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Introduction

Hypersonic flight vehicles have been an active field of research and development over the last decades. Their design is of high interest for military purposes as well as future civil transportation. Flying at Mach 5 would make it possible to go from Los Angeles to Tokyo in three hours and from New York to London in two hours. However the development of hypersonic civil aircrafts is still at the conceptual stage. One of several hypersonic vehicle concepts was revealed by Boeing in 2018 [START_REF] Adams | Boeing's proposed hypersonic plane is really, really fast[END_REF]. A more advanced design is the supersonic aircraft called XB-1 [START_REF] Supersonic | Countdown to xb-1 rollout[END_REF] and developed by the start-up Boom Supersonic, which rolled out in October 2020. The prototype was designed to reach Mach 1.3 and will be tested to pave the way for a bigger commercial aircraft named Overture, which would be able to carry around 75 passengers at Mach 2.2. The use of hypersonic flight technology on unmanned military vehicles such as missiles or surveillance vehicle is more advanced. The SR-72 also called the "Son of Blackbird" [START_REF] Gao | The sr-72 'son of blackbird' was going to be amazing. then nothing[END_REF] developed by Lockheed Martin is a hypersonic vehicle concept intended for intelligence, surveillance and reconnaissance which is expected to be flying in 2023. As of June 2020, only two nations are operating a hypersonic missile: Russia (Kinzhal, Zircon) [START_REF] Press | Russia reports successful test launch of hypersonic missile[END_REF] and China (DF-100, DF-ZF) [START_REF] Roblin | s. navy, Retrieved in[END_REF]. The United States are not far behind and will soon join this very exclusive club of nations. France (ASN-4G, V-Max) [START_REF] Genty-Boudry | Hypersonique : l'arme secrète des guerres futures, Retrieved in[END_REF] will need a bit more time to put a hypersonic missile into service. This thesis is concerned with the effect of roughness on the design of hypersonic airbreathing vehicles. Understanding and predicting the effect of roughness on the laminarturbulent transition in hypersonic boundary-layers [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF] is of primary importance, so as to be able to choose the size and shape of the roughness element to be used for tripping the flow to turbulence upstream of the engine intakes.

Motivation

A very challenging part in the design of hypersonic airbreathing vehicles is propulsion. A scramjet (supersonic combustion ramjet) engine can be considered as a classical ramjet in which the compressed air flow from the inlet is kept supersonic throughout the flowpath. This aims at preventing the rise in temperature and the total pressure loss, and the important mechanical and thermal loads induced. Scramjet vehicles are characterized by a highly integrated propulsion flowpath. The scramjet propulsion system is shown in fig 1 and consists of the following major components: the forebody constituting an external inlet, the internal inlet, the isolator, the combustor, the internal nozzle and the afterbody forming an external nozzle.

A turbulent boundary layer must be provided for the inlet. This would prevent laminar separation from happening at the end of the first ramp which would lead to lateral 1 spillage of the forebody boundary layer away from the inlet, potentially reducing the mass capture and affecting performance [START_REF] Berry | X-33 hypersonic boundary layer transition[END_REF][START_REF] Berry | Boundary layer control for hypersonic airbreathing vehicles[END_REF]. Most hypersonic airbreathing configurations have been designed to generate a sufficient area of planar (two-dimensional) flow for propulsion performance [START_REF] Berry | Boundary layer transition on X-43A[END_REF][START_REF] Lau | Hypersonic boundary-layer transition: application to high-speed vehicle design[END_REF]. The weak growth rate of natural instabilities present in hypersonic flows leads the boundary layer to remain laminar. This was for instance the case with the Hyper-X vehicle, where over 200% more running length was estimated necessary for transition to occur on the first ramp based on the NASP criterion. Shock-wave interactions with laminar boundary layers are likely to create separation upstream of the engine intakes. Hence, the use of roughness elements is needed to provide turbulent flow for the inlet.

Understanding and predicting the effects of roughness on transition are also crucial for the design of the Thermal Protection Systems (TPS). An under-prediction of the transition Reynolds number Re t would lead to the use of superfluous TPS material resulting in excess inert mass and decrease of payload capability, whereas an over-prediction of Re t would make the total vehicle drag larger than expected due to increased shear stress and heat fluxes from the turbulent boundary layer.

