + mr))dr.
(2.59)

This formulation corresponds to the phase-shift induced by the streamlines distortion between the 'entropy particles' and the entropy wave front for the frequency f at the exit of the blade row. This model is compared with the numerical results from [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF], [START_REF] Duran | Study of the attenuation of waves propagating through fixed and rotating turbine blades[END_REF], Duran et al. [2013] for the stator as well as the complete turbine stages in Fig. 2.5 for a planar entropy wave (ie m = 0). A very good agreement is found between the analytical transfer functions and the numerical one for stator and turbine stage cases indicating that the blade row acts like a low-pass filter. [START_REF] Leyko | Waves transmission and generation in turbine stages in a combustion-noise framework[END_REF], Duran et al., 2013].

The attenuation of the planar entropy wave through a blade row does not correspond to a loss of entropy. Indeed, the entropy signal power is transferred into the higher azimuthal modes for which the mode-index is a multiple of the number of blade vanes. To assess this conservation of the entropy signal through a blade row, the energy signal carried by the planar mode and the first higher azimuthal modes are displayed in Fig. 2.6 where the sum of the modal power tends to 1. As the index of these higher modes is a multiple of the number of blade vanes which induces that the azimuthal modes for which their cut-on frequency are lower than the frequency limit of the compact assumption are not fed by the entropy wave scattering.

So, in CHORUS, there is no entropy transfer from the planar mode to the higher modes. It is interesting to note that [START_REF] Sattelmayer | Influence of the combustor aerodynamics on combustion instabilities from equivalence ratio fluctuations[END_REF] and [START_REF] Morgans | The dissipation and shear dispersion of entropy waves in combustor thermoacoustics[END_REF] found similar attenuation functions of a convective scalar with analytical approaches and a DNS of a turbulent flow in a pipe in which an entropy wave was injected.

As the two-dimensional actuator disk theory is based on four primitive variables to describe the fluctuating field, a additional equation is required to close the problem. Contrary to the jump relations, the last equation uses a Kutta's condition for a subsonic stage and the linearised relation of mass flow rate within a onedimensional choked isentropic nozzle when the stage is choked. 

Kutta's condition for unchoked flow

For subsonic flows, Kutta's condition imposes the flow deviation at the trailing edge of the blade. [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] proposed to set to zero the fluctuating velocity angle at the trailing which yields

θ 1 = βθ 2 , (2.60)
where β is a numerical parameter set to an infinitesimal quantity (not zero to avoid singularity in matrix products). To extend the Kutta's condition to the rotor case, equation (2.60) has to be written in the relative frame. To do so, the angle flow tangent function is log-derived and gives

(tan θ r ) (tan θ r ) = v v -U - u u , (2.61) - → w ----→ w + w θ = 0 Blade Figure 2
.7: Kutta's condition applied at the trailing edge of a blade.

and using some algebra and the equations (2.21) and (2.22), we have

θ r = (wcos θ) 2 w 2 -2wU sin θ + U 2 U wcos θ 1 M w c + θ 1 + (tan θ) 2 - U w cos θ tan θ .
(2.62) The fluctuating flow angle θ r in the relative frame is equal to θ for U = 0.

Mass flow rate for choked vanes

For a supersonic stage often encountered in the first stator of high-pressurized turbines, Kutta's condition is replaced by the specific expression of the mass flow rate through a choked nozzle. Indeed, the mass flow rate is proportional to

p √ T 1 + γ -1 2 γ+1 2(γ-1) (2.63)
and the linearisation of Eq. 2.63, after some algebras, gives

p γp γ -1 2 + 1 2 s c p - w c 1 M + θ 1 + γ-1 2 M 2 1 -M 2 tan θ = 0, (2.64)
which is considered in the upstream region of the blade. For the rotor case, Eq. 2.64 has to written in the relative frame especially for the relative Mach number M r and yields p γp

(γ -1) 2 + s Cp 1 2 + w c (γ + 1) 2 M 2 r 1 -M 2 r f U 1 M 1 - U w sin θ - µ M (1 -M 2 r ) + θ tan θ -f U U w cos θ (γ + 1) 2 M 2 r µ µ 1 -M 2 r = 0 (2.65)
where

M r = (wsin θ -U ) 2 + (wcos θ) 2 c ,
(2.66)

f U = 1 1 + U w 2 -2 U w sin θ , (2.67)
and

M r M r = w c f U 1 M 1 - U w sin θ -θ f U U w cos θ - γ -1 2 p γp - 1 2 s Cp . (2.68)
Similarly to the Kutta's condition in the relative frame (2.62), the linearised expression of the mass flow rate in a supersonic vane (2.65) is equal to the relation (2.64) when the rotor velocity U is equal to 0.

Matrix formulation of the acoustic transfer functions

The jump relations written across a blade row can be represented through a matrix product between upstream and downstream fluctuating primitive variables:

[B] (u)      s /c p w /c p /γp θ      (u) = [B] (d)      s /c p w /c p /γp θ      (u) (2.69)
where the subscript u represents the upstream region of the blade row and d the downstream region. As the jump relations written for the stator case are equivalent with the rotor case when U is set to 0, the matrix [B] is specified for subsonic or supersonic rotating blade rows.

A subsonic rotor: the matrix [B] is

      D m (f ) 0 0 0 -1 1 M 1 -tanθ 1 1-ξ 1 µ 1 1-ξ (γ-1)M µ -ξ M 1 1-ξ (γ-1) µ 1 1-ξ -ξ tan θ 0 fwU M w cos θ 0 f w 1 + (tan θ) 2 -U tan θ w cos θ      
(2.70)

where

f w = (w cos θ) 2 w 2 -2 w U sin θ + U 2 (2.71)
for the upstream zone and

      D m (f ) 0 0 0 -1 1 M 1 -tanθ 1 1-ξ 1 µ 1 1-ξ (γ-1)M µ -ξ M 1 1-ξ (γ-1) µ 1 1-ξ -ξ tanθ 0 fwU M w cos θ β 0 f w 1 + (tan θ) 2 -U tan θ w cos θ β      
(2.72)

for the downstream zone.

A supersonic rotor: similarly to the subsonic rotor, only the Kutta's condition is removed in the matrix B to be replaced with the linearized equation of the mass flow rate within a one-dimensional isentropic nozzle, namely

      D m (f ) 0 0 0 -1 1 M 1 -tanθ 1 1-ξ 1 µ 1 1-ξ (γ-1)M µ -ξ M 1 1-ξ (γ-1) µ 1 1-ξ -ξ tanθ 1 2 C w γ-1 2 C θ      
(2.73)

where

C w = (γ + 1) 2 M 2 r 1 -M 2 r f U 1 M 1 - U w sin θ - µ M (1 -M 2 r )
(2.74)

and

C θ = tanθ -f U U w cos θ (γ + 1) 2 M 2 r µ µ 1 -M 2 r (2.75)
for the upstream region. For the downstream zone, the matrix [B] becomes

      D m (f ) 0 0 0 -1 1 M 1 -tanθ 1 1-ξ 1 µ 1 1-ξ (γ-1)M µ -ξ M 1 1-ξ (γ-1) µ 1 1-ξ -ξ tan θ β β β β      
.

(2.76)

Combining these matrix with matrix equations (2.38), acoustic transfer functions across turbine stages are available.

Computation of a turbine stage

Combining the wave formulation defined in (2.1) and the jump relations matrix (2.69), the transfer function of a single blade row is (d) [A (d) ] W (d) ,

B (u) M (u) [A (u) ] W (u) = M (d) B
(2.77)

where W is the wave vector (2.39) and [M] is the matrix to convert primitive variables into waves (2.37). The matrix [B] is detailed in section 2.1.3.4. This matrix product allows calculating azimuthal mode by mode the transfer functions which corresponds to a "mode-matching" assumption. For a complete turbine stage, it is necessary to take into account the phase-shift of the waves between the leading edge of a first row and the leading edge of the next row. Using the wave formulation defined in Eq. 2.1, the phase-shift becomes a function of the axial blade chord of the row, the axial spacing blade spacing and the axial wave number.

Noting W

(i) the wave vector defined in Eq. 2.39 at the trailing of a i th row and W (u) (i+1) the wave vector at the leading edge of the (i + 1) th row, the phase-shift matrix product is:

W (u) (i+1) = [T] .W (d) (i) .
(2.78)

where [T] is a diagonal matrix for which the diagonal components are equal to exp -ik x .(L x + L blade x ) for which L x and L blade x are the axial spacing between two successive rows and the axial chord of a blade respectively. For a turbine stage composed of N s blade rows, the matrix product becomes

Ns-1 i=1 A (u) (i+1) T (i) A (d) (i) -1 A u (1) .W 1 (u) = A (d) (Ns) W (d) (Ns) .
(2.79)

This system (2.79) has to be modified to solve the acoustic propagation through the turbine. Indeed, the four unknowns are the three downstream propagating waves at the exit of the turbine (w s , w v and w + ) and the reflected acoustic wave in the combustion chamber w -. The non-reflecting boundary condition at the exit of the turbine imposes w -= 0 in the wave vector W (d) . The three upstreampropagating waves are provided by the LES. Contrarily, for the computation of the wave vector between turbine stages, the matrix problem requires an additional step. Once the upstream and downstream wave vectors of the complete turbine solved, we use the matrix product (2.79) up to the considered turbine stage.

A last remark can be made about the matrix resolution. Although supersonic flow can be considered at the exit of turbine stages, the matrix problem (2.79) does not allow computing supersonic wave propagation in the steady mean flow.

Indeed, the problem is only valid for subsonic axial Mach number and the mean Mach number has to be limited to 1/ cos θ which is always true in real engines.

Using the acoustic waves computed anywhere in the turbine, the acoustic power is finally obtained with a formulation to take into account the convective terms [START_REF] Bretherton | Wavetrains in inhomogeneous moving media[END_REF]. So, the acoustic intensity in the i th turbine stage is equal to

I (i) = [(M cos θ + cos ν + ) (1 + M cos(θ -ν + ))] (i) w (i) + 2 + [(M cos θ + cos ν -) (1 + M cos(θ -ν -))] (i) w (i) - 2 (γpc) (i) .
(2.80)

Selection of higher azimuthal modes computed with CHORUS

The theory presented in this chapter is valid below a frequency limit corresponding to the compact assumption. Furthermore, considering azimuthal modes in noise computation implies an additional condition. Indeed, the compact theory imposes to ignore blading details where the blade pitch-chord ratio is assumed to be low. [START_REF] Mishra | Evaluation of actuator disk theory for predicting indirect combustion noise[END_REF] show that this theory failed to capture noise generation for local entropy disturbances smaller than the pitch length convected through a blade vane. More precisely, predicted acoustic powers are over-estimated at the turbine stage outlet. The consequence is that azimuthal modes for which the azimuthal wavelength is similar to the blade pitch L y can not be properly dealt with CHORUS. So, only the first azimuthal modes have to be considered in noise computations.

To find the mode-index of the selected higher azimuthal mode, a simple criterion must be derived. Similarly to the compact frequency limit in which the ratio between the axial blade chord and the axial wavelength is used, this criterion is based on the ratio between the pitch length L y of a blade row and the azimuthal wavelength λ y . We will assume that CHORUS can be applied safely for azimuthal modes as long as Ly λy does not exceed 0,1 (the mode wavelength must be larger than 10 times the blade pitch length). So, considering a turbine row composed of N blades blades with a mean radius R, the azimuthal wavelength λ y of the mode m is

λ y = 2πR m (2.81)
and the pitch length of the blade row L y is

L y = 2πR N blades -1 . (2.82)
This criterion leads to

L y λ y = m N blades -1 . (2.83)
In the TEENI turbine stages, the number of blades is roughly 20 which imposes to use only the first two azimuthal modes at the combustor exit to perform noise computations presented in chapter 7.

Literature test cases

To validate the implementation, simple tests are presented on the basis of acoustic transfer functions of a subsonic stator computed by Kaji and Okazaki [1970a] at very low-frequency and using a semi-actuator disk theory. These test cases were also computed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF]. To further validate the coding, the two-dimensional approach is also compared with the one-dimensional compact theory of [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF] for a subsonic nozzle. Finally, entropy-toacoustic transfer functions computed by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] as a function of the inverse of the azimuthal wave number K y are compared with our results.

Purely acoustic Kaji's test cases

The first test corresponds to a subsonic blade row with no flow deviation (Fig. 2.8). Results of the acoustic transmission and reflection coefficients for an incident is based on an actuator disk theory taking into account a finite chord length, we found a very good agreement between the compact theory and these results. When the angle of the incident acoustic wave is equal to the blade angle (Figs. 2.9(b) and 2.11(b)), the acoustic transmission coefficient is unitary and there is no reflection (Figs. 2.9(a) and 2.11(a)). Kaji's results taken in this comparison correspond A more realistic stator was also computed by both Kaji and Okazaki [1970a] and [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF] (Fig. 2.12). For the transmission coefficients (Fig. 2.13(b) ), a very good agreement is found but some differences appear for the reflection case (Fig. 2.13(a)) where Chorus coefficient is very similar to the Kaji's result. The reflection coefficient found by Cumpsty is higher than our results for small incidence angles (Fig. 2.13(a)) while Kaji has shown that the reflection coefficient decreases with the compactness of the blade rows. 

θ u θ d -→ w u -→ w d Upstream Downstream θ u = 60 o θ d = 60 o M u = 0, 1 M d = 0, 1

Entropy-to-acoustic transfer function of a subsonic nozzle

The entropy-to-acoustic transfer functions computed with CHORUS are compared with the analytical one-dimensional approach of [START_REF] Marble | Acoustic disturbances from gas nonuniformities convected through a nozzle[END_REF] for a subsonic nozzle (ie a stator vane without flow deviation) with an inlet Mach number equal to 0.1 and exit Mach number varying from 0.1 to 0.9. As expected, the transmission and reflection coefficients for an incident acoustic wave (Fig. 2.15) and an entropy wave (Fig. 2.16) perfectly match with the coefficients computed with CHORUS.

(w s ) 0 (w + ) 0 (w -) 0 (w + ) 1 

Entropy-to-acoustic transfer function within a subsonic blade row

In this case, the entropy-to-acoustic transfer functions are computed through the subsonic stator displayed in the Figure 2.12 used by [START_REF] Cumpsty | The interaction of entropy fluctuations with turbine blade rows; a mechanism of turbojet engine noise[END_REF].

The deviation of the mean flow in the downstream requires to distinguish the transfer functions between the azimuthal waves for which the mode index m are positive or negative. The transfer functions are plotted according to the inverse of the azimuthal wave number K y and tend to the compact values for a planar entropy wave when 1/K y tends to +∞. The cut-off frequency of the evanescent azimuthal waves corresponding to K y = 0, 98 is well-computed and a good agreement is found between CHORUS and Cumpsty's results. Attention was drawn in the slight frequency shift of the acoustic peak found for the right downstream-propagating wave coefficient in Fig. 2.17(b). As mentioned by Cumpsty, their computation should be inaccurate close to this wave number because of an analytical singularity. .17: Entropy-to-acoustic transfer functions for an incident azimuthal entropy wave according to the inverse azimuthal wave number K y computed with CHORUS ( ) and compared with Cumpsty's results (•) for a subsonic blade row (Fig. 2.12).

Post-processing the waves at the end of a combustion chamber simulation

This section presents the different steps required to convert a set of numerous instantaneous LES fields into acoustic and convective waves. The analytical method CHORUS computes the acoustic generation within turbine stages in terms of acoustic downstream and upstream going acoustic waves, entropy and vorticity waves in the frequency domain of longitudinal and azimuthal modes. To do so, as seen in the Fig. 2.18, numerous instantaneous LES fields at the exit of the combustion chamber are interpolated on a structured grid composed of successive Cartesian planes where the interpolating time step has to be small enough to avoid aliasing effects and set the maximum computed frequency (F max = 1/∆t interp ). The duration of the numerical simulation sets the minimal frequency computed (f min = 1/t LES ). Note that here the plane normal vectors are collinear to the motor-axis while the diagnostic planes are located at the leading edge of the highpressurized stator. The velocity magnitude w and angle θ, the pressure p and the entropy s are the primitive variables required to build the wave vector. The methodology is described below.

LES domain of a combustion chamber Two-dimensional and structured interpolating planes at the exit of the combustion chamber

Computation of the temporal 2-D primitive variable vector: Using the LES fields interpolated on two-dimensional structured planes, the Cartesian velocity vector (u x , u y , u z ) is expressed in the polar coordinate system of the engine. The four primitive CHORUS variables are the fluctuations of dimensionless pressure p /γp, the velocity magnitude w /c, the velocity angle θ and the entropy s /c p .

A radial averaging over the planes of the primitive variables is performed and it is equivalent to a radial mode decomposition where only the fundamental mode is kept. Each fluctuation is obtained by subtraction of temporal and spatial averaging of the set of solutions from the instantaneous fields which gives the primitive vector P(x, α, t) at each node of the planes or equivalently as a function of the axial x, angular α positions and time, namely

P(x, α, t) =      s /c p w /c p /γp θ     
.

(2.84)

Temporal and angular Fourier Transforms: a temporal Fourier transform is used to express the primitive vector P in the frequency domain. This FFT is based on the Welsh method which splits the time signals into N segments with an overlap to get smoothed averaged power spectral densities. A spatial Fourier transform is then applied to get the primitive vector P(x, α, ω) in terms of azimuthal modes, namely

P(x, m, ω) = 1 α max -α min αmax α min P(x, α, ω)e imα dα (2.85)
where α min and α max are the minimum and the maximum azimuthal angles of the computational domain and m is the azimuthal index indicating the mode number (ie m = 0 corresponds to the planar mode).