State of the art

The design and sizing of roughness elements to be used for tripping the boundary layer upstream of scramjet engines are typically based on roughness correlations such as the roughness Reynolds number Re kk [START_REF] Reda | Review and synthesis of roughness-dominated transition correlations for reentry applications[END_REF] along with extensive wind tunnel experiments including the effect of freestream noise and Reynolds number. This can lead to the choice of the size and position of an effective roughness element. The chosen design is then verified by means of flight testing. The numerical tools that can be used for designing roughness elements include Linear Stability Theory (LST), Parabolized Stability Equations (PSE) computations and Direct Numerical Simulations (DNS). These approaches have proven to give accurate predictions of the instabilities in the wake of roughness elements which are immersed in a two-dimensional flow.

Choudhari et al. [START_REF] Choudhari | Laminar-turbulent transition behind discrete roughness elements in a high-speed boundary layer[END_REF][START_REF] Choudhari | Wake instabilities behind discrete roughness elements in high speed boundary layers[END_REF][START_REF] Choudhari | Computations of disturbance amplification behind isolated roughness elements and comparison with measurements[END_REF] and Kegerise et al. [START_REF] Kegerise | An experimental study of roughness-induced instabilities in a supersonic boundary layer[END_REF] analyzed the roughness wake instabili-ties both experimentally and through LST calculations. The results showed the existence of even (i.e., symmetric or varicose) and odd (antisymmetric or sinuous) modes of instability in the wake of the roughness which can grow and lead to transition. LST results and experimental data were found to be in good agreement. The transition mechanisms induced by singular roughness over a capsule-like hemispherical forebody were investigated via DNS and LST [START_REF] Di Giovanni | Cross-flow-type breakdown induced by distributed roughness in the boundary layer of a hypersonic capsule configuration[END_REF]. Results showed the presence of two main unstable modes (symmetric and antisymmetric modes) in the isolated roughness wake and good agreement was obtained between both approaches. However, the LST approach is based on the assumption of quasi-parallel flow and is thus limited when it comes to predicting the effect of roughness in a three-dimensional flow. The crossflow and spanwise inhomogeneity induced by the three dimensional geometry of a hypersonic forebody adds additional complexity to the problem. Computations of secondary instability of crossflow modes in the hypersonic boundary layer over a circular cone excited by an azimutally periodic and a localized roughness were carried out by Li et al. [START_REF] Li | High-frequency instabilities of stationary crossflow vortices in a hypersonic boundary layer[END_REF] and Choudhari et al. [START_REF] Choudhari | Computations of crossflow instability in hypersonic boundary layers[END_REF][START_REF] Choudhari | Nonlinear evolution and breakdown of azimuthally compact crossflow vortex pattern over a yawed cone[END_REF] via LST, PSE and DNS. They showed that the second (i.e., Mack) mode instabilities were the most unstable high frequency disturbances, along with secondary instabilities of the finite-amplitude stationary crossflow vortices. Low frequency modes were also found and identified as travelling crossflow instabilities. Results showed the ability of the LST to predict the general topology of the instability modes and their associated dominant frequencies. However, it severely underpredicted the N-factors for the dominant instability modes. The PSE results were found to give predictions in agreement with the DNS results extending across mode shapes, dominant frequencies and N-factors.

DNS is a useful tool for finely studying roughness-induced transition mechanisms and getting access to the unsteady flow phenomena involved in the transition process. It has been widely used to study roughness-induced transition in simple configurations, with high-order accuracy. Performing DNS with industrial solvers however remains scarce and would help for studying roughness-induced transition on more complex configurations.

Experiments were carried out by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF] in the Boeing/AFOSR Mach-6 Quiet Tunnel (BAM6QT) at Purdue University to study roughness-induced transition on a generic hypersonic forebody. The boundary layer on the wedge-like forebody model was tripped either by isolated or distributed diamond-shaped roughness elements of different heights. Temperature Sensitive Paint (TSP) enabled heat fluxes on the surface of the forebody to be quantified. PCB sensors were also used to measure fluctuations in the surface pressure. On the same geometry, computational studies can be found in the works of André et al. [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF] who focused on active flow tripping by wall injection and Cerminara et al. [START_REF] Cerminara | Receptivity to freestream acoustic noise in hypersonic flow over a generic forebody[END_REF] who investigated the receptivity and breakdown mechanisms with freestream acoustic disturbances.

Objectives

To summarize, past studies were successful in identifying and characterizing roughnessinduced transition mechanisms over relatively simple configurations such as flat plates or cones. They also focused on the natural instabilities leading to transition over hypersonic forebodies. However, the effect of roughness elements on laminar-turbulent transition in three-dimensional boundary layers over a realistic geometry of hypersonic vehicle forebody is not well understood yet.

This is what justifies this study. It aims to identify the laminar-turbulent transition mechanisms induced by roughness in the three-dimensional spaninhomogeneous boundary layer that is present on the forebody of a hypersonic vehicle. Practically, the main objectives are to: assess the capabilities of industrial codes (with second order accurate schemes) for computing the convective fluxes accurately, set up direct numerical simulations to reproduce the experiments carried out in the BAM6QT quiet tunnel by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF],

identify and characterize the transition mechanisms induced by the roughness element by means of bi-local stability analysis and unsteady DNS.

Furthermore, the study of global instabilities induced by roughness remains scarce in hypersonic flows. An attempt of identifying the self-sustained transition mechanisms induced by a roughness at high Reynolds number will be made by means of DNS.

Organisation of the manuscript

The first chapter was dedicated to a review of the literature concerning the theory of boundary-layer transition and the different instabilities likely to develop in hypersonic boundary layers. The flow features and instabilities induced by roughness in twodimensional boundary layers as well as in the three-dimensional boundary layer of hypersonic forebodies were also detailed (Chapter 1).

The aim of the second chapter was to introduce the equations and methods which are the basis of the work produced in this thesis. The Navier-Stokes equations are first introduced along with the spatial and time resolution requirements. Then the structure and the available schemes in the DNS solvers elsA and OpenSBLI are presented. Finally, the Spectral POD methodology and the bi-local stability code BIGSAM used for the modal analyses of the data are shown, as well as a method for the generation of freestream disturbances (Chapter 2).

The approach used for this matter first consisted in seeing whether the second order schemes used for the computation of the convective fluxes in the elsA solver from ONERA, which is widely used in industry, were capable of predicting hypersonic flows past a roughness. The first step was to verify that the second order schemes were capable of predicting the laminar flow over a smooth bump and in its wake. This was done by comparing the computing flow to the one obtained with the high-order schemes in OpenSBLI, which is an open-source code developed at the University of Southampton. The objective was then to verify that the numerical strategy was able to predict the flow on a transitional case. Acoustic perturbations were introduced in the freestream upstream of the roughness so as to reproduce the simulations performed by Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] (Chapter 3). The next step consisted in using the previously validated numerical strategy to look for the existence of an absolute instability and to characterize it, knowing it is present in incompressible flows and that it would be an effective way of inducing transition on the forebody of a hypersonic flight vehicle. To do so, the idea was first to identify the Reynolds number for which transition is induced by the roughness element without addition of acoustic perturbations and is self-sustained. Three Reynolds numbers were thus compared. The medium Reynolds number did not experience transition but the instabilities in the wake were identified thanks to bi-local stability analysis. The self-sustained transition mechanisms at the highest Reynolds number were then studied by means of spectral analyses (Chapter 4). Part of this chapter was presented at the AIAA Aviation conference in 2019 [START_REF] Lefieux | Dns study of roughness-induced transition at mach 6[END_REF] Next, the approach was to use these numerical tools and physical analysis to study the roughness-induced transition on a realistic configuration of hypersonic forebody. This was done by setting up a DNS which could enable the flow induced by the roughness to be computed with a good accuracy. The results of the simulations were then compared to the experimental data collected in Purdue's BAM6QT quiet tunnel [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF] (Chapter 5).

Finally, the aim was to identify and characterize the instabilities present in the wake of a diamond-shaped roughness which are responsible for the transition occurring in the span-inhomogeneous boundary layer of a hypersonic forebody. For each of the simulated cases, the main features of the roughness-modified baseflow were first identified. The linear instabilities in the roughness wake were characterized in the boundary layer of the forebody, by means of bi-local stability analyses (LST-2D) and DNS. The effect of having a row of roughness instead of an isolated roughness was studied, as well as the effect of roughness height. Finally, a receptivity study for an isolated roughness was carried out by adding acoustic disturbances in the freestream (Chapter 6). In this chapter, the importance of predicting transition and roughness effects for the design of hypersonic vehicles is first introduced. Then, the theory of boundary-layer transition and the different instabilities likely to develop in hypersonic boundary layers are reviewed. Finally, the flow features and instabilities induced by roughness in the three-dimensional boundary layer of hypersonic forebodies are detailed. The existing transition correlations related to roughness are also presented. An active method for tripping the boundary layer was also investigated in wind tunnel tests [START_REF] Berry | A comparison of active and passive methods for control of hypersonic boundary layers on airbreathing configurations[END_REF][START_REF] Berry | Boundary layer control for hypersonic airbreathing vehicles[END_REF]. Fourteen blowing configurations were tried and compared. They all moved transition onset from the natural condition towards the trip location. A pressure ratio of 40 or more was found to induce effective tripping. The results indicated that the jet penetration height for blowing was roughly half the height required with passive roughness elements for an equivalent amount of transition enhancement.
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The successful Mach 6.8 and 9.6 flights in 2004 of the first fully integrated scramjet propulsion systems by the Hyper-X (X-43A) program verified the original design methodologies and assumptions [START_REF] Berry | Boundary layer transition on X-43A[END_REF]. Analysis of the flight surface thermocouple data showed that the lower surface trips performed as expected based on the wind tunnel tests. The upper surface analysis revealed that the pre-flight transition criteria of Re θ /M e = 300 from the previous NASP program was a reasonable estimate of transition onset.