From the primitive vector to the wave vector The wave vectors W(x, m, ω) are provided by the wave decomposition described in the equation(2.37),

P(x, m, ω) = [M] W(x, m, ω).
(2.86)

Although these wave vectors can be used in CHORUS, the proposed wave decomposition does not distinguish the acoustic pressure from the hydrodynamic field. A specific treatment is thus introduced as detailed hereafter.

Hydrodynamic filtering First, presuming that acoustics at low-frequency is essentially two-dimensional, a radial averaging allows removing a large part of hydrodynamic perturbations. Likewise, according to a filtering method proposed by [START_REF] Polifke | Instability of a premix burner with nonmonotonic pressure drop characteristic[END_REF], the acoustic and convective waves can be combined using the wave velocity and the planes axial spacing to improve the hydrodynamic filtering. This specific property applied to a wave w is written as,

ŵ(m, ω) = 1 N x Nx i=1 w(x i , m, ω) exp(-ik x x i ) (2.87)
where N x is the number of axial planes and k x the axial component of the corresponding wave number.

The wave decomposition allows computing the acoustic power generated by the combustion chamber with the tool CHORUS (Chapter 7) as well as a modal description of the unsteady fields at the exit of the combustor (Chapters 5 and 6).

A Helmholtz solver : AVSP-f

The last step of the CONOCHAIN methodology is the computation of the acoustic propagation through the exit jet of the engine as well as through the far-field. Ideally to compare the numerical results with experimental measurements provided by microphones located up to 20 meters away from the engine, the numerical simulation of a spherical domain around the engine up to the sensors is needed. For a turboshaft engine, the exit jet has some remarkable properties: a low-Mach number (close to 0,15) which limits the effect of the shear layers on the acoustic directivity and the absence of co-axial jet. These thermal shear layers generates temperature gradients which can impact the acoustic propagation. These characteristics justify the use of the no-Mach number non-isothermal Helmholtz solver AVSP-f to compute the acoustic propagation in the TEENI's context.

Solving the Phillips' equation

AVSP-f is based on a formulation of the Phillips' equation taking into account non-homogeneous sound velocity. Similarly to the Lighthill's analogy, the Phillips equation can be seen as a wave operator for reacting flows, namely

D 2 π Dt 2 - ∂ ∂x i c 2 ∂π ∂x i = ∂u j ∂x i ∂u i ∂x j - ∂ ∂x i 1 ρ ∂τ ij ∂x j + D Dt γ -1 ρc 2 ωT + k h k ∂J k ∂x i - ∂q i ∂x i + τ ij : ∂u i ∂x j + Q + D 2 Dt 2 (ln r) (2.88)
where π = p /γp. The equation (2.88), introduced by Chiu and Summerfield [1974] and [START_REF] Kotake | On combustion noise related to chemical reactions[END_REF], accounts for some acoustic-flow interactions, since gradients of the sound velocity c are included in the acoustic operator. Contrary to the Lighthill's analogy, mean temperature, sound velocity and density are not assumed homogeneous in space as is the case for turboshaft engine exit flows. The zero-Mach number assumption leads to some simplifications in the equation (2.88). Moreover, the species diffusion flux ∂J k ∂x i , the external energy source Q, the heat fluxes ∂q i ∂x i and the changes in the molecular weight of the mixture D Dt (ln r) are neglected. Finally, the last source term is the monopolar source of noise γ-1 ρc 2 ωT induced by the combustion process and the simplified Philips' equation (2.89) is

∂ 2 π ∂t 2 - ∂ ∂x i c 2 ∂π ∂x i = ∂ ∂t γ -1 ρc 2 ωT .
(2.89)

For far-field computation, no combustion process is considered and ωT = 0. Considering harmonic fluctuations (ie π = πe iωt ), the equation (2.89) becomes

ω 2 π + ∂ ∂x i c 2 ∂ π ∂x i = 0.
(2.90)

AVSP forced Helmholtz solver

AVSP forced version is devoted to the prediction of the acoustic field propagating in non-homogeneous media and generated by source terms or injection of acoustic waves across boundary conditions. To take into account three-dimensional geometries, unstructured meshes are used and this imposes some restrictions in terms of numerical methods. A finite volume discretization technique is used. As the finite volume methods have been conceived under the conservative philosophy, conservation equations are accurately solved. However, developments of higher order schemes are very complex under the finite volume approach which limits to second-order the AVSP numerical schemes coupled with a cell-vertex method.

After the discretization of the equation (2.90) over unstructured grids, a matrix system is obtained and solved using a Generalized Minimal RESidual (GMRES) method [START_REF] Saad | Gmres: a generalized minimal residual algorithm for solving nonsymmetric linear systems[END_REF]]. An acoustic flux is injected across a boundary condition to solve the acoustic field. Injecting acoustic waves from CHORUS in the AVSP-f domain needs however some attention. Typically, AVSP-f solves the acoustic field in terms of acoustic pressure and velocity which are provided by the downstream-propagating wave computed by CHORUS at the exit of the engine.

Analytical description of a low-Mach number hot jet

A simple description of the temperature field at the exit of a turboshaft engine is proposed in this section for low-Mach number jets. Although no velocity fields are taken into account, a qualitative modelling of the temperature patterns is required because of the major impact of temperature gradients in the refraction of sound waves as analytically addressed in the appendix B. A low-Mach number jet flow can be described into three main zones. As shown in Fig. 2.19, a potential core composes the first zone of the jet where the mean velocity is constant up to the X-coordinate x p . A transient zone is located between the end of the potential core the fully developed region. A modelling of a low-Mach number jet flow is proposed in this section where a strong assumption is made: the mean temperature is proportional to the mean velocity. Using scaling velocity laws for the different regions of the jet flow, the dimensionless temperature field is built. The mean pressure everywhere in the jet is equal to the atmospheric pressure.

Axial velocity variation:

In the potential core, the velocity is constant and equal to the mean inlet value. In the fully-developed zone, the modified axial Reynolds number is constant, namely

Re x = U inlet .R nozzle = r 12 (x).U x (2.91)
where U inlet is the mean inlet velocity, R nozzle the nozzle radius, U x the center-line axial velocity and r 12 (x) is the full width at half maximum of the velocity Gaussian profile. The axial velocity is given by

U x (x) = U inlet 2R nozzle B x
where B = 6.

(2.92)

In the transient zone, we assume that the axial velocity decreases linearly from the end of the potential core to the full-developed region.

Radial velocity profile in the potential core: [START_REF] Zaman | Asymptotic spreading rate of initially compressible jets-experiment and analysis[END_REF] proposed an expression of x p according to the mean jet flow density ρ jet and pressure P jet , the

Atmosphere (P a , ρ a , T a ) Nozzle Radius = R nozzle x = 0 x = x p x = x t

Potential core Transient zone

Fully developed region x p D j = ρ j U 2 j + P j -P a K u U j √ ρ a and K u = 0, 16.

P jet = P a T jet = T inlet Gaussian radial temperature profiles
(2.93)

To smooth the boundary between the potential core and the quiescent medium, a Gaussian law is applied where the full width at half maximum increases linearly from the nozzle lips to x p . So, the velocity profile is equal to

           1 if R < R core exp    R 2R nozzle 2 2σ 2    if R > R core (2.94) where σ = 1 2 √ 2ln2 x x p .
(2.95) So, the radial velocity is a hat close to the nozzle and tends to a Gaussian profile when x tends to x p as seen in Fig. 2.20.

Figure 2.20: Dimensionless radial velocity profiles in the potential core of the jet flow at different abscissae: x = 0 (-), x = 0, 5x p (•), x = x p ( ).

Radial velocity profile in the transient and fully-developed zones:

In these zones, the radial velocity profiles are Gaussian functions but the amplitudes and the full width at half maximum differs. In the transient zone, the axial velocity is continuous at the end of potential core and the beginning of the fully developed region is defined by the equation (2.92) [START_REF] Pope | Turbulent flows[END_REF]. So, the radial velocity profile is

x -x p x p -x p + 1 σ √ 2π 1 - x -x p x p -x p exp - r 2R nozzle 2 1 2σ 2 (2.96) where σ = Re 2R nozzle U inlet 1 √ 2ln2 .
(2.97)

In the fully-developed region, the equation (2.92) provides the axial velocity. Knowing consequently r 12 , the profile becomes induces strong temperature gradients around the jet. The transient zone is located from 4D to 7D and the fully-developed zone above 7D smooths the temperature profiles to reach a maximum close to 0,35 at 15D.

A exp - r 2R nozzle 2 1 2σ 2 (2.98) with A = 1 σ √ 2π . ( 2 

Conclusion

This chapter presented the numerical methodology CONOCHAIN used in this thesis to compute the direct and indirect combustion noise within a real aero-

Part II

Large-Eddy simulations of the TEENI combustion chamber dedicated to the combustion noise evaluation

The part presents the Large-Eddy simulations of the TEENI annular combustion chamber to provide unsteady fields at the exit of the combustor and apply the CONOCHAIN methodology described in chapter 2. To do so, numerical simulations correspond to stabilized operating points performed during the TEENI project in terms of mean features but also in terms of acoustics. This part is composed of two main chapters:

• the first one presents the LES method and solver AVBP used to perform the numerical simulations,

• the second chapter describes the simulated experimental operating points and the numerical set-up of the LES,

• the third one presents the simulations of a single sector to apply CONOCHAIN at two experimental operating points, 344kW and 904kW,

• the full-scale simulation of the TEENI combustion chamber at 904kW is presented and compared with the single sector simulation in the last chapter.

Chapter 3

Numerical tools for the Large-Eddy Simulations

Large Eddy Simulation with AVBP

Large Eddy Simulation is dedicated to solve the turbulent compressible Navier-Stokes equations and is an intermediate numerical concept between Direct Numerical Simulations and the Reynold Averaged Navier-Stokes methodology. In RANS concept, the governing equations are based on an ensemble average over a set of realizations [START_REF] Pope | Turbulent flows[END_REF] which removes the temporal dependence of the Navier-Stokes equations but yields unclosed terms. These terms are modelled to be representative of the physics taking place over the entire range of frequencies present in the ensemble of realizations. Contrarily, DNS consists of solving the compressible Navier-Stokes equations without any approximation, where the large scales of the turbulent flow are resolved as well as the small ones. Although this approach allows capturing complex physics and flow interactions, the computational cost limits this technique to canonical cases when the Reynolds number grows. Large Eddy simulation [START_REF] Sagaut | Introduction à la simulation des grandes échelles[END_REF]]is an original approach based on the energy cascade in turbulent flows where the kinetic energy is convected by the large turbulent scales and dissipated at the small ones. So, a low-pass spatial filter is applied on the Navier-Stokes equations to provide the governing equations where the small scales are removed. However, the unclosed terms corresponds to the interaction between the small structures with the turbulent flows and are modelled with different approaches. LES are consequently able to capture the unsteadiness within the turbulent flows in complex geometries with high-fidelity and allows a dynamic representation of a single representation of the flow. Note that this technique tends to DNS when the spatial filter size tends to zero. Using compressible and reactive Navier-Stokes equations, the LES predictions are close to the physics such as turbulent combustion and acoustic waves [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] highlighting their potential in predicting turbulent flows in industrial applications.

The governing equations

The set of conservation equations for reacting flows can be written:

∂w ∂t + ∇.F = s (3.1)
where w is the vector of the conservative variables:

w = (ρu, ρv, ρw, ρE, ρ k ) T (3.2)
with respectively ρ, u, v, w, E, ρ k the density, the three cartesian components of the velocity vector V = (u, v, w) T , the energy per unit mass and ρ k = ρY k for k = 1 to N (N is the total number of species). The source term s is decomposed for convenience into a chemical source term and a radiative source term such that: 

s = s C + s R . It
) v (ρE + P ) w ρ k u ρ k v ρ k w         (3.3)
for the inviscid terms where the hydrostatic pressure P is given by the equation of state for a perfect gas, namely P = ρrT.

(3.4)

The components of the viscous flux tensor F(w, ∇w

) V are         -τ xx -τ xy -τ xz -τ xy -τ yy -τ zy -τ xz -τ yz -τ zz -(uτ xx + vτ xy + wτ xz ) + q x -(uτ xy + vτ yy + wτ yz ) + q y -(uτ xz + vτ yz + wτ zz ) + q z J x,k J y,k J z,k        
.

(3.5)

Species diffusion flux J k :

The species diffusion flux is based on the Hirschfelder Curtis approximation [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF] where the diffusion velocity of species are expressed in terms of species gradients and a correction diffusion velocity V c to take into account the convection velocity [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF] to satisfy the total mass conservation, namely

J i,k = -ρ D k W k W ∂X k ∂x i -Y k V c i , i = 1, 2, 3 (3.6)
where D k are the diffusion coefficients for each species k in the mixture, W and W k the molar mass of the mixture and the specie k respectively, and X k and Y k the molar and mass fraction of specie k respectively.

Viscous stress tensor τ ij : The stress tensor τ is given by the following relations:

τ ij = 2µ S ij - 1 3 δ ij S ij , i, j = 1, 3 (3.7)
and

S ij = 1 2 ∂u j ∂x i + ∂u i ∂x j , i, j = 1, 3 (3.8)
where µ is the shear viscosity modeled with a Sutherland's law.

Heat flux vector q i : For multi-species flows, an additional heat flux term appears in the diffusive heat flux. This term is due to heat transport by species diffusion. The total heat flux vector then writes:

q i = -λ ∂T ∂x i Heat conduction + N k=1 J i,k h s,k
Heat flux through species diffusion (3.9)

where λ is the heat conduction coefficient of the mixture and h s,k the sensible mass enthalpies of the specie k.

The source term on the right-hand side of equation (3.1) is equal to

        S u S v S w ωT ωk         (3.10)
where ωT is the rate of heat release and ωk the reaction rate of specie k. The source terms S u , S v , S w are used to impose source terms on momentum components. For reacting flows, an Arrhenius law is often used to model the reaction rates ωk [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]. Furthermore, thermodynamic variables as sensible mass enthalpy or entropy are computed with JANAF tables [START_REF] Stull | JANAF thermochemical tables, 2nd Edition[END_REF] and interpolated between 0K and 5000K.

Equations for compressible Large Eddy Simulations

Applying the spatial filtering, the quantity f is resolved whereas f = f -f is the subgrid scale part due to the unresolved flow motion. The mass-weighted Favre filtering is well-adapted to the conservative equations, namely ρ f = ρf .

(3.11)

So, the LES governing equations are obtained by filtering the equation (3.1):

∂ w ∂t + ∇. F = s (3.12)
where F is the flux tensor. The spatial filtering where the cut-off corresponds to the mesh size divides the flux tensor F and the source term s into a resolved part and a subgrid scale component. The decomposition of F presented in the previous section is also valid but leads to unclosed quantities, which need to be modelled. So, the inviscid terms of the flux tensor F are equal to

       
ρũ 2 + P ρũṽ ρũ w ρũṽ ρṽ 2 + P ρṽ w ρũ w ρṽ w ρ w2 + P ρE ũ + P u ρEṽ + P v ρE w + P w ρũ ρṽ ρtildew

        (3.13)
and the viscous terms take the form:

        -τ xx -τ xy -τ xz -τ xy -τ yy -τ zy -τ xz -τ yz -τ zz -( ūτ xx + vτ xy + w τ xz ) + qx -( ū τ xy + vτ yy + w τ yz ) + qy -( ū τ xz + v τ yz + w τ zz ) + qz J x,k J y,k J z,k         .
(3.14) Noting with the subscript t the subgrid scale turbulent terms of the flux tensor F, the subgrid scale turbulent tensor is

        -τ xx t -τ xy t -τ xz t -τ xy t -τ yy t -τ zy t -τ xz t -τ yz t -τ zz t qx t qy t qz t J x,k t J y,k t J z,k t         . (3.15)
Modelling of these unclosed terms is required to resolve the set of LES equations. The subgrid scale turbulent fluxes are modelled to be representative of the interaction between the large structures of the flows and the small ones, especially in terms of turbulent energy dissipation. Based on homogeneous isotropic turbulent flows, a historical model was proposed by [START_REF] Smagorinsky | General circulation experiments with the primitive equations: 1. the basic experiment[END_REF] where the dissipative effect of the small structures was modelled with a turbulent viscosity ν t proportional to the size of the spatial LES filter ∆, the resolved strain rate tensor Sij and a constant value C s , namely

ν t = (C s ∆) 2 2 Sij Sij . (3.16)
Different approaches were proposed in the literature to reduce the dissipation induced by this model, as a filtering version of the Smagorinsky's model where the resolved strain rate tensor is obtained by filtering with a high-pass filter the resolved velocity field [Ducros et al., 1998], or a better evaluation of the constant C s computing with a Germano's inequality [START_REF] Lilly | A proposed modification of the germano sub-grid closure method[END_REF]. However, some models are dedicated to deal with the flow dynamics close to walls [START_REF] Nicoud | Dns of a channel flow with variable properties[END_REF] or for transient flows where the assumption of a homogeneous isotropic turbulence is false. In the present work, the classical Smagorinsky's model is used to perform the numerical productive simulations of the chapters 5 and 6. Preliminary simulations of the single sector are performed with the dynamic Smagorinsky's model and the filtering Smagorinsky's model to validate this choice, presented in the appendix E. The subgrid diffusive species flux vector is modelled using a diffusion coefficient based on a turbulent Schmidt number and a turbulent Prandtl number gives the subgrid heat diffusion coefficient in the subgrid heat flux vector.