HIFiRE

The 15.28) [78]. This was in good agreement with the linear PSE N-factor predictions from Li et al. [START_REF] Li | Spatially developing secondary instabilities in compressible swept airfoil boundary layers[END_REF]. For the same configuration, ground tests (DLR Cologne M ∞ = 7) predicted a transition at N = 5.5 which is much earlier than the flight tests [START_REF] Kimmel | HIFiRE-1 and HIFiRE-5 test results[END_REF]. The flight also included a study of transition induced by a diamond-shaped isolated roughness. The roughness was effective in tripping the boundary layer until reaching a roughness Reynolds number of Re kk = 2200 [START_REF] Li | Stability analysis for HIFiRE experiments[END_REF]. This Reynolds number is based on the criterion from Reda [START_REF] Reda | Review and synthesis of roughness-dominated transition correlations for reentry applications[END_REF] which uses the local properties in the undisturbed boundary layer at the roughness height location. forebody was predicted with stability analyses. PSE results were found to be in good agreement with wind tunnel and flight tests [START_REF] Borg | Traveling crossflow instability for HIFiRE-5 in a quiet hypersonic wind tunnel[END_REF][START_REF] Kimmel | HIFiRE-1 and HIFiRE-5 test results[END_REF]. However, the N-factors predicted by LST were half the PSE predictions. Ground tests were carried out in quiet (BAM6QT) and conventional (LaRC) wind tunnels to quantify the effect of wind tunnel freestream noise on transition [START_REF] Berger | Aerothermodynamic characteristics of boundary layer transition and trip effectiveness of the HIFiRE flight 5 vehicle[END_REF][START_REF] Juliano | HIFiRE-1 boundary-layer transition: ground test results and stability analysis[END_REF]. The effect of wind tunnel noise level on the experimental HIFiRE-5 transition onset can be seen in fig 1 .3. In noisy conditions transition occurs near the nose of the body whereas in quiet conditions transition can be observed near the end of the body. This enabled to explain the early transition found in the HIFiRE-1 experiments. 

BOLT

The BOLT (Boundary Layer Transition) program is led by the Johns Hopkins University Applied Physics Laboratory (JHU/APL) and is being conducted by a diverse team of Government, industry, and academic organizations. Its main objective is to obtain measurements of hypersonic boundary-layer transition in flight on a low-curvature concave surface with highly swept leading edges, to understand transition mechanisms on the geometry via an approach composed of three components: (1) computational analyses to predict transition physics, (2) measurement of physical mechanisms of transition on the geometry via a ground-test campaign in multiple facilities and (3) measurement of transition in a sounding-rocket flight test.

The final design of the BOLT flight experiment is summarized in Ref. [START_REF] Wheaton | Final design of the boundary layer transition (BOLT) flight experiment[END_REF]. The BOLT geometry can be seen in fig 1.4. It is made of a cylindrical nose tip of radius 5 mm, with four swept leading edges starting from the corners of the tip. These four leading edges are joined by four laterally concave surfaces. The upper and lower concave surfaces are the primary regions of interest for the transition experiment. The strongly concave gutter regions on the sides are designed to isolate the flow from independent surfaces and leading edges. In that way the transition mechanism occurring in one quadrant does not contaminate transition on another quadrant. Hence, the design of BOLT allows four independent transition experiments to simultaneously study natural/smooth transition and transition from isolated/distributed roughness. The BOLT Flight Geometry length is 866 mm which is close to the size of the HIFiRE-5 flight vehicle.

Pre-flight computational analysis:

1.1 Importance of predicting transition and roughness effects for the design of hypersonic vehicles 11 Pre-flight computational studies have been carried out by means of engineering-level CFD tools, boundary-layer stability methods and full Navier-Stokes simulations. The complexity of the BOLT geometry makes it challenging for traditional stability tools to be applied, which also makes it interesting. Wheaton et al. [START_REF] Wheaton | Boundary layer transition (BOLT) flight experiment overview[END_REF] used CFD and stability tools to provide design characteristics such as laminar, transitional and turbulent heating, surface pressure distribution, empirical correlations for natural transition (e.g. Re θ /M e ), and correlations for roughness-induced transition (PANT, Re kk , etc.). Moyes et al. [START_REF] Moyes | Pre-flight boundary-layer stability analysis of BOLT geometry[END_REF] used the EPIC stability code to provide second-mode, travelling, and stationary crossflow N-factors. High N-factors were obtained for the Mack mode in regions close to the leading edge. Strong growth of crossflow instability modes was also found within a wedge-shaped region on either sides of the symmetry plane. DNS performed by Thome et al. [START_REF] Thome | Boundary layer instabilities on BOLT subscale geometry[END_REF] highlighted 4 types of disturbances: travelling crossflow disturbances inboard of the attachment line, a Mack mode instability that was amplified in two different azimuthally localized regions, a mixed mode with a broad range of frequencies within the midspan region and a vortical mode characterized by longitudinal streaks adjacent to the minor-axis symmetry plane. This mode of instability was further investigated by Li et al. [START_REF] Li | Streak instability analysis for BOLT configuration[END_REF]. The modest value of the predicted peak N-factor (N max ≈ 5) for the streak instabilities provides a potential explanation for why transition is not observed under quiet flow conditions, but may occur in a noisy wind tunnel.

Another DNS analysis undertaken by Thome et al. [START_REF] Thome | Direct numerical simulation of BOLT hypersonic flight vehicle[END_REF] showed that in high Reynolds number cases, amplification of stationary crossflow and Mack modes (maximum Nfactor of 5.3) was observed. Simulations with small amplitude distributed roughness at low Reynolds number showed that it did not introduce new flow structures but rather increased the heat flux of the existing structures. Although no analysis of the instability mechanisms induced by roughness on the BOLT geometry has been carried out yet, Thome et al. [START_REF] Thome | Effect of steady forcing mechanisms on BOLT geometry for flight conditions[END_REF] applied different roughness distributions on the leading edge. Different heating patterns and vortices in the flowfield were observed depending on the Chapter 1 : Literature Review roughness distribution. The amplification of kinetic energy was higher with the two Fourier roughness distributions than with the random roughness.

Pre-flight ground testing:

A series of wind tunnel tests was carried out in order to identify laminar and transitional flow characteristics to support placement of instrumentation for the flight experiment. For instance, the observation of streamwise streaks in the heat flux contours of the low-noise laminar flowfield resulted in the addition of high-response instrumentation to observe the structures in flight. Experiments were performed in the BAM6QT Tunnel with the addition of roughness arrays in order to manipulate the crossflow instability on the BOLT geometry [START_REF] Berridge | Hypersonic ground tests with high-frequency instrumentation in support of the boundary layer transition (BOLT) flight experiment[END_REF]. The size of the trip arrays was chosen using DNS results from Minnesota [START_REF] Thome | Boundary layer instabilities on BOLT subscale geometry[END_REF], stability theory results from Texas A&M, and previous experimental work from Purdue University. An example of roughness insert installed on the BOLT model is shown in fig 1.5a. Visualization of heat flux contours from Thermal Sensitive Paint (TSP) as shown in fig 1 .5b was obtained for several trip heights. The spacing between elements was chosen so that the elements could act independently, rather than acting as a fence as explained by Schneider [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF]. For that reason, the diameter of the cylindrical roughness elements was chosen to be 1/4 of the spacing distance.

Wind tunnel experiments in the BAM6QT [START_REF] Chynoweth | Transition measurements with forward and aft facing steps on the BOLT geometry at Mach 6[END_REF] focused on the effect of forward and rearward facing steps of different heights on the leading-edge of the BOLT model at the nosetip-frustum junction. This was motivated by the asymmetric transition observed when there was a misalignment of the nosetip with the model frustum [START_REF] Berridge | Hypersonic ground tests with high-frequency instrumentation in support of the boundary layer transition (BOLT) flight experiment[END_REF]. As seen in fig 1.4, the secondary side experiment, was nominally supposed to be a roughness experiment. Instead, the previous considerations motivated the analysis of step effects also on the secondary side, to provide better synergy with the primary side [START_REF] Berry | Secondary side considerations for the BOLT flight experiment[END_REF].