Similarly to the flux tensor F, the source terms are divided into a resolved component and a subgrid scale component. For combustion process, the reaction zone is generally thinner than the spatial filter size, ie the mesh size. As the interaction between the flame and turbulent structure are known to be primordial to solve flame dynamics, combustion models have been built to take into account these effects and overcome this issue. Different approaches have been developed in the literature:

• Algebraic models based on an infinite thin flame and infinite reaction rate [START_REF] Fureby | Large eddy simulations of bluff body stabilized flames[END_REF].

• Geometrical approaches where the flame front is assumed to be thin compared to integral length scales [START_REF] Pitsch | Large eddy simulation of turbulent combustion[END_REF]. The flame is then described as an interface between fuel and oxidizer (non-premixed) or between fresh and burned gases (premixed). These approaches use flame front tracking techniques (flame surface density assumption, G-equation or c-equation).

• Statistical analysis whereby scalar fields may be collected and analysed for any location within the flow. Filtered values and correlations are afterwards extracted via knowledge of filtered probability density functions (FPDF) to be determined either by a presumed assumption or by solving a FPDFtransport equation (presumed PDF, CMC, LEM) [START_REF] Meneveau | Stretching and quenching of flamelets in premixed turbulent combustion[END_REF][START_REF] Cook | A subgrid model for equilibrium chemistry in turbulent flows[END_REF][START_REF] Pierce | A dynamic model for subgrid scale variance and dissipation rate of a conserved scalar[END_REF]].

• Artificially thickening the flame front. In this approach a flame thicker than the real one is considered, but that has the same laminar flame speed [START_REF] Butler | A numerical method for two-dimensional unsteady reacting flows[END_REF][START_REF] Angelberger | Large eddy simulations of combustion instabilities in premixed flames[END_REF][START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF].

The last model is used in the numerical simulations presented in this work. The main idea of the thickened flame model is the resolution of the flame front on a mesh in which the mesh size is larger than the reacting zone always encountered in LES. The thickening stiffens the flame and altered the interaction between the vortices and the flame front. The eddies smaller than the thickened reaction zone do not interact with the flame. Furthermore, the reaction rate is computed with an efficiency function to take into account the underestimation of the flame surface. So, the thickening is dynamically applied in the reaction zone [START_REF] Légier | Dynamically thickened flame LES model for premixed and non-premixed turbulent combustion[END_REF]. To be representative of the fuel dispersion in the primary zone of the combustion chamber, the gaseous fuel is injected where the liquid spray impacts the swirler lips [START_REF] Boudier | Effect of mesh resolution on large eddy simulation of reacting flows in complex geometry combustors[END_REF] (Fig. 4.2(b)). Multi-perforated plates and dilution holes ensure the cooling of the burnt gases and the thermal protection of the flame tube in the primary zone. At the exit of the combustion chamber, the high-pressurized stator is removed. Thus, the wave extraction performed to compute the combustion noise with CHORUS is not impacted by potential effects generated by the blades. So, to conserve the sonic state of the stator, an equivalent nozzle is inserted at the chamber outlet to be representative of the mean curvilinear evolution of the Mach number through the blade vane. This methodology is described in

Configuration and operating points

Numerical parameters

The set of numerical simulations presented in this PhD is performed with the LES solver AVBP. This software is a fully unstructured compressible code including species transport and variable heat capacities. Based on a cell-vertex formulation, centred spatial schemes and explicit time-advancement are used to solve the reactive Navier-Stokes equations presented in the previous section. These numerical techniques allow controlling the numerical dissipations and capturing acoustic waves [START_REF] Colin | A thickened flame model for large eddy simulations of turbulent premixed combustion[END_REF]. Productive simulations are performed using a TTG third order accurate in space and time scheme with a time step controlled by the speed of sound [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].

Boundary conditions

Since the objective of these simulations is to compute waves leaving the chamber to enter the turbine, boundary conditions require specific treatments to handle the unsteady flow features. In AVBP, the Navier-Stokes Characteristic Boundary Conditions (NSCBC) method is implemented decomposing each variation of the flow variables on the boundaries into ingoing and outgoing waves. In these computations, the NSCBC treatment is only applied at the inlet where the air mass flow rate and the flow temperature are known, while wall-law adiabatic conditions are imposed at all walls of the chamber except in the outlet nozzle where a slip condition is used. Since the throat of the nozzle is choked, no additional boundary condition is need at the chamber outlet. Contrary to the dilution holes which are resolved in the simulations, the multi-perforated plates are modelled with a homogeneous approach [START_REF] Mendez | Large-eddy simulation of a bi-periodic turbulent flow with effusion[END_REF] to take into account both the mass flow rate injected through the plates and the acoustic behaviour of these devices. This model is based on the computation of the instantaneous pressure gradients across the plates to compute the suction and injection sides and the associated flow velocities. Furthermore, the flow dynamic in the plate is described with the unsteady Bernoulli equation which can be seen as an acoustic impedance depending on the geometry. Preliminary simulations shown that the acoustic activity of the combustor are deeply impacted by the modelling of the multi-perforated plates which justified to use this model. These simulations are presented in the appendix E.

Chemistry and combustion model

Kerosene is a mixture of hydrocarbons mainly composed of alkanes ranging from C 10 H 22 to C 14 H 30 with a high specific energy and and properties well-adapted to aviation requirements. However, this complex composition leads to a rather complex chemical scheme of reactions involving a large amount of species to reproduce properly the combustion process. Therefore, the composition as well as the chemistry have to be modelled in the LES context. First, Kerosene is replaced with a fuel surrogate equivalent to C 10 H 20 which is quite similar in terms of thermodynamic properties [START_REF] Franzelli | A two-step chemical scheme for Large-Eddy Simulation of kerosene-air flames[END_REF]. The complex chemical scheme is replaced with a two-reaction scheme, namely

F + 10O 2 → 10CO + 10H 2 O (4.1) CO + 1 2 O 2 ↔ CO 2 , (4.2)
where F is the surrogate fuel. This scheme is known to well-computed the laminar flame properties in lean conditions but can lead to an over estimation of the adiabatic temperature when the mixture composition is rich. Consequently, both reaction rates are fitted to retrieve a realistic adiabatic temperature. This reduced scheme was compared with a detailed chemical computation [START_REF] Luche | Elaboration of reduced kinetic models of combustion[END_REF] for which very good agreements were found in our thermodynamic conditions of interest.

The Dynamic Thickening Flame LES model is based on the laminar flame characteristics. As two operating points are computed in this work, two laminar flame computations are performed to set the flame properties (Table 4.2) required in the DTFLES model at the stoichiometric and corresponding to the combustion chamber thermodynamic conditions.

Operating points 344 kW 904 kW Flame speed (m/s) 0,652 0,745 Flame thickness (m) 5,92.10 -5 5,25.10 -5 Table 4.2: Laminar flame characteristics for the DTLES model

Modelling of multi-perforated plates in AVBP

Multi-perforated plates are cooling devices to ensure thermal wall protection in the primary zone of the flame tube by generation of local effusion films. The holes are characterized by the injection angle depending from the zone within the combustor and a radius equal to 0, 2 mm. A proper resolution of the flow within these devices requires mesh resolution and computational cost out of reach in the LES context. Based on these observations, [START_REF] Mendez | Large-eddy simulation of a bi-periodic turbulent flow with effusion[END_REF] proposed a modelling where the multi-perforated plates are considered equivalent to homogeneous inlet boundary conditions to ensure mass conservation and conserved the tangential momentum. For a LES of single sector with the casing, the mass flow rate injected through the plates is given by empirical laws and set in the computation. Consequently, the mass flow rate injected from the compressor is modified to take into account mass injection through the multi-perforated plates. This method is used in the design stage in industry because is able to reproduce the main aerodynamic characteristics of the plates whereas their acoustic behavior.

The impact of the perforated wall on acoustics is well-known: acoustic waves impacting the plate induce locally a flow through the hole which generates vortices and absorb partially the acoustic energy [START_REF] Rienstra | An Introduction to Acoustics[END_REF]. Linear sound absorption through a perforated plate was addressed by [START_REF] Howe | On the theory of unsteady high reynolds number flow through a circular aperture[END_REF] for which a model was proposed to evaluate the amount of energy transferred from the acoustic to vortical energy. Introducing the harmonic mass flow rate fluctuation q and the pressure fluctuations p+ and p-for both sides of the apertures, the Rayleigh conductivity K R can be seen as an admittance of the plate, namely

K R = iρω q p+ -p- (4.3)
where ρ is the density through the aperture and ω the pulsation. [START_REF] Howe | On the theory of unsteady high reynolds number flow through a circular aperture[END_REF] proposed a complex expression for the Rayleigh conductivity in case of mean flow through the aperture giving

K R = 2a(γ -iδ), (4.4)
where a is the hole radius, γ and δ depends on the Strouhal number and modified Bessel functions. The frequency dependence of this formulation is a problem for time-dependent solvers to reproduce accurately the acoustic response of the plates. Instead, an other approach was developed in AVBP based on the linearisation of the unsteady Bernoulli equation which provides the velocity fluctuation across the aperture in terms of the geometrical parameters and the pressure gradient ∆P [START_REF] Mendez | Acoustic modeling of perforated plates with bias flow for large-eddy simulations[END_REF], namely

∆P = ρ πa 2 + h sin(α) ∂U j ∂t + (ρU j ) 2 2ρC 2 D (4.5)
where U j is the bulk velocity in the aperture, a and α the radius and the angle of the hole, ρ the density and C D a discharge coefficient across the plate. This acoustic impedance was tested on a canonical test case where an incident acoustic wave was injected through a circular aperture to capture the conversion of acoustic energy into vortical energy and compared with the Howe model [START_REF] Mendez | Acoustic modeling of perforated plates with bias flow for large-eddy simulations[END_REF]. Very good agreements were found by comparisons between the analytical approach and the numerical results in terms of acoustic impedances. Particularly, the equation 4.5 is equivalent with the Howe model for a discharge coefficient equal to 0, 64. In this work, this model is used to perform the CONOCHAIN LES.

The impact of the multi-perforated plates on the acoustics within the combustion chamber is addressed in appendix E.

Chapter 5

Single-sector LES of the TEENI combustion chamber

Abstract This chapter describes LES of a single sector of the TEENI annular combustion chamber with AVBP. The lower and higher operating points are simulated at 344kW and 904kW respectively. The mean flow predictions are found to be very similar between the two operating conditions. Entropy waves are created within the combustion chamber and caused by the interaction between the dilution jet flows and the burnt gases while the unsteady pressure fluctuations are related to the unsteady heat release. The acoustic field within the LES domain is investigated using the Helmholtz solver AVSP. The acoustic solver correctly predicts the acoustic longitudinal modes in terms of cut-off frequency and spatial structure contained in the LES. Moreover, using a modal decomposition at the exit of the combustion chamber, the pressure field is mainly carried by longitudinal components while the entropy field is disturbed and composed of higher azimuthal modes. Finally, LES is able to retrieve the experimental fluctuating pressure recorded during the TEENI project in terms of levels and patterns.

Mesh description

Both simulations of the TEENI sector are based on a full tetrahedral mesh composed of 12,8 millions of elements. As shown in Fig. 5.1, the primary zone of the combustor is described with tetrahedral cells of sizes close to 0,5 mm. The mesh dependency was investigated by [START_REF] Boudier | Effect of mesh resolution on large eddy simulation of reacting flows in complex geometry combustors[END_REF] and [START_REF] Wolf | Large Eddy Simulation of thermoacoustic instabilities in annular combustion chambers[END_REF] where a single sector composed of 6,2 millions elements was sufficient to reach a statistical convergence. Our criteria to perform this mesh were a accurate description of the Figure 5.1: Tetrahedral mesh of the LES domain.

primary zone and the computation of the dilution jet interactions with the burnt gases as well as a proper description of the entropy waves convection through the flame tube. Considering that an entropy wave is well-described with 5 cells at least, the cut-off frequency above which the convective waves are altered is computed for a average velocity equal to 30 m.s -1 corresponding to a Mach number close to 0.05, namely

f c = Û 5.∆x cell .
(5.1)

In the scope of combustion noise, the frequency range can reach 2000 Hz and the mesh is built to ensure a convective wave convection up to 5000 Hz which requires a ∆x cell of the order of 1 mm according to Eq. (5.1).

Mean flow description

The physical time simulated in these LES is of 82 ms with a time-step equal to 2, 10 -8 s corresponding to a maximum CFL number of 0,7. The time-step is strongly impacted by the smallest cells located to the swirler vanes. The air mass flow rate is coming from the compressor and impacting the flame tube in the casing. As the simulations are choked, there is a linear dependence between the mean pressure in the combustor and the exit mass flow rate. If ṁ is the mass flow rate, using the stagnation pressure P 0 and temperature T 0 within the combustion chamber, we get

ṁ = AP 0 γ rT 0 γ + 1 2 -γ+1 2(γ-1) (5.2)
where A is the nozzle section. Thus, the stagnation pressure within the combustor can be plotted according to the exit mass flow rate for non-reactive and reactive cases in Fig. 5.2. For a given operating point, the difference of stagnation pressure variation with the mean mass flow rate is caused by the difference of gas composition at the exit and thus by the mean density. The black squares corresponds to the stabilized operating points of the LES confirming the exit nozzle is choked in both cases. As the multi-perforated plates are modelled with a dynamic coupled approach [START_REF] Mendez | Large-eddy simulation of a bi-periodic turbulent flow with effusion[END_REF] (see Eq. 4.5), the mass flow rates computed with the pressure gradient across the plates in the LES can be compared with the empirical evaluation of flow splits using simple one-dimensional network approaches which compute pressure losses and flow split according to experimental correlations. Then, the COOLANT tool of Turbomeca was used to obtain these evaluations. The mean mass flow rates across the multi-perforated plates for both simulations are given in Table 5.1. For both operating points, a very good agreement is found between the empirical values and the computed ones. These results depend on a correct estimation of the pressure losses within the combustion chamber which are well-predicted in our simulations (close to 3% Table 5.1: Mean mass flow rate distribution within the flame tube (Fig. 5.3) and pressure losses for the operating points. 

Mean velocity in the combustion chamber

The mean velocity fields presented in this section are scaled by the inlet mean velocity U inlet . The U inlet values do not differ from 344kW to 904kW contrary to the mean mass flow rate because the density is higher for the 904 kW case. The mean dimensionless velocity amplitude slightly differs between the two operating points as shown in Figs. 5.9 and 5.8. The dilution holes generate high velocity jet flows within the flame tube where the upper flow is deviated by the interaction with the low flow within the primary zone. Thus, a large recirculation zone is generated around the swirler highlighted in Figs. 5.6 and 5.7 and leads to lowvelocity levels except in front of the lips of the swirler. The upper recirculation zone is more important than the lower because of the deviation of the upper jet flow in the primary zone. In the second zone of the flame tube, the mass flow rate injected circumferentially by the multi-perforated plates induces the slight azimuthal component of the mean velocity field. The high degree of similarity between the two simulated powers is noticeable in terms of mean velocity amplitude as well as streamlines of the mean flow.

Mean Temperature field

The dimensionless mean temperature field is equal to T -T inlet T adiab -T inlet where T inlet is the mean inlet temperature and T adiab is the mean adiabatic temperature reached in the simulations. The mean flame location is highlighted by the iso-lines of the mean heat-release as shown in Figs. 5.9 and 5.8. The most reactive zones are confined close the swirler as shown in Fig. 5.9 but the axial cut in Fig. 5.8 shows a reacting zone up to the dilution holes for both power settings. A larger and more spread-out heat release distribution as well as the stoichiometric mixture fraction 

Unsteady activity in the combustion chamber

Tracking the combustion noise sources requires to investigate the acoustic activity within the chamber as well as the generation of hot spots and vorticity waves responsible for indirect combustion noise.

Unsteady pressure within the combustor

The root-mean-squared (RMS) pressure fields are plotted in Fig. 5.13. In both cases, the main pressure fluctuations are located to the swirler and the jet interaction zones. In terms of fluctuating pressure levels, the low power simulation is quieter than the higher operating point as expected. However, these pressure fields do not provide information about the acoustic activity within the combustor. To do so, averaged periodograms of fluctuating pressure are computed at different locations (Fig. 5.5). Fig. 5.14 shows that these spectra exhibit two main narrowband components centered around 600 Hz and 3000Hz in the primary zone and at the exit of the combustion chamber. The intermediate sensors located to the plane unsteady heat release integrated over the LES domain and pressure sensors located to the exit plotted in Fig. 5.15, the acoustic activity is strongly coupled with the turbulent combustion process up to 4000Hz in both cases. At very low frequency, the coherence spectra are altered by hydrodynamic fluctuating pressure which is not correlated with the unsteady heat release.

To investigate the acoustic field within the combustor in terms of modal decomposition, the Helmholtz solver AVSP is used on the computational domain of the LES. The smallest dilution holes are filled and treated as walls to keep only the swirler and the primary dilution holes. The mean sound velocity field comes from the average of the LES. Previous work [START_REF] Boudier | Application de la methode LES a la combustion instationnaire dans les foyers d'helicoptere[END_REF][START_REF] Silva | Numerical study of combustion noise in gas turbines[END_REF][START_REF] Gullaud | Impact des plaques multiperforees sur l'acoustique des chambres de combustions aeronautiques[END_REF] showed that the inlet and outlet boundary conditions can be treated as walls (ie the normal acoustic velocity is set to zero). These computations are detailed in appendix F. In the following, the computed acoustic fields obtained with AVSP correspond to the high power case. Indeed, for the low power case, as only the thermodynamic conditions differ, the cut-off frequencies are shifted but the modal structures are not modified. A first acoustic longitudinal mode is found at 530 Hz for the high power case and 490 Hz for the low power case where the pressure node is located in the casing just below the inlet injection as shown in Fig. 5.16. In the flame tube, this frequency corresponds to the narrow-band humps found on PSD of LES signals (Fig. 5.14). The second hump close to 3000 Hz found in LES signals corresponds to a second acoustic longitudinal mode found at 2875 Hz and 3055 Hz by AVSP for the low and the high power cases respectively. This mode is not recorded by the pressure probes located to plane 4 because this plane is close By considering only a single sector of the annular combustion chamber, the acoustic field cannot exhibit azimuthal or radial components at low-frequency which means that the longitudinal mode amplitudes captured by the LES should not be as strong as in the experiment. Using the modal decomposition provided by the extraction of the pressure field at the exit of the combustion chamber with CONOCHAIN (plane ∆ 4 in Fig. 5.4), the normalized modal energy carried by each mode is computed in both cases and plotted in Fig. 5.19. These spectra prove that the pressure field is mainly carried by the longitudinal modes up to 4000 Hz.

Finally, power spectral densities of the experimental pressure within the combustion chamber are compared with numerical pressure signals recorded close the the upper dilution holes which corresponds to the experimental pressure probe location (Fig. 5.20): LES is able to capture the unsteady pressure in terms of levels 123 0 0,25 0,5 0,75 1 

Generation of temperature fluctuations

The previous section suggests that LES performs a reasonable job in predicting pressure fluctuations in plane ∆ 4 (Fig. 5.4). These pressure fluctuations control direct noise. To capture indirect noise, the temperature fluctuations in plane 5 (Fig. 5.5) must also be predicted: these fluctuations at the exit of the combustion chamber will create the indirect combustion noise within the turbine stages. The mechanisms responsible for the generation of the "hot spots" within the combustion chamber are described in this section.

The root-mean-squared (RMS) temperature fields are plotted in Fig. 5.21 where two main zones of fluctuating temperature are visible. First, in the primary zone, temperature fluctuations correspond to the shape of the turbulent flame where turbulent structures interact with the flame front which convects fresh gases across the reacting zone. Second, the interaction of the dilution jet flows at the end of the primary zone generates the strongest temperature fluctuations in both cases as highlighted in Fig. 5.22. The dimensionless fluctuating temperature shows that the largest hot spots are generated in the second half of the flame tube.

To quantify these phenomena, averaged periodograms are computed using the 0 0,25 0,5 0,75 1 sensors. The PSD levels increase from the plane 2 to 4 showing that temperature spots are mainly generated by the dilutions and cooling devices of the combustion chamber (Fig. 5.23). For the low power case, the increase in fluctuation generation is less important because the jet flows interact deeper than in the high power case in the primary zone. combustor leads to a non-symmetric modal decomposition and highlight a slight peak close to 500 Hz in both cases.

Conclusions

LES of single-sector of the TEENI combustion chamber have been presented in this chapter for two experimental operating points, 344kW and 904kW. The mean flow predictions showed that the mean velocity field is only slightly modified when the engine power changes. The prediction of pressure losses and flow split within the combustion chamber was shown to be correct thanks to a dynamic modelling of the multi-perforated plates [START_REF] Mendez | Acoustic modeling of perforated plates with bias flow for large-eddy simulations[END_REF] able to predict the injected mass flow rates as well as mimic the acoustic behaviour of these devices.

The computed sound pressure levels in the flame tube are found to be similar to the experimental pressure fluctuations in both cases and exhibit a combination of acoustic longitudinal modes. Furthermore, the generated acoustic waves at lowfrequency are highly-correlated with the unsteady heat release ie the turbulent combustion. The generation of entropy waves was also addressed and it was found that the mixing induced by the main dilution jet flows of the burnt gases is the firstorder mechanism responsible for the largest temperature fluctuations convected at the exit of the combustion chamber. This is an interesting but not expected conclusion suggesting that indirect "noise" combustion in this burner is actually not a "combustion" noise but a "mixing" noise between burnt gases (in the primary zone) and cold dilution jets. The role of dilution jets in these combustors is again highlighted as done already by [START_REF] Motheau | Accounting for mean flow effects in a zero-Mach number thermoacoustic solver: Application to entropy induced combustion instabilities[END_REF] who showed that these jets can create unstable combustion modes (in a different engine).

Mesh description for full engine

The mesh used to build the full-annular LES domain is shown in Fig. 6.1 and is composed of 7.3 millions tetrahedral cells which leads to a final mesh composed of 110 millions of cells. The mesh properties are very similar in the swirler and close to the lips of injector to the single-sector mesh used in Chapter 5 to solve properly the flow and the flame in the primary zone. To improve the time-step used in this simulation, slight geometrical modifications are performed in the swirler to limit the smallest cell volume. To assess the validity of this mesh, preliminary simulations (not shown in this work) using this single-sector have been compared with the simulations presented in the chapter 5 in terms of mean flow features and unsteadiness: no difference has been found.

Mean flow features

The duration of the full-annular simulation is 43, 2 ms with a time-step equal to 3, 6 . 10 -8 s to get a maximum CFL number of the order of 0,7. The total CPU required for this LES was 800 000 hours on a IBM x3750 equipped with Intel Sandy Bridge 2,7GHz CPUs.

Mean flow description

The mean flow features within the full annular combustion chamber are found very similar to the single sector simulations presented in Chapter 5. that the mean temperature field within the flame tube exhibits the same pattern than in the single sector (Fig. 5.10(b)). The distribution of the stoichiometric isoline of mixture fraction is also very close to the predicted one in the single sector simulation. Over the meridian plane ∆ 2 (Fig. 5.4), the footprint of the dilution holes is visible on the mean temperature field (Fig. 6.3) inducing lower temperature levels in respect of the injector axis and lateral lobes of burnt gases. The isoline of stoichiometric mixture fraction is found more compact than in the single sector simulation but this difference is caused by the mesh resolution. The mixture fraction computed in the burnt gases corresponds to low fresh gases mass fraction levels (close to 1%) and is thus very sensitive.

The mean velocity magnitude levels predicted for the full annular combustion chamber are also very close to the levels found in the single sector simulation (Figs. 5.9(b), 5.8(b)). The penetration depth of the dilution jet flows are well-predicted (Fig. 6.2(a)) which leads to similar reacting zones locations (Figs. 6.2(a),6.5(b)). In the second half of the flame, the mean velocity magni-0 0,25 0,5 0,75 1 tude pattern exhibits a slight azimuthal component cause by the multi-perforated plates 3 and 4 (Fig. 5.3). The slight differences between the single sector LES of section 5.2 and the full engine LES of the present section can be explained by the establishment of a mean azimuthal flow as observed by [START_REF] Wolf | Large Eddy Simulation of thermoacoustic instabilities in annular combustion chambers[END_REF]. This mean azimuthal flow is mainly driven by the lateral flow injected through multi-perforated plates in the flame tube. Fig. 6.4 shows the time evolution of the azimuthal velocity over the exit plane ∆ 4 in Fig. 5.4 for both single sector and full LES. A difference of 1,5 m/s between the mean values appears which is similar to the azimuthal velocity value found by [START_REF] Wolf | Large Eddy Simulation of thermoacoustic instabilities in annular combustion chambers[END_REF] 

Outlet mean temperature

The mean temperature field at the exit of the combustion chamber is extracted over the planes used to apply the CONOCHAIN methodology. These fields are compared with the duplicated mean temperature field obtained in the single sector simulation (Fig. 6.6). The temperature lobes generated by the main dilution holes showed in Fig. full-annular combustion chamber as N sectors sectors, the mean temperature profiles at the exit are plotted over the radial direction for different azimuthal positions and compared with the single sector predictions in Figs. 6.7 and 6.8. A weak variability of the mean temperature prediction sector-by-sector is found and these profiles are consistent with the single sector LES which means that a single sector is sufficient to predict the mean temperature at the exit of the combustion chamber. 

Unsteady field in the full annular chamber

Contrary to the single sector simulation, the full annular computation allows computing the complete unsteady fields especially in terms of pressure and temperature. Computation of combustion noise using the CONOCHAIN methodology is strongly dependent on the fluctuating primitive variable extraction at the outlet of the combustor.

Unsteady pressure within the chamber

The unsteady pressure activity within the combustion chamber can be firstly addressed by plotting the RMS pressure field over the meridian plane ∆ 2 (Fig. 5.4).

In the flame tube, the structure of the pressure field corresponds to the first azimuthal mode which is not present in the casing as shown in Fig. 6.9. The full 360 o LES is run at roughly 40 acoustic cycles for this first azimuthal mode. Using the Helmholtz solver AVSP (Appendix F), the first azimuthal acoustic mode is found at 655 Hz and exhibits identical structure compared with RMS pressure field (Fig. 6.9). This frequency shift was also found by [START_REF] Wolf | Large Eddy Simulation of thermoacoustic instabilities in annular combustion chambers[END_REF]. At the exit of the combustion chamber, this pattern is also visible as shown in Fig. 6.10 where pressure nodes are located at 0 o and 180 o and pressure anti-nodes are located at 75 o and 270 o . Using a row of 45 probes circumferentially located in the flame tube, the PSD of pressure fluctuations confirms the presence of a peak close to 780 Hz emphasized by the cross-spectrum amplitude between probes at 75 o and 270 o (Fig. 6.10). The phase-shift of this cross-spectrum is constant in the frequency range [400Hz, 1200Hz] which means that the pressure fluctuations do not exhibit propagating components. The modal distribution of the power contained in the pressure signal at the exit of the combustion chamber over the plane 5 (Fig. 5.4) at 780 Hz shows that the power levels carried by the two propagating clockwise and counter-clockwise first azimuthal modes are of the same order.(Fig. 6.12(a)). Fig. 6.12(a) shows that two modes at 780 Hz contain most of the pressure fluctuation energy suggesting that this mode dominates the acoustic waves entering the turbine and are not dying during the simulation. This is a major problem for the single sector LES which totally ignores these azimuthal modes. Chapter 7 however will show that most of the direct noise is actually damped in the turbine so that the single sector LES may still be a valid approach. Finally, the experimental PSD of the pressure fluctuations at 904kW obtained in the chapter 1 is compared with the PSD of pressure fluctuations computed in the single sector (chapter 5) and the successive PSD of the pressure fluctuations over the N sectors sectors (Fig. 6.12) in the full annular combustion chamber in the position A (Fig. 5.4). As the azimuthal acoustic mode dominates the numerical spectra in the full annular simulation, the numerical PSDs impacted by the peak at 780 Hz are slightly different with the numerical PSD in the the single sector and the experimental one (Fig. 6.13). Particularly, the broadband part of the experimental spectrum below 2000 Hz is well-predicted in the full annular simulation while the PSD levels dramatically drop above 2 kHz. 

Unsteady temperature in the combustion chamber

The RMS temperature field over the meridian plane ∆ 2 (Fig. 5.4) shows two main zones of fluctuating temperature generation close to the lips of the swirler where turbulent combustion takes place and just after the main dilution holes in the second half of the flame tube. As expected and shown in the single sector simulations (chapter 5), the mixing of the burnt gases induced by the dilution jet flows seems to be the main phenomenon responsible for hot spots generation (Fig. 6.14). By dividing the full-annular domain into N sectors "single-sectors", the averaged PSD over planes 2, 3 and 4 are plotted in Figs. 6.16(a), 6.16(b) and 6.16(c) respectively. The gray errorbars correspond to the variability of the N sectors averaged PSDs for which the total averaged is the black curve. These PSDs are compared with the averaged PSDs obtained in the single sector simulation. In plane 2, the PSDs levels are dramatically lower than the periodograms in the single sector case while a good agreement is found between the averaged periodograms in planes 3 and 4.

The mixing process in the full annular combustion chamber leads to similar fluctuating temperature levels in the first part of the flame tube but is located more downstream than in the single sector case. The convection of the temperature spots from plane 4 to the exit (plane 5) of the combustion chamber is illustrated by the averaged periodograms in Fig. 6.16(d).

In the full annular simulation, the amplitudes of the fluctuating temperature sector-by-sector are close to the amplitudes computed in the single sector computation. Nevertheless, a significant variability between the sectors is found. Furthermore, these averaged periodograms allow characterizing the consistency between the simulations in terms of temperature fluctuations but do not correspond to the entropy planar mode at the exit of the chamber because of the loss of the phase in the averaged PSDs. The total power extracted from the entropy signal at the exit of the combustion chamber (Fig. 6.15(b)) exhibits the same broadband component centred around 600 Hz than in the averaged PSDs of the temperature fluctuation (Fig. 6.16(d)). However, the modal decomposition of the entropy field at the exit shows that the planar and the first azimuthal modes carried less than 5 % of the total power contained in the entropy signal (Fig. 6.15). Similarly to the single sector case where the 8 first azimuthal modes were required to describe properly the entropy field, the modal decomposition is performed over the 100 first azimuthal modes which contained more than 95 % of the entropy signal. Particularly, the entropy planar mode extracted from the full-annular simulation is lower than the one extracted form the single sector simulation.

To first order, this shows that:

• the temperature fluctuation in each sector are only weakly affected by the azimuthal acoustic mode identified in section 6. obtained for pressure which were dominated by the azimuthal mode,

• the fact that the fluctuations in each sector are the same order does not imply that the global fluctuations for the whole combustor are similar to the single sector results because the phase of fluctuating temperature for each sector is not the same: interference effects between sectors lead to smaller Indeed, for the N sectors sectors system to act like a single sector chamber, the entropy signals extracted from the N sectors sectors would have to be in-phase. This phase can be examined in the LES by extracting these entropy signals from the N sectors "single-sectors" at the chamber outlet (plane 5 in Fig. 5.5) and computing cross-spectra of these signals between adjacent pair of sectors. Consider the entropy time signal (s /c p ) i of the planar mode related to the i th sector split into N time samples and S i the Fourier transform of each sample, the averaged cross-Figure 6.17: Phase-shifts φ i,i+1 of cross-spectra C i,i+1 (Eq.6.1) between the entropy planar modes extracted from adjacent sectors of the full-annular combustion chamber (Sectors 1 to 3: -• -, sectors 4 to 6 : -• -, sectors 7 to 9 : -• -, sectors 10 to 12 : -• -). spectrum C i,i+1 between the sector i and the adjacent one i + 1 is

C i,i+1 = N k=1 S i | k S * i+1 k (6.1)
where * represents to the complex conjugate of a complex number. The phase-shift φ i,i+1 is the argument of the averaged cross-spectrum C i,i+1 . In case of entropy planar waves in-phase sector-by-sector, the phases φ i,i+1 of the cross-spectra have to be identical between adjacent sectors. Yet, the phase-shifts are displayed in Fig. 6.17 and are randomly spread in the frequency range [0,4000 Hz] which means that sectors do not talk to each other in terms of entropy fluctuations: the entropy planar mode extracted from the full-annular simulation is not equal to the "single-sector" entropy planar mode magnitude. The geometrical dependence of the entropy field will impact the prediction of indirect combustion noise generated by the entropy spots through the turbine stage in a single-sector simulation. However, an appropriate filter can be built to remove the impact of the number of simulated sectors on the entropy planar mode as proposed in the next section which uses the fact that all sectors have random phases to build a statistically meaningful average of the N sectors sectors.

Entropy planar mode filtering

The previous section has shown that the entropy fluctuations produced by the full combustor were not the same as the fluctuations produced by a single sector because the burners activities interfere and decrease the overall signal level. Moreover, the LES of the full combustor showed that there was no correlation between sectors: this suggest a method to construct the entropy signal carried by the planar mode of the full combustor from the LES of a single sector as described in this section. The random phase distribution of the entropy planar modes extracted from the N sectors sectors implies that their magnitudes w i s can be related to the amplitude of the planar mode w s of the full-annular LES by introducing a random phase φ, namely

w s = 1 N sectors Nsectors 1 w i s exp(iφ i ). (6.2)
Eq. 6.2 can be written in a more general form by considering an entropy planar mode extracted from k sectors,

w s = k N sectors k N sectors +1 1 w i s exp(iφ i )κ i , (6.3)
where κ i is unitary except for i = k Nsectors + 1 for which κ i is equal to k Nsectors . Consequently, by assuming that the modal amplitudes w i s are identical, the filter magnitude F k is

F k = k N sectors k N sectors +1 1 exp(iφ i )κ i .
(6.4)

The accuracy of the filter depends on a sufficient number of realisations to get the random-phase distribution. Actually, the equation 6.4 is averaged over 100 000 realizations to converge, namely

Fk = 1 N realizations    N realizations 1 k N sectors k N sectors +1 1 exp(iφ i )κ i    .
(6.5)

The filter magnitude tends to 1 when the number of considered sectors corresponds to the full-annular combustion chamber (k = N sectors ) and is equal to 0,23 for a single-sector simulation (k = 1).

To assess the validity of this technique, a first test case consists of splitting the exit plane in the full-annular simulation to extract N sectors "single-sector" entropy planar mode. Result are displayed in Fig. 6.18 where the "single-sectors" modes amplitudes are shifted by a constant value from the full-annular mode magnitude (Fig. 6.18(a)). By applying the filter defined in the equation 6.4, the "singlesector" modes levels are in agreement with the full-annular one. A second test case is based on the splitting of the full geometry into several planes composed of different number of sectors from 2 to N sectors . Thus, the different filter amplitudes which are functions of the number of considered sectors are used. Similarly to the first test cases, the different entropy plane modes amplitudes are correctly predicted by the filtering operation to reach the target spectrum as shown in Fig. 6.19. 