1.1 Importance of predicting transition and roughness effects for the design of hypersonic vehicles 13

LEA

The LEA hypersonic vehicle was developed by MBDA-France and ONERA [START_REF] Falempin | French flight test program LEA status[END_REF]. The 4.2 m long experimental prototype is shown in fig 1.6. It is composed of a scramjet engine with adjustable geometry working with hydrogen. The combustion can be made in both subsonic and supersonic regimes (ramjet → scramjet), allowing the engine to operate at speeds above the Mach 6 limiting speed of a ramjet engine. The main objective of the LEA program was to develop the engineering tools to be used in the design of hypersonic vehicles, including high-fidelity numerical simulations, stability analysis and wind tunnel tests. The forebody of the vehicle is the main interest of this work, as it is upstream of the engine intakes, where we want to trip the transition to turbulence. From 2005, the ICARE lab focused on the stability and natural transition on the windward surface of the forebody at Mach 4, 6 and 8. A first thesis [START_REF] Ferrier | Analyse de la stabilité et prévision de la transition laminaire / turbulent de l'écoulement proche paroi sur l'avant-corps d'un véhicule hypersonique[END_REF] led to the development of a compressible LST code. The dominant instabilities were identified as the first mode instability, crossflow instabilities near the nose and the second mode instability at Mach 8. A second thesis [START_REF] Orlik | Étude du champ aérodynamique et de la transition laminaire-turbulent sur l'avantcorps d'un véhicule hypersonique[END_REF] aimed at studying the natural transition on a 1:3 forebody model. Experiments were conducted in ITAM's T-313 wind tunnel in Novossibirsk, at Mach 4 and 6 [START_REF] Orlik | Boundary-layer transition on a hypersonic forebody: experiments and calculations[END_REF]. The first mode and crossflow instabilities were found to be the most unstable. However, wind tunnel noise had the effect of moving the transition upstream, near the nose. Roughnessinduced transition was also studied in ITAM's T-303 wind tunnel at Mach 6 and 8. Arrays of diamond-shaped roughness elements of height k = 0.8 mm and separated by 4k were used to trip the transition. Those were chosen based on empirical criteria [START_REF] Driest | Boundary-layer transition at supersonic speeds -roughness effects with heat transfer[END_REF][START_REF] Potter | Effects of slight nose bluntness and roughness on boundary-layer transition in supersonic flow[END_REF] and from Hyper-X and HIFiRE programs. TSP was useful in identifying laminar and turbulent regions, although the wind tunnel noise level induced an early transition.

More recently, wind tunnel tests were performed in the Boeing/AFOSR Mach-6 Quiet Tunnel at Purdue University by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF] on a 3D generic hypersonic forebody. The objective was to quantify the effect of noise on transition, and study both roughnessinduced transition and active jet-induced transition. Fig 1.7 shows the effect of noise on wall heat fluxes visualized via TSP. In noisy conditions, transition occurs near the nose of the forebody which means that no roughness is needed to trigger transition. The quiet wind tunnel conditions get closer to the flight conditions and deliver laminar flow over the whole forebody, as well as highlighting the presence of longitudinal streaks. In this way, the effect of roughness on transition can be ). Figure 1.8b shows the TSP image taken with the isolated 1.2 mm roughness element. The unperturbed part of the model stays laminar whereas the trip is effective at inducing boundary-layer transition in its wake. Finally, the effect of a jet injection on transition was studied in Purdue's experiments as well as with Implicit LES simulations, performed in André's thesis [START_REF] André | Contrôle actif de la transition laminaire-turbulent en écoulement hypersonique[END_REF]. Figure 1.9 shows the TSP results for a jet pressure ratio (PR) of 14.48 as well as the instantaneous vortical structures induced by the jet at PR = 77, in the ILES performed by André et al. [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF]. 