Conclusions

This chapter has described the first LES of a full 360 degree annular combustor corresponding to the TEENI geometry presented in the previous chapter. This 360 LES was compared to the single sector LES of Chapter 5 in terms of mean flow field, acoustic activity and entropy generation. Three types of conclusions have been reached:

• Regarding the mean flow, limited differences are observed between single sector and full 360 LES, probably due to the establishment of a weak global swirling motion in the 360 LES.

• The acoustic field, on the other hand, is very different in both LES: the 360 LES is dominated by an azimuthal mode which can not be captured by the single sector LES. This suggests that the direct noise produced by the real engine differs from the single sector LES. We will see in the next chapters that this may be only a marginal problem because direct noise is found to be small in this configuration anyway.

• For indirect noise, the full 360 LES shows that all sectors create entropy spots which are comparable to the single sector LES results but are uncorrelated so that important cancellation effects appear when averaged over the whole machine. In other words, the overall entropy fluctuations of the 360 machine are smaller than the predictions of the single sector LES. However, if the entropy fluctuation phases between sectors are fully uncorrelated, as suggested by the 360 LES, a simple filtering model can be used to deduce the full machine fluctuating entropy from a single sector LES.

To conclude, except for direct noise, a single sector LES seems to be a reasonable way to predict the waves leaving the combustion chamber before entering the turbine. This last phase is described in the next sections.

Part III

Combustion noise computation in the turbine stages and in the far-field with CONOCHAIN tool Section 7.1 presents first only the transfer functions of the turbine: these results are independent of the LES waves imposed at the turbine inlet. In section 7.2, wave amplitudes at the combustion chamber exit are extracted from the LES of chapters 5 and 6. Both single sector LES and full 360 o LES are compared. Finally, section 7.3 combines the transfer functions of section 7.1 with the inlet forcing data of section 7.2 to compute the noise at the turbine outlet (position D) as well as within the turbine stages (positions B and C in Fig. 7.1).

Acoustic characterisation of the turbine stages

Before computing combustion levels within the turbine stages, the actuator disk theory CHORUS presented in the chapter 2 is used to determine the acoustic transfer functions through the turbine stages at each experimental location (Fig. 7.1):

• the high-pressurized turbine (position B),

• the power turbine (position C),

• the exhaust (position D).

Using the wave notation displayed in Fig. 7.2, the wave vector W = (w s , w v , w + , w -) is computed using the inlet excitation W cc = (1, 1, 1, w -) and W p2 = (w s , w v , w + , 0). The matrices [M] (u) , [M] (d) (Eq. 2.38), [B] (u) , [B] (d) (detailed in section. 2.1.3.4) are obtained by using information on the mean flow in the three turbine stages of Fig. 7.2. The input data required for this exercise is:

• the local upstream and downstream Mach number of each blade row,

• the local upstream and downstream flow angle,

• the local upstream and downstream sound velocity,.

• the rotation speed of the rotor stages,

• the local upstream and downstream heat capacity ratio γ.

These informations were obtained from TURBOMECA and are not given here for confidentiality reasons. 

Acoustic-to-acoustic transfer functions

The acoustic-to-acoustic transfer functions are the amplitudes of the downstreampropagating acoustic waves w + at different locations in Fig. 7.2 normalized by the downstream-propagating acoustic wave (w + ) cc at the combustor exit. These transfer functions are computed here at low and high power cases for the planar mode (ie the mode index is 0) with the matrix system defined in Eq. 2.79 and displayed in Fig. 7.3. The frequency dependence of the acoustic coefficients is due to the resonances between the blade rows. First, the blade rows act like an acoustic masking which reduces the maximum levels of the transfer functions from the high-pressurized turbine to the exhaust. Finally, no reflected acoustic wave is computed after the second power turbine because of the non-reflecting boundary condition (Figs. 7.3(e) and 7.3(f)).

Vorticity-to-acoustic transfer functions

The vorticity-to-acoustic transfer functions (w + ) / (w v ) cc computed with Eq. 2.79 and defined in Fig. 7.2 of the turbine are displayed in Fig. 7.4. In both cases, their amplitudes are lower than 0.005. That means the vorticity waves extracted from the LES are strongly damped through the turbine stages. However, additional vorticity can be generated through the turbine blades by the convection of entropy or acoustic waves because of the mean flow deviation and acceleration but this generation does not take into account these transfer functions. Furthermore, the actuator disk theory used in this work is not able to compute the noise generation induced by the blade-vortex interaction which is known to be out of the frequency range of interest.

Entropy-to-acoustic transfer functions

The entropy-to-acoustic transfer functions (w + ) / (w s ) cc defined in Fig. 7.2 and computed with the matrix product of Eq. 2.79 are shown in Fig. 7.5. The attenuation of the planar entropy wave is taken into account. In the high-pressurized turbine, the first stator is choked in both cases which leads to similar transfer functions amplitudes. (Figs. 7.5(a) and 7.5(b)). As displayed in Figs. 7.5(c), 7.5(d), 7.5(e) and 7.5(f), the entropy-noise generation within the power section differs significantly between the operating points because the mean flow acceleration through the turbine stages is higher in the high power case. Thus, the increase in the engine power leads to a potential increase in indirect entropy noise generation within the power section.

Entropy wave distortion through the turbine

In each stage, the entropy attenuation filter described in chapter 2 with the equation 2.59 is applied to build the entropy-to-acoustic transfer functions presented in the previous section. These filter magnitudes are displayed in Fig. 7.6 in both cases from the high-pressurized turbine to the exhaust (positions B, C and D in Fig. 7.2). As expected, the convection of the planar entropy wave through successive blade rows increases the attenuation of the wave amplitude. Furthermore, the entropy attenuation is more important in the low power case. Indeed, the mean temperature within the turbine stages drops from the high power case to the low power case. So, the lower mean axial velocity leads to the increase in the time-delay of the entropy particles through the blade rows and an increase in the attenuation effect.

Position C in Fig. 7.2 (w + ) p1 / (w + ) cc : and (w -) p1 / (w + ) cc : 

Extracted waves from the LES entering the turbine stages

In this section, comparisons between the acoustic and convective wave amplitudes extracted from the LES presented in chapters 5 and 6 at the exit of the combustion chamber are performed. To do so, primitive variables (p /γp, w /c, s /c p , θ ) are used to compute the two acoustic and convective waves:

• upstream-propagating acoustic wave (w -) cc (Fig. 7.2),

• downstream-propagating acoustic wave (w + ) cc (Fig. 7.2),

• entropy wave (w s ) cc (Fig. 7.2),

• vorticity wave (w v ) cc (Fig. 7.2), with the matrix product defined in chapter 2 Eq. 2.37. In the single-sector LES, the "first" azimuthal modes extracted from the LES domain corresponds to the azimuthal modes for which the mode index is equal to the sector number N sectors or -N sectors . So, this mode is the N th sectors azimuthal mode.

Downstream-propagating acoustic waves

The downstream-propagating acoustic waves amplitudes are shown in Fig. 7.7 for the single-sector LES of the chapter 5 for the planar mode and the N th sectors azimuthal modes. These amplitudes confirm that the longitudinal acoustic mode is dominant in both cases with similar patterns and levels between the singlesector simulations. The N th sectors mode carries very little energy. Moreover, the engine power variation does not seem to impact significantly the acoustic activity within the combustion chamber.

It is interesting to compare the wave amplitudes at the chamber outlet for the single sector and 360 LES. For this regime (high power), a strong azimuthal acoustic mode appears in the 360 LES (Fig. 7.8) which is obviously impossible to capture in the single sector LES (Fig. 7.7(b)). This will modify the direct noise evaluations because this mode dominates the acoustic waves (w + ) cc .

Vorticity waves

The vorticity extracted from the combustor engine corresponds to the a vorticity vector orthogonal to the meridian plane of the turbine stages. First, in both cases, the planar waves extracted from single-sector LES have the same order of magnitude of the N th sectors azimuthal modes as shown in Fig. 7.9 because the vorticity, similarly to the entropy, is a convective variable for which the planar mode is not sufficient to properly describe the signal. Moreover, the vorticity waves amplitudes are not strongly impacted by the regime variations. In the full-scale LES, the vorticity waves displayed in Fig. 7.10 are lower than in the single-sector LES of Fig. 7.9. Furthermore, the first mode observed on the vorticity spectra of Fig. 7.10 exhibits a peak at 780 Hz which corresponds to the cut-on frequency of the first acoustic azimuthal mode. Even if the velocity field related to the vorticity waves is supposed to be irrotational, the vorticity computation is affected by the acoustic velocity field: the azimuthal mode at 780 Hz induces vortices in the flow which are captured in the vorticity waves in Fig. 7.10.

Entropy Waves

Similarly to the vorticity waves, the entropy wave amplitudes are not significantly altered by the regime variations and the N th sectors azimuthal modes carry significant signal power as displayed in Fig. 7.11 for the single sector LES for low and high power cases. In the full-scale LES of the high power case, the entropy waves magnitudes of the first 2 azimuthal modes (Fig. 7.12) are identical and do not exhibit a spatial dependence contrary to the vorticity waves (Fig. 7.10). Unlike vorticity, the first acoustic azimuthal mode does not modify the azimuthal distribution of the entropy field at the combustor engine.

This suggests that mixing in the azimuthal direction is strong and that the entropy waves retain only an axial component while most transverse fluctuations Figure 7.12: Power spectral densities of entropy wave amplitude ((w s ) cc in Fig. 7.2) extracted from the full-scale LES of the high power case of the chapter 6 (planar mode ( ), ±1 th azimuthal mode ( ), ±2 th azimuthal mode (•)).

Noise predictions within the turbine stages

Experimental results are available in TEENI at different positions within the engine (Figs. 7.1 and 7.2) at the outlet of:

• the high-pressurized turbine (position B)

• the power turbine 1 (position C)

• the power turbine 2 (position D) corresponding to the turbine exit. At these locations, pressure sensors provide wall-pressure fluctuations containing total noise signals. It is not possible to separate direct and indirect combustion noises in these experimental signals. Therefore, the following strategy is used to compare CHORUS results to the experiment:

• Section 7.3.1 evaluates the different components of combustion noise computed with unsteady fields of single-sector LES at two operating points (chapter 5) and compared with experimental results. Since CHORUS predicts only combustion noise, it is expected to give values lower than the experiments which measure all noise components. In these cases, only the longitudinal convective and acoustic waves are considered (ie the mode index is 0). Indirect noise generation coming from entropy waves acceleration through the turbine stages is scaled to take into account entropy wave scattering through turbine stages described in section 2.1.3.4.

• The second section 7.3.2 shows predictions of combustion noise levels provided by the full-annular LES presented in chapter 6 by considering the first azimuthal modes. As a 360 o LES does not correspond to industrial practices, the ability of a single sector to provide noise predictions in agreement with the full-scale results is discussed by taking into account the impact of dependence of geometry on the entropy wave amplitudes at the combustor exit (explained in section 6.3.3) in terms of combustion noise levels.

As a compact assumption is used in CONOCHAIN, the frequency limit of the compactness is computed with the ratio Ω between the axial blade chord of the first row of the turbine and the acoustic wavelength when Ω = 0, 1. Results shown in the following sections are not valid above this frequency limit.

Noise predictions with a single-sector LES

High-pressurized turbine

In the high-pressurized turbine (position B in Fig. 7.1), direct noise related to the downstream-propagating acoustic waves at the combustor exit (w + ) cc is lower than experimental pressure levels and the indirect noise predictions as shown in Fig 7 .13. Note that the peaks observed on the experimental signals at the two pressure sensors of Fig. 7.13 (500, 1200, 1600, 2200 Hz) are assumed to be due to tonal noise created by the turbine blades and not by combustion noise. Our objective is not to match them but to capture the broadband activity below 1500 Hz.

Indirect noise computation uses both entropy and vorticity waves. Vorticitygenerated noise induced by the longitudinal vorticity waves in the single-sector LES is negligible as shown in Fig. 7.14 where noise levels due to inlet vorticity waves (w v ) cc are much lower than experimental pressure fluctuations. Although significant wave amplitudes are found for the planar vorticity wave (Fig. 7.9), the vorticity-to-acoustic transfer functions (Fig. 7.4) are responsible for these low noise levels suggesting that the contribution of vorticity to total noise can neglected.

Consequently, the total combustion noise at position B in Fig. 7.1 contains both contributions of acoustic (w + ) cc and entropy waves (w s ) cc at the combustor exit. In practice, below 2000 Hz, the contribution of direct noise (w + ) cc is negligible so that combustion noise is dominated by indirect combustion noise in both cases (low 166 and high power). Moreover, the large experimental humps in PSD spectra at lowfrequency (below 1200 Hz) are correctly predicted both in terms of magnitude and pattern and are related to indirect noise. The predicted indirect noise humps are centred around 500 Hz where the entropy plane mode induced by the combustion chamber topology contributes the most (Fig. 7.11) and the entropy-to-acoustic transfer functions (Fig. 7.5) also exhibit large values.

Power turbine 1

In the first power turbine (position C in Fig. 7.1), total noise spectra exhibit a broadband hump centred around 500 Hz which over-predict by 6 dB the experimental pressure fluctuations as displayed in Fig. 7.15 in both cases. Peaks visible on Fig. 7.15 at 400 and 700 Hz on experimental spectra are not created by combustion but by the rotating devices of the engine (shafts and rotating blade rows). We do not consider them in the present analysis. The broadband humps are related to high values of the transfer functions at this location (Figs. 7.5(c) and 7.5(d)). Similarly to the computed noise levels within the high-pressurized turbine, direct noise is lower than the entropy noise. Fig. 7.15 reveals another limitation of the single sector approach used in this section: from 100 to 700 Hz, indirect noise ( is Fig. 7.15) is larger than the measured total noise (solid lines for the two pressure probes located at the position C in Fig. 7.1) suggesting that this indirect noise is over-estimated. We will come back to this issue when we will consider the full 360 

Power turbine 2

In the turbine exhaust (position D in Fig. 7.1), direct noise levels are still lower than indirect noise predictions below 2000 Hz for the low power case (Fig. 7.16(a)) and 2500 Hz for the high power case (Fig. 7.16(b)). The total predicted combustion noise is very close to the experimental total noise for the low power case (Fig. 7.16(a)) but it is higher than experimental PSDs for the high power case as shown in Fig. 7.16(b). Longitudinal acoustic resonances also impact the total noise spectra in both cases. The CHORUS results using single-sector LES results as inlet waves show that indirect noise is the main acoustic source at low-frequency while direct noise is found to be low even if these simulations exhibit strong longitudinal acoustic modes within the combustion chamber. Furthermore, indirect noise is only composed of entropy noise because of low vorticity noise levels. However, as shown in chapter 6, longitudinal entropy waves at the combustor exit are still over-estimated in a singlesector suggesting that this may be the cause of the combustion noise overestimation obtained at all points for the high power case. Thus, the following section presents noise computation within the turbine stages in the high power case using waves extracted from the full-scale LES of chapter 6 including the azimuthal modes. Furthermore, a new formulation based on a filter applied to single-sector LES will be used and shown to be representative of a 360 o LES in the scope of combustion noise.

Noise predictions using a full-scale LES and comparisons with a single-sector LES for the high power case

The noise computations of section 7.3.1 are repeated here but full 360 LES input waves (w + ) cc and (w s ) cc are used instead of single sector results. Our objective is to see if using the full-scale LES as inputs of CHORUS results avoid the overprediction of combustion noise observed in Fig. 7.15 and Fig. 7.16. In this section, azimuthal and longitudinal waves extracted at the combustor exit of the full 360 o LES are used as inlet waves to perform noise computation with CHORUS. The higher azimuthal modes used to compute acoustic levels are selected with the azimuthal compact criterion described in section 2.1.5. Thus, only azimuthal modes for which mode index is higher than -2 and lower than 2 are considered in these noise computations (to respect L y /λ y < 0, 1 where L y is the pitch length of the blade rows and λ y the azimuthal wavelength). Furthermore, in this paragraph, indirect noise computations use azimuthal and longitudinal entropy modes corrected to take into account the entropy wave distortion through the blade rows with the filter built for the planar entropy wave (presented in chapter 2). Even if this filter is not dedicated to the distortion of the azimuthal convective waves through the blade vanes, the lack of numerical or experimental results available to properly model this phenomenon imposes to use this approach.

Similarly to single-sector case (section 7.3.1), predicted acoustic powers are compared with experimental pressure fluctuations from the high-pressurized turbine to the exhaust (positions B to D in Fig. 7.1) in Fig. 7.17. Total noise levels are lower than experimental spectra in the high-pressurized turbine (position B in Fig. 7.1) as displayed in Fig. 7.17(a). Peaks visible on total noise spectra correspond to the first and second azimuthal acoustic modes captured in the full 360 o LES and dominate direct noise predictions. In the power turbine (position C in Fig. 7.1), predicted total noise matches the experimental spectra below 1000 Hz and drops above this frequency where direct and indirect noise contributions have the same order of magnitude (Fig. 7.17(b)). Noise predictions in the exhaust (position D in Fig. 7.1) are displayed in Fig. 7.17(c) and total noise levels are close to experimental spectra below 2000 Hz in which indirect noise contribution is dominant. As expected, direct noise amplitude reveals tonal peaks related to azimuthal acoustic modes at their cut-on frequencies. Fig. 7.18 compares total noise predictions obtained with the full 360 o LES, the single sector and the experimental spectra from the position B to D (Fig. 7.1) and shows that the 360 o LES is a better setup to evaluate waves produced by the chamber than the single-sector setup waves used in Figs. 7.13 to 7.16. 