Theory of boundary layer stability and transition

The boundary layer of a hypersonic body is subject to various environmental disturbances such as freestream noise, surface roughness, shocks or other external perturbations as depicted in fig 1 .10. Those environmental disturbances enter the boundary layer as fluctuations of basic state and are converted into the initial conditions of disturbance amplitude, frequency and phase for breakdown. This process is called receptivity [START_REF] Morkovin | Critical evaluation of transition from laminar to turbulent shear layers with emphasis on hypersonically travelling bodies[END_REF]. The stability of the boundary layer is related to the development of those initial disturbances. If the perturbations introduced in a laminar flow increase in amplitude, the boundary layer is unstable and may eventually transition to turbulence if a critical disturbance amplitude is reached. If the perturbations damp out before reaching this critical amplitude, the boundary layer is stable and will remain laminar. Previous reviews on stability and transition of hypersonic boundary-layers have been given by Reshotko [START_REF] Reshotko | Boundary layer stability and transition[END_REF][START_REF] Reshotko | Hypersonic Stability and Transition[END_REF][START_REF] Reshotko | Roughness induced transition. Transient-growth in 3-D and supersonic flow[END_REF], Morkovin and Reshotko [START_REF] Morkovin | Dialogue on Progress and Issues in Stability and Transition Research[END_REF], Saric et al. [START_REF] Saric | Boundary-layer receptivity to freestream disturbances[END_REF], and Fedorov [START_REF] Fedorov | Transition and stability of high-speed boundary layers[END_REF]. Stetson and Kimmel [START_REF] Stetson | Hypersonic boundary-layer transition[END_REF] and Schneider [START_REF] Schneider | Flight data for boundary-layer transition at hypersonic and supersonic speeds[END_REF][START_REF] Schneider | Hypersonic laminar-turbulent transition on circular cones and scramjet forebodies[END_REF][START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF] also provided useful summaries and discussions of wind-tunnel and flight data. In spite of considerable work and progress in understanding the different mechanisms leading to transition at supersonic and hypersonic speeds, a unique physical theory that would provide an accurate prediction for numerous parameters of the mean flow and disturbances remains to be found. The main paths to boundary layer transition can be identified in fig 1 .11 and are explained by the following scenario based on the 'roadmap' to transition proposed by Morkovin et al. [START_REF] Morkovin | Transition in open flow systems: a reassessment[END_REF]. Only paths A, B and C are sensible for the study of external hypersonic flows. Path D is primarily for internal flows at an elevated turbulence level. Path E represents the case of very large amplitude forcing (roughness and high freestream turbulence) where the growth of linear disturbances is bypassed [START_REF] Morkovin | Critical evaluation of transition from laminar to turbulent shear layers with emphasis on hypersonically travelling bodies[END_REF] and turbulent spots or subcritical instabilities occur and the flow quickly In the absence of other effects such as roughness, path A is accepted as the appropriate path for the flight freestream environment. It consists of three stages: receptivity, linear eigenmode growth, and non-linear breakdown to turbulence. It is associated with boundary-layer instabilities such as first and second modes, crossflow instability, and Görtler vortices. The weak disturbances entering the boundary layer undergo linear modal growth, which can be described by linear stability theory (LST) of primary modes. The linear stability theory was first investigated by Orr [START_REF] Orr | The stability or instability of the steady motions of a perfect liquid and of a viscous liquid. Part II: A viscous liquid[END_REF] and Sommerfeld [START_REF] Sommerfeld | Ein Beitrag zur hydrodynamischen Erklärung der turbulenten Flüssigkeitsbewegungen[END_REF] who studied the stability of two-dimensional harmonic perturbations superimposed on a parallel laminar flow and derived a fourth order ordinary differential equation governing the amplitude of a perturbation mode that we now know as the Orr-Sommerfeld equation (OSE). As the amplitude of the primary mode increases and reaches a certain amplitude, non-linear interactions occur in the form of secondary instabilities which can eventually lead to the breakdown to turbulence. Detailed reviews of this path (disturbance environment, receptivity, linear and nonlinear instability, transition prediction, and transition control) are available in Reshotko [START_REF] Reshotko | Roughness induced transition. Transient-growth in 3-D and supersonic flow[END_REF], Reed et al. [START_REF] Reed | Linear stability theory applied to boundary layers[END_REF], Schmid and Henningson [START_REF] Schmid | Stability and Transition in Shear Flows[END_REF] and Saric et al. [START_REF] Saric | Stability and transtion of three-dimensional boundary layers[END_REF]. As explained by Reshotko [START_REF] Reshotko | Roughness induced transition. Transient-growth in 3-D and supersonic flow[END_REF], the control of transition for path A is best achieved by shaping the flowpath (longer regions of favorable pressure gradient and reducing crossflow and concavities) as in scramjet configurations. The addition of the TPS which often comes in the form of tiles, introduces subcritical roughness effects (path C) which can reduce the stability of the original design. Figure 1.12 was drawn by Ferrier [START_REF] Ferrier | Analyse de la stabilité et prévision de la transition laminaire / turbulent de l'écoulement proche paroi sur l'avant-corps d'un véhicule hypersonique[END_REF] and offers an interpretation of transition paths A, B and C. E represents the disturbance energy and x c is the critical location, where the mode becomes unstable. As the amplitude of the environmental disturbances increases, transient growth may occur if two, nonorthogonal, stable modes interact, undergo algebraic growth, and then decay exponentially [START_REF] Reshotko | Transient growth: A factor in bypass transition[END_REF][START_REF] Schmid | Stability and Transition in Shear Flows[END_REF]. Streamwise vorticity and wallnormal vorticity appear to be important. In case of weak transient growth, higher initial amplitude for modal growth (path B) is provided and leads to an exponentially unstable region. If transient growth is strong enough, it can directly induce non-linear secondary instabilities (paths C). Transient growth is also a candidate mechanism for many examples of bypass transition (path D) [START_REF] Reshotko | Transient growth: A factor in bypass transition[END_REF].