Comparisons between noise predictions using a fullscale LES and a filtered single-sector LES

Section 7.3.2 has shown that the full 360 o LES gives much better results to feed the CHORUS chain than the single-sector LES. A 360 o LES, however, is expensive. This section shows that an intermediate model can be considered where only a single-sector LES is used to measure waves but these waves are filtered to reconstruct the essential features captured by the 360 o LES as proposed in section 6.3.3. The most essential property of the 360 o LES is the phase scrambling of longitudinal entropy waves revealed by the LES in section 6.3.2, a characteristic which can be mimicked easily as shown here, using a single-sector LES and a entropy wave filtering.

In the single-sector computation, acoustic powers are computed with longitudinal waves in which entropy waves are corrected to take into account their over-estimation at the combustor exit as explained in section 6.3.3. The aim of this investigation is to evaluate the ability of a single-sector LES to provide noise levels in agreement with full 360 o LES results presented in section 7.3.2 by using entropy wave filtering.

At different locations within the turbine stages (from position B to position D in Fig. 7.1), total noise levels are shown in Fig. 7.19 for the filtered single-sector and full 360 o LES in high power case. Very good agreement is found between single-sector and full 360 o LES noise predictions below 2000 Hz while some discrepancies appear above 2kHz related to the presence of first azimuthal modes in the full-scale simulation. Applying the entropy wave filtering on single-sector noise levels is crucial to remove over-estimation at low-frequency shown in total noise spectra (Fig. 7.16(b)) at the turbine exit (position D in Fig. 7.1). It also opens a simple path to predict the noise of the whole machine. Instead of measuring waves produced in the 360 o machine, a single-sector LES can be used and then filtered to feed CHORUS. 

Conclusions

This chapter was dedicated to comparisons of predicted combustion noise levels by CONOCHAIN with experimental TEENI results using three methods:

• CHORUS fed by waves (w + ) cc measured in a single-sector LES,

• CHORUS fed by waves measured in a full 360 o LES,

• CHORUS fed by a filtering operation (Eq. 6.5) on the waves measured in a single-sector LES.

Results confirm the dependence of the acoustic field everywhere in the turbine to the LES domain where the longitudinal downstream-propagating acoustic wave dominates in the single-sector while the full-scale LES simulation exhibits the first azimuthal acoustic mode.

Using the CHORUS approach presented in chapter 2, the single-sector LES of the chapter 5 were used to compute noise levels through the turbine stages in section 7.3.1. The first conclusion is that indirect noise is the main contributor to the overall radiated noise in which vorticity-generated noise is very-low. The predicted total acoustic powers (containing both direct and indirect noises) were compared with the experimental results shown in chapter 1 for which reasonable agreement was found from the high-pressurized turbine to the exhaust. At lowfrequency, noise levels are however higher than the experimental spectra at the engine exit because of the over-estimation of the longitudinal entropy wave in a single-sector. The full-scale LES provides better results in CHORUS in terms of noise predictions in which the contribution of the azimuthal modes is found to be essential to correctly predict combustion noise.

Nevertheless, a single-sector LES can be sufficient to correctly predict combustion noise levels generated by a turboshaft engine by filtering the entropy waves produced by the single-sector LES, a simple solution which is attractive in terms of computational cost.

Chapter 8

Propagation of combustion-generated noise within the far-field

Abstract The previous chapters have presented noise computation within the chamber (chapters 5 and 6) and through the turbine stages (chapter 7). The final missing element is a pure aeroacoustic tool for far-field noise evaluation. The objective is to compute how noise at the turbine outlet (w + ) p2 propagates to the far-field since the far-field noise is actually the only relevant quantity for noise in practice. In this chapter, the acoustic far-field propagation is computed with AVSP-f, a Helmholtz solver in which the prediction of acoustic wave at the turbine outlet (w + ) p2 (Fig. 7.2) computed in the previous chapter is used. Using a modelled jet flow to take into account the mean temperature field, the main characteristics of the experimental acoustic far-field shown in chapter 1 are correctly predicted even if important assumptions are made. These promising results confirm the importance of combustion noise in the acoustic far-field of a turboshaft engine and demonstrate the capacity of the present tool (CONOCHAIN) to offer a simulation method based on first principles and not on correlations: all the tools used here (LES, CHORUS, AVSP-f) operate only by solving conservative equations. No experimental or ad hoc correlation is used at any point, contrarily to most previous methods developed for combustion noise.

In the previous chapter, combustion noise computations have provided acoustic waves at the trailing edge of the last turbine row of the engine (position D in Fig. 7.1). To propagate these acoustic waves from the exhaust to the far-field at 19,2 meters where experimental far-field microphones are located, the acoustic solver AVSP-f is used. This Helmholtz solver described in chapter 2 can compute acoustic propagation of the turbine exhaust through the burnt gas jet to the farfield. In this chapter, acoustic far-field of the two simulated operating points (low and high power cases) are computed by considering total noise levels of singlesector LES (chapter 7).

Computational methodology

Numerical domain

The TEENI engine is placed on a platform at three meters height as shown in away from the engine every 10 degrees. To limit the computational cost, the numerical domain is composed of an eighth of the exhaust nozzle and a sphere of radius 5 meters in which the ground is not taken into account as shown in Figs. 8.2 and 8.4. Thus, predicted acoustic pressures are extracted from the AVSP-f domain on shifted microphone locations (dotted lines in Fig. 8.3) and corrected with a simple scaling law presented in section 8.1.4 to be comparable with experimental results. Furthermore, acoustic reflections induced by the ground are taken into account by removing 6 dB to experimental far-field acoustic spectra. Note however a specificity of this setup. The point θ T EEN I = 180 o for example does not correspond to the jet axis but is shifted by an angle ∆θ such that ∆θ = 8, 88 o The AVSP-f mesh contains 6,2 millions of tetrahedral cells where the mesh cell size varies linearly with radius from 1 cm in the nozzle to 5 cm as displayed in Fig. 8.5. This mesh criterion is used to ensure wave propagation through the farfield up to 1500 Hz (corresponding to wavelength of 35 cm resolved on 6 points at least). The quality of the AVSP-f setup for this far-field computation will be tested in section 8.2.1. Non-reflecting boundary conditions are applied on the atmosphere surfaces (surfaces 3 and 4 in Fig. 8.5) and the normal acoustic velocity is set to 0 on the periodic boundaries (surface 2 in Fig. 8.5) similarly to the nozzle walls (surface 1 in Fig. 8.5).

AVSP-f domain

Wave injection

The acoustic forcing is performed through the turbine exit in the nozzle as shown in Fig. 8.4. Wave definition differs from CHORUS to AVSP-f. Indeed, for scaling reasons in AVSP-f, the CHORUS downstream-propagating acoustic wave at the turbine exit (w + ) p2 in Fig. 7.2 is not identical to the forcing downstreampropagating acoustic wave A + used in AVSP-f but is equal to velocity field for the two power cases. As expected, the length of the potential core is lower in the low power case than in the high power case. 0,5 0,625 0,75 0,875 1

A + = 2 w +
From the turbine 

Scaling of the acoustic pressure in the far-field

As mentioned in chapter 1, the acoustic far-field is measured over a sphere of radius 19,2 meters around the engine. However, we chose to limit the computational domain to 5 meters in order to save CPU time but also because the propagation between 5 and 19,2 m can be supposed to be fully radial. Comparisons of the numerical noise levels and the experimental results requires to extrapolate the predicted acoustic pressure from 5 to 19,2 meters. A important assumption is thus made to perform these comparisons: the predicted pressure levels are extracted from the computational domain at 5 meters in the azimuth of the far-field probe location. Assuming a monopolar radiation of the acoustic waves up to 19,2 meters and the conservation of the acoustic power, the predicted pressure levels are scaled as follows:

p r2 = p r1 r 1 r 2
where r 1 = 5m and r 2 = 19, 2m (8.2)

where p r2 is the quantity compared to the experimental results in the rest of the chapter.

Predictions of the acoustic far-field

The longitudinal acoustic waves injected at the engine exit correspond to the sum of the direct and indirect (vorticity and entropy) combustion noises computed with the single-sector LES and the filtered entropy waves (section 6.3.3).

Numerical verification of far-field noise tool

In a first step, the high power case was forced acoustically with arbitrary amplitudes (w + ) p2 to verify the numerical behavior of the AVSP-f solver used for acoustic propagation. The acoustic pressure fields are plotted in Fig. 8.8 at different frequencies (100 Hz, 500 Hz, 1000 Hz and 2000 Hz). As displayed in Fig. 8.8(a), for the low-frequency acoustic forcing at 100 Hz, the temperature gradient through the jet flow has a negligible impact. However, the directivity patterns of the acoustic pressure fields at 500 Hz and 1000 Hz (Figs. 8.8(b) and 8.8(c) respectively) show that the acoustic waves are mainly deflected by the hot jet close to 130 o -140 o with respect to the engine axis (as described in chapter 1, Fig. 1.8). The acoustic forcing at 2000 Hz corresponds to the upper limit which can be reached on this mesh as shown in Fig. 8.8(d). Indeed, the acoustic wavelength corresponding to this frequency forcing is close to 17 cm and is solved over 4 points in the AVSP mesh which it probably not sufficient to properly propagate the acoustic waves.

Comparison with experimental far-field spectra

After the numerical verification of the AVSP-f set-up performed in section 8.2.1, the configuration was forced using the downstream-propagating longitudinal acoustic waves (w + ) p2 predicted by CHORUS for the two operating points (low and high powers). As described in chapter 7, the single-sector LES are used to evaluate (w + ) p2 for both operating points. Raw and filtered results (to take into account over-prediction of indirect noise in a single-sector, see Eq. 6.5) are presented. Of course, using a full 360 LES would probably yield better results but this full LES was available only for the high power case. Moreover, the present set-up of AVSP-f is axi-symmetric (Fig. 8.5) and does not allow including azimuthal modes which are the first asset of 360 o LES. Finally, the industrial practice today for LES is based on single-sector runs so that is logical to focus on this type of tools for the moment.

The comparisons between the predicted acoustic pressures related to combustion in the far-field with the experimental results are displayed in Figs. 8.11 and 8.12 for the low power case and Figs. 8.9 and 8.10 for the high power case.

On the one hand, patterns of the experimental spectra in both cases from 100 o to 160 o are correctly predicted by CONOCHAIN which corresponds to the main lobe of maximum acoustic pressure visible in Fig. 8.8. The wide hump up to 500 Hz is related to combustion noise as suggested in the experimental analysis of the chapter 1 where the three-sensors technique revealed a significant broadband noise component centred around 500 Hz generated in the high-pressurized turbine (Fig. 1.21). Furthermore, region in the azimuth 90 o can be considered as silent zones where the accuracy of both simulations is low as noise levels are quite reduced. From 170 o and 180 o highlight important discrepancies above 1000 Hz where temperature gradients induced by the hot jet strongly impact the acoustic refraction in these azimuthal directions. Consequently, these discrepancies are probably caused by the temperature field modelling proposed in section 8.1.3.

In the high power case, predicted acoustic spectra match with experimental acoustic levels at 130 o and 140 o (Figs 8.9(f) and 8.10(b) respectively) when the entropy filtering is used (section 6.3.3). Below 1000 Hz, a good agreement between filtered numerical and experimental results is also found from 100 o to 160 o (Figs. 8.9(c) to 8.10(d)) while experimental spectra are bounded by noise predictions computed with and without entropy filtering in the low power case (Figs. 8.11(c) to 8.12(d)). in Fig. 8.3) in the far-field for the low power case computed with CONOCHAIN (combustion noise with the entropy filtering (section 6.3.3): , combustion noise without the entropy filtering: •) and experimental acoustic pressure ( ).

Conclusions

This chapter presented the computation of far-field combustion noise levels through a modelled jet flow with AVSP-f and the comparisons of the predicted spectra with experimental ones for the TEENI engine. The results for two regimes (low and high powers) are promising but multiple discrepancies remain. They can be explained by various approximations used up to now:

• the absence of mean velocity field,

• the modelling of mean temperature stratification induced by the jet flow,

• the absence of azimuthal modes,

• the scaling of acoustic pressure from a radius equal to 5 meters to reach the far-field microphones (19,2 meters).

Despite these assumptions, the spectral characteristics of the experimental PSDs are correctly computed with CONOCHAIN at low-frequency as well as broadband levels below 1500 Hz. It is important to note that the present exercise is the first attempt to build a predictive tool starting from high-fidelity LES in the chamber and finishes in the far-field. This is obviously a complicated task, especially since the experimental pressure measurements are not able to separate combustion noise from other sources, making precise comparisons difficult. A second difficulty is the addition of multiple models (LES, analytical tools for turbine propagation, for far-field propagation). Despite these limitations, the present results show that the whole tool works and capture noise correctly in the turbine as well as in the farfield. Further improvement will of course be need but the methodology is clearly the right path to follow.

General conclusion

Evaluating combustion noise within a modern aero-engine faces challenges among which the capture of the unsteadiness responsible for direct and indirect combustion noise, the identification of acoustic role of each engine component from the combustion chamber to the last turbine stage and an appropriate numerical strategy able to provide noise levels from the combustor to the far-field. These questions are addressed in this thesis. This work is based on experimental results obtained during TEENI project in which a turbo-shaft engine is instrumented from the combustor to the far-field to identify low-frequency broadband noise sources. Using original signal processing techniques on experimental database, it was shown that direct noise is characterized by a narrow-band component centred around 200 Hz while a broadband noise generation is identified just after the high-pressurized turbine which should be attributed to indirect noise. In absence of relevant fluctuating temperature measurements, the fact that entropy noise corresponds to this noise generation is not established.

The TEENI database is also used to validate a numerical strategy called CONOCHAIN dedicated to the computation of combustion noise levels from the combustion chamber to the far-field. Tracking combustion noise generation requires to get a proper description of the flow at the combustor exit, to model the low-frequency acoustic behavior of the turbine and the far-field propagation. So, CONOCHAIN uses LES of combustion chamber able to provide high-fidelity predictions of the unsteadiness of the flow to extract convective and acoustic waves at the combustor exit. LES are then coupled with an actuator disk theory named CHORUS to mimic combustion noise generation and propagation through turbine stages and the acoustic solver AVSP-f used to propagate acoustic waves from the turbine exit to the far-field.

Using LES of single-sector of TEENI annular combustion chamber corresponding to two stabilized operating points, mechanisms responsible for combustion noise generation are highlighted and noise levels through turbine stages up to the engine exit are compared with experimental results. As expected, acoustic activity within the combustor is mainly driven by the turbulent combustion in both cases which corresponds to direct noise generation. However, it was found that entropy spots are not the direct result of flame-turbulence interactions but rather the consequence of mixing between burnt and fresh gases through the flame tube. These observations are confirmed with a full-scale LES representative of the higher operating point. Contrary to single-sector LES in which acoustic activity is mainly carried by longitudinal acoustic mode, the full-scale LES exhibits a strong azimuthal acoustic mode. Furthermore, considering the full geometry does not only impact the acoustics but also the entropy waves. Indeed, it was found that evaluating entropy waves used to compute combustion noise at the combustor exit depends on the number of simulated sectors which leads to a over-estimation of entropy wave magnitude in single-sector by neglecting phase cancellation effects sector-by-sector between longitudinal entropy waves. Nevertheless, a filter is built to correct this effect and allow considering a single-sector to compute combustion noise.

By injecting unsteady fields provided by LES into the actuator disk theory CHORUS, direct and indirect combustion noise levels are evaluated through turbine stages and compared with experimental pressure fluctuations. Entropy noise is found to be the major contributor of combustion noise in both simulations and is responsible for a broadband hump up to 1500 Hz while vorticity noise can be neglected. Taking into account entropy waves scattering caused by their convection through turbine stages is a necessary assumption to compute indirect noise. Furthermore, the direct noise narrowband component found in the experiment is not captured by CONOCHAIN. Thanks to 360 o LES, contributions of azimuthal modes are also investigated which add significantly acoustic powers and lead to a better estimation of combustion noise levels. Finally, far-field propagation is also addressed in a prospective way with the acoustic solver AVSP-f in which combustion-generated acoustic waves at the turbine exit are injected to be propagated through the exhaust hot jet to the far-field for single-sector computations where the main characteristics of acoustic far-field at low-frequency are reasonably predicted.

This work shows the first full numerical evaluation of far-field combustion noise based on blind LES coupled with CONOCHAIN tools for propagation through both turbine stages and far-field. The results for the two regimes (low and high powers) are promising but multiple discrepancies remain. They can be explained by various approximations up to now:

• In the LES, both simulations are performed without the first stator row.

The presence of this device in the LES domain can modify the mean flow at the combustor exit by potential effects where the extraction of the unsteady fields to build waves entering the turbines is performed. Furthermore, considering only a single-sector has an impact on noise computation as previously discussed.

• The actuator disk theory is also based on important assumptions. First, the turbine stages (and the flow consequently) are considered two-dimensional.

The compact assumption used to model blade rows as thin interfaces is valid to propagate acoustic waves but can be discussed for convective waves.

Particularly, entropy wave scattering through blade vanes which is a noncompact phenomenon has to be taken into account in the actuator disk theory with a simple filter proposed in this work. This filter should be extended and validated to be representative of different operating conditions encountered within the turbines. Moreover, the non-reflecting boundary condition at the turbine exit also impacts the acoustic transfer functions of the turbine.

• In the acoustic solver AVSP-f, the absence of mean velocity field is the major assumption which can alter acoustic propagation even if the turboshaft exit jet flow is low-Mach number. Moreover, the mean temperature field should be extracted from numerical simulations to provide accurate mean temperature gradients. Furthermore, scaling the acoustic pressure from the acoustic domain boundaries to the far-field by considering monopolar acoustic sources impacts far-field noise levels. Finally, the absence of azimuthal acoustic modes in the acoustic forcing at the turbine exit is also a significant bias introduced in these noise computations.

Considering the complexity of the overall task, the levels of agreement for such a blind test are reasonable. Moreover, the improvements required now on the CONOCHAIN tool will need further work. The complete tool feasibility is demonstrated even if certain elements should be developed.

is expressed only with downstream and upstream acoustic waves. So, the system can be written in matrix form : is used to introduce an imaginary part able to mimic damping effect of the kinematic viscosity, as proposed by [START_REF] Rienstra | An Introduction to Acoustics[END_REF] to consider acoustic damping within boundary layers. Note that the modified wave number defined in (A.12) tends to k when the kinematic viscosity tends to zero. Finally, several acoustic transfer functions are plotted in Fig. A.2 for pressure probe mounted in the combustion chamber (position A in Fig. 1.7) and in the power turbine (position C in Fig. 1.7). Note that the mean pressure is higher in the combustion chamber for both power settings. Thus, damping effect in the sensors decreases with increasing pressure. Finally, the multiple peaks correspond to the maxima observed in the PSD of pressure in the combustion chamber (Fig. A.2(a)), suggesting that the modulation observed on all experimental PSD is due to the transfer function of the pressure probes. The equation of the interface segment between the upstream zone i -1 and the zone i is

M X = B (A.
y = - R 0 x i + R 0 (B.6)
So, the intersection point coordinates of this interface and an acoustic ray are (x i ,y i ) where

x i = R 0 -y 0 tan γ i-1 + R 0 x i , (B.7) y i = R 0 x i R 0 -y 0 tan γ i-1 + R 0 x i + R 0 . (B.8)
Considering incident acoustic rays collinear with respect to the engine axis, ray paths layers are computed as shown in Fig. B.2. Sound velocity varies from 560 m/s in the jet to 340 m/s in the far-field. By means of Snell's law, the main computed deviation angles θ min and θ max are close to 130 o degrees which correspond to the experimental deviation angle visible in Fig. 1.11. However, this modelling is not frequency dependent while diffraction effect of the hot jet flow occurs above 500 Hz. Indeed, at low-frequency, temperature stratification region induced by the shear layers enclosing the hot jet is compact with regards to the acoustic wavelengths which weakly impacts the acoustic ray transmission and directivity pattern. 

C.2 Acoustic pressure field within the duct

The D'Alembertian operator for the fluctuating acoustic pressure in the presence of mean flow but without source term is

D 2 Dt 2 -c 0 ∇ 2 (p) , (C.1)
where 

∇ 2 = ∂ 2 ∂x 2 + 1 r ∂ ∂r r ∂ ∂r + 1 r 2 ∂ 2 ∂θ 2 (C.2) and D 2 Dt 2 = ∂ 2 ∂ 2 + 2u 0 ∂ 2 ∂x∂t + u 2 0 ∂ 2 ∂x 2 . (C.3) R 1 R 2 e x
-ω 2 RΘ -2k x ωu 0 RΘ(u 0 k x ) 2 RΘ -c 2 0 Θ ∂ 2 R ∂r 2 + Θ r ∂R ∂r + R r 2 ∂ 2 Θ ∂θ 2 = 0 (C.6)
and, after some algebras, we have

k 2 + 2k x kM 0 + (M 0 k x ) 2 + -k 2 x 1 R ∂ 2 R ∂r 2 + 1 Rr ∂R ∂r + 1 Θr 2 ∂ 2 Θ ∂θ 2 = 0. (C.7) 203
The last term of the left-hand side of the equation (C.7) is the single term depending on θ, and can be solved easily. First, the Θ function is 2π periodic and Θ(θ) = Θ(θ + 2π). Thus, the Θ is equal to

Θ(θ) = Θe i(mθ+φ θ ) (C.8)
where m corresponds to the azimuthal mode number and φ θ is a phase-shift. Collect terms into the equation (C.7):

1 R

∂ 2 R ∂r 2 + 1 Rr ∂R ∂r - m 2 r 2 + k 2 + 2k x kM 0 + (M 0 k x ) 2 -k 2 x .
(C.9)

Noting K 2 = k 2 + 2k x kM 0 + (M 0 k x ) 2 -k 2 x (C.10)
we have

∂ 2 R ∂r 2 + 1 r ∂R ∂r + R K 2 - m 2 r 2 = 0 (C.11) or ∂ 2 R ∂η 2 + 1 η ∂R ∂η + R 1 - m 2
η 2 = 0 where η = Kr.

(C.12)

The generalized equation (C.12) is well-know and the solution R(η) is a linear combination of first and second order Bessel's functions [START_REF] Abramowitz | id=MtU8uP7XMvoC&oi=fnd&pg=PR5&dq=Handbook+of+ Mathematical+Functions&ots=-DQLSqO8Gf&sig=C3[END_REF]Stegun, 1964, Watson, 1995]: R(η) = αJ n (η) + βY n (η), α, β ∈ R.

(C.13)

The integer n is related to the "mode index" of the radial mode. To describe the acoustic field within the duct, inner and outer wall boundary conditions have to be specified. The normal velocity fluctuations are equal to zero. In terms of pressure, this condition yields: In terms of mean flow features, the dynamic coupling of multi-perforated plates does not seem to be crucial. Contrarily, it was found that the unsteady predictions such as the acoustic waves are altered by taking into account the acoustic behavior of these cooling devices. activity at 580Hz which corresponds to the first acoustic longitudinal acoustic mode. This mode dominates the acoustic activity within the flame tube and leads to the absence of significant component at higher frequencies and especially at 3000 Hz. The PSDs of fluctuating temperature at the exit of the combustor (Fig. E.7(b)) are impacted by the acoustic activity where a peak is also found at 580Hz even if the broadband pattern is similar.

E.1.2 Unsteady features within the combustion chamber

E.2 Impact of the sub-grid scale models

Similarly to the analysis performed in the previous section, the effects of subgrid scale models are analysed in terms of mean flow predictions and unsteady-flow analysis. The different simulations are denoted by A, B and C for the Smagorinsky model, the dynamic model and the filtered model respectively.

E.2.1 Mean flow predictions

The mean temperature predictions do not show significant difference induced by the SGS models (Fig. E.8). However, the isoline of stoichiometric mixture fraction is thinner according to the swirler axis for the for the case C (Fig. E.8(c)). Contrary to the simulations A and C, the mean velocity magnitude field in the simulation C shows that the upper dilution jet flow does not penetrate within 

E.2.2 Unsteady features within the combustion chamber

E.3 Conclusion

These numerical simulations of the single sector of the TEENI combustion chamber show that taking into account the acoustic behaviour of the multi-perforated plates is required to exhibit more complex acoustic activity within the combustion chamber. The classical Smagorinsky sub-grid scale model is found to be sufficient to perform simulations used in this work in the scope of combustion noise. 

F.1.1.2 Boundary conditions

The boundary conditions applied on the walls and on the periodic boundaries correspond to a acoustic normal velocity set to zero. It was found that the inlet condition has a minor impact in the acoustic mode computation [START_REF] Silva | Numerical study of combustion noise in gas turbines[END_REF] and this condition is treated as a wall. The outlet boundary condition is also considered as a wall to highlight the impact of the dilution holes . this mode (655 Hz) is lower than the frequency found in the LES. This frequency shift was also found by [START_REF] Wolf | Large Eddy Simulation of thermoacoustic instabilities in annular combustion chambers[END_REF] for this burner at a different operating point. F.1) in the combustion chamber with and without secondary dilution holes.
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 111 Figure1.20: Three-sensors technique defined in equation 1.17 and applied between pair of combustor pressure probes (position A in Fig.1.7) and far-field microphones according to their locations (Fig.1.8).
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 26 Figure 2.6: Modal distribution of the normalized entropy wave through a blade row carried by planar entropy mode (•), the N blade azimuthal mode ( ) the 2N th blade (×) and the 3N th blade (+) and sum of the modal powers of these entropy transfer functions (-).
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 22 Figure 2.11: Acoustic transmission and reflexion coefficients for an incident upstream-propagating acoustic wave according to the wave angle ν computed with CHORUS ( ) and compared with Kaji's results (•) -M = 0.5 and θ = 60 o (Fig. 2.10).
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 2 Figure2.13: Acoustic transmission and reflexion coefficients for an incident downstream-propagating acoustic wave according to the wave angle ν computed with CHORUS ( ) and compared with Kaji's results (•) and Cumspty's results ( ) (Fig.2.12).
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Figure 2

 2 Figure 2.15: Acoustic transmission and reflexion coefficients according to Mach number computed with CHORUS ( ) and compared with one-dimensional theory (•) for an incident acoustic wave through a subsonic nozzle (Fig. 2.14).

  Figure 2.16: Acoustic transmission and reflexion coefficients according to Mach number computed with CHORUS ( ) and compared with one-dimensional theory (•) for an incident entropy wave through a subsonic nozzle (Fig. 2.14).

  Figure2.17: Entropy-to-acoustic transfer functions for an incident azimuthal entropy wave according to the inverse azimuthal wave number K y computed with CHORUS ( ) and compared with Cumpsty's results (•) for a subsonic blade row (Fig.2.12).
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 992 Figure 2.21: Dimensionless temperature profiles T x according to dimensionless radius R/D and axial coordinate x/D -D the nozzle diameter.
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 52 Figure 5.2: Stagnation pressure within the combustion chamber according to the exit mass flow rate for reactive ( ) and non-reactive cases ()and stabilized operating points ( ).
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 5 Figure 5.14: Power spectral densities of pressure fluctuations within the flame tube a the locations 1( ), 4 ( ) and 5 ( ) in Fig. 5.5.
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 5 Figure 5.15: Coherence spectra between unsteady heat release integrated over the LES domain and exit pressure signals (plane 5 in Fig. 5.5) -344kW ( ) and 904kW ( ).
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 5 Figure 5.16: Dimensionless modulus (right) and normalised phase φ π (left) of the first acoustic longitudinal mode computed with AVSP over the plane ∆ 1 in Fig. 5.4.
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 5 Figure 5.17: Dimensionless modulus (right) and normalised phase φ π (left) of the second acoustic longitudinal mode computed with AVSP over the plane ∆ 1 in Fig. 5.4.
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 555 Figure 5.18: Phase-shift of cross-spectra between pressure probes in plane 1 and plane 5 (Fig. 5.5).
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 5 Figure 5.21: RMS temperature in plane ∆ 1 (Fig. 5.4).
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 55 Figure 5.22: Instantaneous fluctuating temperature in plane ∆ 2 (Fig. 5.4).
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 62 Figure 6.2: Vertical slices of mean dimensionless velocity magnitude w/U inlet with isolines of mean heat release (W/m 3 ) (6.2(a)) and mean dimensionless temperature field T -T inlet T adiab -T inlet (6.2(b)) with an isoline of the stochiometric mixture fraction over plane ∆ 1 (Fig. 5.4) in the full annular combustion chamber to compare with singlesector LES (Fig. 5.8(b) left and 5.10(b) right).

  Figure 6.3: Mean dimensionless temperature field T -T inletT adiab -T inlet over the meridian plane ∆ 2 (Fig.5.4) with an isoline of the stochiometric mixture fraction.

Figure 6

 6 Figure 6.4: Time-evolution of the azimuthal velocity (m/s) extracted from the single sector ( and mean value ) and the full-scale LES ( and mean value ) over the exit plane ∆ 4 (Fig. 5.4).

  Figure 6.6: Mean dimensionless temperature fields T Tmean over the exit plane ∆ 4 (Fig. 5.4).
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 66 Figure 6.7: Mean temperature profiles T /T mean at the exit of the combustion chamber over the exit plane ∆ 4 (Fig. 5.4) for different azimuthal positions for the single sector computation ( ) and the full combustion chamber ( ).137

  Figure 6.9: Comparisons between the RMS pressure field extracted from the fullscale LES and the dimensionless acoustic pressure computed with AVSP corresponding to the first azimuthal mode (Appendix F) over the plane ∆ 2 (Fig. 5.4).
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 66 Figure 6.10: Radial integration of the RMS pressure field over the exit plane ∆ 4 (Fig. 5.4).

  Figure 6.14: RMS temperature fields over the meridian plane ∆ 2 (Fig. 5.4).
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 6 Figure 6.16: Averaged power spectral densities of temperature fluctuations for the single sector computation ( ) and the full scale simulation ( ).
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 6 Figure 6.18: Power spectral densities of the planar entropy modes extracted from the "single-sectors" ( ) and the full-annular combustion chamber ( ).
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 6 Figure 6.19: Power spectral densities of the planar entropy modes extracted from the different sum of sectors ( ) and the full-annular combustion chamber ( ).
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 7 Figure 7.1: Sketch of TEENI experimental set-up and location of internal pressure and temperature sensors.
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 72 Figure 7.2: Sketch of TEENI turbine stages corresponding to Fig. 7.1 and wave notation.
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 737475 Figure 7.3: Analytical acoustic-to-acoustic transfer functions at different locations within the turbine stages (Fig. 7.2). 157

Figure 7

 7 Figure 7.7: Power spectral densities of downstream-propagating acoustic wave amplitude ((w + ) cc in Fig. 7.2) extracted from single-sector LES of the chapter 5 (planar mode ( ), ±N th sectors azimuthal modes (•)).

Figure 7 . 8 :

 78 Figure 7.8: Power spectral densities of downstream-propagating acoustic wave amplitude ((w + ) cc in Fig. 7.2) extracted from full-scale LES of the chapter 6 (planar mode ( ), ±1 th azimuthal modes ( ), ±2 th azimuthal modes (•) for the high power case to compare with the single-sector results of Fig. 7.7(b).

Figure 7

 7 Figure 7.9: Power spectral densities of vorticity wave amplitude ((w v ) cc in Fig. 7.2) extracted from single-sector LES of the chapter 5 (planar mode ( ), ±N th sectors

Figure 7 .

 7 Figure 7.10: Power spectral densities of vorticity wave amplitude ((w v ) cc in Fig. 7.2) extracted from the full-scale LES of chapter 6 (planar mode ( ), ±1 th azimuthal mode ( ), ±2 th azimuthal mode (•)).
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 7 Figure 7.11: Power spectral densities of entropy wave amplitude ((w s ) cc in Fig. 7.2) extracted from single-sector LES of the chapter 5 (planar mode ( ), ±N th sectors

  (a) Low power T onal peaks (not due to combustion) (b) High power

Figure 7 .

 7 Figure 7.13: Computed combustion noise corresponding to the planar mode coming from single-sector LES in the high-pressurized turbine (position B in Fig. 7.1). Total predicted noise: , indirect noise: •, direct noise: and experimental PSD of wall-pressure fluctuations ( ) from the pair of probes.

Figure 7 .

 7 Figure 7.14: Computed indirect noise corresponding to the planar vorticity mode (•) and experimental PSD of wall-pressure fluctuations ( ) from the pair of probes in the high-pressurized turbine (position B in Fig. 7.1).

Figure 7

 7 Figure 7.15: Computed combustion noise corresponding to the planar mode in the power turbine (position C in Fig. 7.1). Total predicted noise: , indirect noise: •, direct noise: and experimental PSD of wall-pressure fluctuations ( ) from the pair of probes.

Figure 7 .

 7 Figure 7.16: Computed combustion noise corresponding to the planar mode at the turbine exit (position D in Fig. 7.1). Total predicted noise: , indirect noise: •, direct noise: and experimental PSD of wall-pressure fluctuations ( ) from a pair of probes.

  Figure 7.17: Computed combustion noise using longitudinal and azimuthal modes extracted from a full 360 o LES (up to mode index = 2) in different locations within the engine (Fig. 7.1). Total predicted noise: , indirect noise: •, direct noise: and experimental PSD of wall-pressure fluctuations ( ) from the pair of probes in high power case.

  Figure 7.19: Computed total combustion noise using full 360 o LES (longitudinal and azimuthal modes (up to mode index = 2), •) and filtered single-sector LES (longitudinal mode, ) in different locations within the engine (Fig. 7.1) in highpower case.
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 81 Figure 8.1: Schematic view of the TEENI test-bench with far-field microphones location (•).

  Figure 8.2: Schematic view of the TEENI test bench and the computational domain AVSP-f with the location of experimental microphones (Fig. 8.1) projected over sphere around the engine (dotted lines).
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 83 Figure 8.3: Schematic view of the computational domain AVSP-f and location of an experimental microphone (Fig. 8.1) and his projection in AVSP-f domain (dotted line).
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 8 Figure 8.4: Sketch of the AVSP-f domain and the boundaries.

  Figure 8.5: Mesh of the AVSP-f domain with a zoom of the mesh refinement in the nozzle.

Figure 8

 8 Figure 8.7: Mean sound velocity field through the jet flow scaled with the exit sound velocity in the high power case.

  -kL III ) 1 -Z 4 ρ 0 c e i(kL III ) 1 + Z 4 ρ 0 c 0 0 e i(-kL II ) 1 -Z 3 ρ 0 ce i(kL II ) 1 + Z 3 of equations gives directly the acoustic pressure fluctuation recorded by the microphone. However, this modeling is not sufficient to explain the acoustic resonance visible in the PSD of pressure fluctuations in Figs. A.2(a) and A.2(b) because the effect of kinematic viscosity, responsible for the ability of the probe to absorb standing waves within the sensor, is not taken into account. To do this, a modified wave number k m

  Figure A.2: PSD of pressure fluctuations in the combustion chamber and the power turbine (positions A and C in Fig. 1.7 respectively) ( ) and analytical transfer functions ().
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 2 Figure B.2: Modelling of the exhaust jet and acoustic ray path diagram ().

  Figure C.1: Sketch of the infinite annular duct

  Figure D.1: Geometrical definition of the cones associated with the turbine geometry.
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 3 Figure D.3: Osculating circles according to the curvilinear abscissae along their center points
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 1 Figure E.1: Mean dimensionless temperature field T -T inletT adiab -T inlet with an isoline of stochiometric mixture fraction in plane ∆ 1 (Fig.5.4).

Figure E. 2 :Figure E. 3 :

 23 Figure E.2: Mean dimensionless velocity magnitude u U inlet in plane ∆ 1 (Fig. 5.4).

First

  , the RMS values are compared over the plane ∆ 1 (Fig. 5.4) between the simulations (Fig. E.6) where no significant difference was found. By computing the PSD of fluctuating pressure (Fig. E.7(a)) at the exit of the chamber (plane ∆ 4 in Fig. 5.4), the spectral pattern of the hard simulation exhibits a tonal acoustic (a) Outer vane (b) Inner vane

Figure E. 4 :

 4 Figure E.4: Mean swirl numbers computed with the Eq. E.1 in the outer and the inner vane of the swirler (Fig. E.3) -Coupled ( ) and Uncoupled multi-perforated plates ( ).

Figure E. 5 :

 5 Figure E.5: Mean dimensionless axial velocity profiles u x /U inlet over different lines just after the lips of the swirler (Fig. E.3) according to the dimensionless radius -Coupled ( ) and Uncoupled multi-perforated plates ( ).

  Figure E.7: Power spectral densities of pressure and temperature fluctuations at the exit of the combustion chamber (plane 5 in Fig. 5.4) -Coupled ( ) and Uncoupled multi-perforated plates ( ).

Figure E. 8 :

 8 Figure E.8: Mean dimensionless temperature field T -T inletT adiab -T inlet with an isoline of stochiometric mixture fraction in plane ∆ 1 (Fig.5.4).

  Contrary to the mean fields, the RMS pressure fields differ according to the SGS model (Fig.E.13). The high RMS pressure levels are found when the dilution jet flows interact after the primary zone. The footprint of RMS pressure fields are related to the mean velocity fields within the dilution jet flows presented in Fig.E.9. Furthermore, the simulation C presents the higher RMS pressure levels within the flame tube and is very similar to the acoustic pressure field found for the first longitudinal mode of the combustion chamber (Fig.5.16). For the simulations A and B, identical RMS pressure fields are found in terms of pattern but stronger levels are computed in the simulation A. The PSDs of

Figure E. 9 :

 9 Figure E.9: Mean dimensionless velocity magnitude u U inlet in plane ∆ 1 (Fig. 5.4).

Figure E. 10 :

 10 Figure E.10: Mean swirl numbers computed with the equation E.1 in the outer and the inner vane of the swirler (Fig.E.3) -Classical Smagorinsky (×) -Dynamic Smagorinsky ( ) -Fitlering Smagorinsky (•).
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 11 Figure E.11: Mean dimensionless axial velocity profiles u x /U inlet over different lines just after the lips of the swirler (Fig. E.3) according to the dimensionless radius -Classical Smagorinsky (×) -Dynamic Smagorinsky ( ) -Fitlering Smagorinsky (•).
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 12 Figure E.12: Mean dimensionless azimuthal velocity profiles u θ /U inlet over the first line just after the lips of the swirler (Fig. E.3) according to the dimensionless radius -Classical Smagorinsky (×) -Dynamic Smagorinsky ( ) -Fitlering Smagorinsky (•).
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 13 Figure E.13: RMS pressure within the flame tube in plane ∆ 1 (Fig. 5.4).

  Figure E.14: Power spectral densities of pressure and temperature fluctuations at the exit of the combustion chamber (plane 5 in Fig. 5.4) -Classical Smagorinsky (×) -Dynamic Smagorinsky ( ) -Fitlering Smagorinsky (•).
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 1 Figure F.1: Mesh used in AVSP computation.

  Figure F.2: Mean dimensionless sound velocity field c-c min cmax-c min over plane ∆ 1 (Fig. 5.4).

  Figure F.5: Dimensionless modulus of acoustic pressure field for the seventh longitudinal mode 1-L (TableF.1) in the combustion chamber with and without secondary dilution holes.
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  To separate acoustics, entropy and vorticity
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Table 2 .

 2 Table 2.1. In a stator, the flow expansion is isentropic and

	-	Stator	Rotor
		• Mass conservation	• Mass conservation
	Subsonic	• Enthalpy conservation • Rothalpy conservation
	flow	• Entropy conservation	• Entropy conservation
		• Kutta condition	• Kutta condition
		• 1-D Mass conservation	• Mass conservation
	Supersonic • Enthalpy conservation • Rothalpy conservation
	flow	• Entropy conservation	• Entropy conservation
		• 1-D mass flow rate in • 1-D mass flow rate in
		a choked nozzle	a choked nozzle

1: Relations used to build linearised jump conditions across a blade row.

  ).

		344 kW	904 kW
		Prescribed Computed Prescribed Computed
	Plate 1	6,22%	6,24%	6,22%	6,27%
	Plate 2	5,84%	5,96%	5,84%	5,98%
	Plate 3	9,27%	9,69%	9,27%	9,25%
	Plate 4	11,06%	11,6%	11,06%	11,71%
	Pressure losses	2,92%	3,19%	2,92%	2,80%
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Chapter 4

Operating points and numerical set-up Abstract The aim of this chapter is to introduce the numerical set-up and the operating points simulated in this work to apply the CONOCHAIN methodology. Two stabilized operating points are computed, representative to the lowest engine power performed in the TEENI experiment and the highest one which corresponds to the full power of the engine during take-off. Once the geometry is introduced, the numerical models and assumptions are presented. 

Operating points

The productive simulations correspond to stabilized experimental operating points where the first high-pressurized stator is choked. The single-sector LES are representative to an engine power equal to 344 kW and 904kW while the full-scale simulation corresponds only to the higher engine power. As the outlet nozzle is choked, the mass flow rate injected through the air inlet is set to reach the experimental mean pressure within the combustion chamber. The fuel mass flow rate is computed with a given fuel-air-ratio. operating points are provided in the Table . 4.1.

Multi-perforated plate 1

Multi-perforated plate 2

Multi-perforated plate 4

Multi-perforated plate 3 Chapter 6

Full-scale LES of the TEENI combustion chamber

Abstract All combustion noise studies up to now had been limited to single sector LES either because the combustion itself was a single sector burner or because the computation of a full-engine was simply too expensive. This was a major limitation because the interaction between burners can (1) modify longitudinal modes because of cancellation effects between sectors and (2) create azimuthal modes. In this work the first full LES of a N sectors sectors TEENI engine was performed to make progress on these questions. This chapter presents this LES at the higher operating point performed in the TEENI project. The mean flow predictions are consistent with the single sector showing that the single-sector was sufficient to predict the mean flow features. Nevertheless, the unsteady activity becomes more complex. Azimuthal modes dominates the acoustic activity within the combustion chamber as well as the entropy field at the chamber exit. Finally, the fluctuating entropy generation is addressed where similar mechanisms identified in the chapter 5 are found. Contrary to the pressure field at the exit of the combustion chamber, the absence of spatial coherence of the entropy field impacts the modal decomposition used in the CONOCHAIN methodology (chapter 2). Particularly, the modal amplitudes depend on the number of simulated sectors and a filtering is proposed to remove this dependence for the planar mode.

Chapter 7

Combustion noise computation within the turbine stages of TEENI engine

Abstract The previous chapters have described LES of the combustion chamber in which the waves leaving the combustion chamber were estimated. The next point to compute combustion noise is to evaluate how these waves are transmitted (direct noise) or transformed in the turbine stages (indirect noise). The aim of this chapter is the computation of direct and indirect combustion noise levels from the high-pressurized turbine to the turbine exit. Experimental data is available for pressure signals from the TEENI test cases. A first part is dedicated to the acoustic role of each component of the turbine stages. The high-pressurized turbine is identified to be a strong generator of indirect combustion noise. Using the actuator disk theory CHORUS and the unsteady fields provided by the LES presented in chapters 5 and 6, the acoustic intensities are compared with the experimental wallpressure fluctuations shown in chapter 1. Reasonable agreement is found between predicted acoustic levels through the turbine stages and experimental results for single-sector LES while full-scale LES improves significantly noise predictions. where γ is the heat capacity ratio (equal to 1,33 in the burnt gases) and p is the mean pressure at the turbine exit. Thus, the acoustic waves computed in the previous chapter 7 with single-sector LES in the two operating points are considered. The propagation is computed for a set of 20 discrete frequencies between 100 Hz and 2000 Hz. For each forcing frequency, the amplitude of the wave (w + ) p2 is given by CHORUS and used as forcing signal for AVSP-f. Each frequency computation is independent. The truncation of the numerical domain limits the acoustic computation to the far-field propagation of the planar acoustic waves. Indeed, injecting azimuthal modes would require the full-scale computation of the exhaust region.

Mean temperature field of the exhaust jet

The mean temperature field through the jet and atmosphere is built with the model proposed in chapter 2 in which the jet flow is divided into three main zones: the potential core, a transient zone and the fully-developed zone as displayed in Fig. 8.6 in both cases. The temperature variations are supposed to be proportional to the 0,33 0,50 0,66 0,83 1

From the turbine 

Appendices

Appendix A

Analytical transfer function of experimental pressure probe in harsh conditions

An analytical model to mimic the acoustic response of the experimental pressure probe used in the TEENI experiment is presented. It is based on one-dimensional propagation in junction tubes [START_REF] Rienstra | An Introduction to Acoustics[END_REF] and is similar to what has been used for remote microphone probes by [START_REF] Perennes | Aerodynamic noise of a two-dimensional wing with high-lift devices[END_REF], [START_REF] Moreau | Effect of Airfoil Aerodynamic Loading on Trailing Edge Noise Sources[END_REF] and [START_REF] Chauvin | Experimental and numerical investigation on noise induced by a butterfly valve[END_REF].

A.1 Sketch of the sensor

The remote microphone is cooled by a controlled air flow injected from 3. The mass flow rate is set to ensure an efficient cooling and avoid noise generation. Along each pipe a x-coordinate with a positive direction outwards from 2 is defined.

A.2 Acoustic modeling

No mean flow is considered in the sensor because the outlet 3 is closed. Mean temperature and mean pressure are assumed to be equal to the inlet combustion chamber values. Acoustic perturbations are supposed one-dimensional and harmonic. Thus, acoustic pressure fluctuation p is written as 

The analytical transfer function is computed between the acoustic pressure in 4 and the acoustic pressure in 1. Closed ends are considered in 3 and 4 to set infinite acoustic impedances. In 2, a compact T-junction gives pressure and velocity jump conditions using mass and pressure conservation. These conditions provide a set of six equations

Using the plane wave formulation in Eqs. A.1 and A.2, the set of Eqs.( A.3-A.8)

Appendix B

Acoustic propagation and generation in a low-Mach number jet

This appendix deals with the contribution of jet in the overall radiated noise and presents a simple model showing that the directivity pattern can be qualitatively explained by the difference between the jet and the ambient air temperature. Directivity pattern due to the exit mean flow is characterized by a zone of silence in the jet axis. It was found that this effect is negligible for low-Mach number jet [START_REF] Goldstein | Aeroacoustics[END_REF]. Moreover, the hot jet exiting the engine is composed of several successive zones where temperature decreases to mimic sound velocity gradients induced by shear-layer mixing as shown in Fig. B.1. To deal with acoustic refraction due to temperature gradients, a dimensionless factor can be introduced, equal to ∇c 0 ω where ∇c 0 is the mean sound velocity gradient accross the shear layers and ω the pulsation. When this factor is smaller than 1, a geometrical approximation can be made to consider acoustic waves as acoustic rays. Consequently, acoustic refraction across the jet can be computed using a Snell's law [START_REF] Rienstra | An Introduction to Acoustics[END_REF]. This straightforward modelling is not a proper description of the aerodynamic field but its aim is to understand the impact of temperature gradients on acoustic directivity.

Introducing subscripts u and d to describe the upstream and the downstream of an interface i respectively between two regions gives the following angle relations.

Acoustic wave propagation within annular and cylindrical ducts

This appendix presents the analytical computation of the cut-off frequencies of azimuthal and radial modes within cylindrical and annular ducts with an axial mean flow. Once the geometry presented, the analytical solution of the cylindrical D'Alembertian equation for the pressure fluctuation is written.

C.1 Geometry

A infinite annular duct is considered in this work which can be extended to a cylindrical case if R 1 tends to zero (Fig. C.1). A steady homogeneous axial mean flow passes through the pipe.

Solving the system (C.15) is equivalent to find the Wronskian's roots:

Note that the equation (C.16) is equal to J n (Kr 2 ) = 0 for the cylindrical case.

Using the roots K mn of the Wronskian (C.16) in the equation (C.10), we can write the axial wave number k x of an azimuthal and radial mode (m, n), namely

The subscripts ± correspond to the upstream and downstream propagating modes within the duct, respectively. The second term of the left-hand side in the equation (C.17) allows computing the cut-off frequency f mn of the corresponding mode. Indeed, the mode (m, n) is propagated through the duct for real axial wave number k x . Finally, the cut-off frequency f mn is

Appendix D

Geometrical method to build a nozzle from a blade vane

To conserve the curvilinear section variation across the blade vane, a technique is proposed to build an equivalent nozzle from the blade vane geometry. This geometrical method does not allow computing a section perpendicular to the mean streamlines of the flow. Without informations about mean flow in the stator, the computed section does not match with the normal section of the streamlines. As shown in Fig. D.1, a mediator cone is built between the outer and inner turbine walls which can be considered as cones. The mean angle θ m and the abcissae of the edge x m are θ m = arctan tan θ i x i tanθ o x o x i + x o and (D.1)

A radial projection of a three-dimensional closed blade profile provides the "footprint" of the blade on the mediator cone. Noting (x, y, z) the three coordinates of a blade profile point and (x r , y r , z r ) the projected point, the geometrical transformation leads to

where

(D.4)

Appendix E Preliminary results about LES of a single sector of the TEENI combustion chamber

The aim of this appendix is to present preliminary simulations of a single sector of the TEENI combustion chamber at 904kW to investigate the effect of the modelling of the multi-perforated plates as well as the subgrid-scale turbulent models. To do so, a first simulation is performed where the mass flow rate injected through the multi-perforated plates is set by semi-empirical laws. Contrary to the productive simulations presented in chapter 5, there is no a dynamic coupling between the both sides of the plates and thus the acoustic behavior of these devices is missed.

In the second section, two subgrid scale models (the dynamic Smagorinsky model and the filtering Smagorinsky model) are compared with the classical Smagorinsky model. The duration of the set of simulations is equal to 50 ms.

E.1 Impact of the multi-perforated plates on the acoustic activity

The simulation is based on the same mesh used in the productive simulations presented in chapter 5 and composed of 12,8 millions of tetrahedral cells. The boundary conditions and the numerical parameters are identical except for the multi-perforated plates.

E.1.1 Mean flow predictions

The mean dimensionless temperature and velocity magnitudes are plotted in Fig E .1 over the plane ∆ 1 (Fig. 5.4) and compared with the results of LES presented in

Appendix F

Acoustic analysis of the TEENI combustion chamber with AVSP

Tracking of acoustic modes within the full-scale combustion chamber of the TEENI experiment is performed in this appendix. Using the Helmholtz solver AVSP, the sound velocity field is provided by the mean predictions of the single-sector LES presented in the chapter 5 at 904kW. As the acoustic solver uses a no-Mach number assumption, the nozzle is cut at the half length of the convergent part. A first section deals with the computation of a single sector to highlight the impact of the secondary dilution holes of the bend of flame tube. The second section presents the full-scale simulation to list the acoustic modes which can be present in the LES simulations. The meshes are composed of 345000 tetrahedral cells which is sufficient to compute the acoustic modes in the frequency range of interest. As shown in Fig F .1, the swirler is conserved as well as the main characteristics of the geometry. In the first case, the dilution holes located to the bend of the flame tube are taken into account while these holes are filled in the second mesh. Previous simulations not presented here revealed that the presence or the absence of the swirler do not significantly impact the computation of acoustic modes of the combustion chamber.

F.1.1.3 Sound velocity field

The acoustic solver AVSP takes into account sound velocity gradients within the combustor mainly induced by the combustion. To be consistent with the LES, the sound velocity field is extracted from the mean LES fields of the high power simulation (904kW). As shown in Fig F .2, the sound velocity exhibits consequently a pattern identical to the mean temperature field.

F.1.2 Impact of secondary dilution holes

The computation of acoustic modes within a single sector is performed on similar meshes where boundary conditions and mean sound velocity fields are identical.

The cut-off frequency of the longitudinal acoustic modes are summarized in the of secondary dilution holes which can be illustrated by the magnitude and phase of the acoustic pressure of the first and seventh longitudinal mode in both cases (Figs. F.3,F.4,F.6 and F.5). In the casing, the dilution holes induce a shift of the pressure node to be in phase with the pressure node of the flame tube. Filling these dilution holes breaks the coupling between the cavities and allows the shifting of the pressure node and the cut-off frequency drop.

F.2 Acoustic analysis of the full-scale combustor

The acoustic computation of the full-scale LES is based on a single-sector in which the secondary holes are considered and the injector is removed. The full-scale mesh is construct by duplicating the single-sector mesh. Using the mean sound velocity field used in the single-sector simulations, the cut-on frequencies of the acoustic