Amplitude and spectral characteristics of the disturbances inside the boundary layer strongly influence the whole process leading to breakdown. Thus, it is necessary to understand how freestream disturbances enter the boundary layer and create the initial conditions established by the receptivity mechanism. The receptivity process is also affected by the Mach and Reynolds numbers and by the external environmental disturbances as well as local geometrical features such as nose bluntness and surface roughness. The natural receptivity is related to disturbances generated by means of acoustic, vorticity and entropy waves found in the environmental disturbance field. The vortical parts of the freestream disturbances (turbulence) contribute to the three-dimensional aspects of the breakdown process, whereas the irrotational parts of the freestream disturbances (sound) contribute to the initial amplitudes of the two-dimensional T-S waves [START_REF] Saric | Boundary-layer receptivity to freestream disturbances[END_REF]. In hypersonic flows, the wavelengths and phase speeds of the forcing waves and the dominant boundary-layer modes are not much different. This leads to a direct excitation via a resonance mechanism near the leading edge without the need for a wavelength-conversion mechanism as it is the case for subsonic flows, where the de-synchronisation of the forcing wave and the boundary-layer mode leads to a process of energy transfer. In a way, this resonance mechanism [START_REF] Fedorov | Stabilization of hypersonic boundary layers by porous coatings[END_REF] bypasses the wavelength-conversion mechanism at the leading edge.
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Boundary-layer instabilities in hypersonic flows

For hypersonic boundary layers, major relevant instability waves are the first and second modes [START_REF] Mack | Boundary-layer linear stability theory[END_REF], Görtler instabilities over concave surfaces [START_REF] Saric | Görtler vortices[END_REF], attachment-line instabilities [START_REF] Le Duc | Instabilities in compressible attachment-line boundary layers[END_REF], and three-dimensional cross-flow instabilities [START_REF] Reed | Stability of high-speed chemically reacting and three-dimensional boundary layers[END_REF]. The flow undergoes nonlinear breakdown to turbulence after the exponential growth of instability waves reaches certain magnitudes [START_REF] Kachanov | Physical mechanisms of laminar-boundary-layer transition[END_REF].

Mack modes

Lees and Lin [START_REF] Lees | Investigation of the stability of the laminar boundary layer in a compressible fluid[END_REF] were the first significant attempt to extend the linear theory to include effects of compressibility. Their work led to the necessary and sufficient condition of the existence of a generalized inflection point for inviscid instability. This is important as this generalized inflection is present in a supersonic boundary layer over an adiabatic surface. However, this analysis only included the effects of subsonic disturbances which led to a unique unstable eigenvalue of the elliptic equations as in the incompressible case. The unstable wave was called the first mode, which is an extension of the T-S wave in the compressible case. Lees and Reshotko [START_REF] Lees | Stability of the compressible laminar boundary layer[END_REF] found that when the Mach number was larger, the perturbation equation could have multiple solutions. A year later, LST computations of compressible flow were done by Mack [START_REF] Mack | The inviscid stability of the compressible laminar boundary layer[END_REF][START_REF] Mack | The inviscid stability of the compressible laminar boundary layer: Part II[END_REF]. He found that for Mach numbers greater than 2.2, the equations are hyperbolic and there exists an infinite number of eigenvalues. The lowest order is called the second mode. Figure 1.13 shows the maximum amplification rates of the instability waves as a function of Mach number. As the Mach number increases, the first mode maximum growth rate decreases. It even becomes less unstable than the second mode which becomes the dominant instability mode for M ∞ > 4. In low speed flows, a 2D wave is most unstable whereas an oblique first mode wave is most unstable in a supersonic boundary layer (M ∞ < 4). In a hypersonic boundary layer, the 2D second-mode waves grow faster. Frequencies of first-mode waves are around tens of kilohertz while second mode waves can be found around hundreds of kilohertz. Both LST and experiments showed that wall cooling had the effect of stabilizing the first mode and destabilizing the second mode. The second mode could even be more unstable than the first mode on a cooled wall at smaller Mach numbers. Numerical simulations showed that the second mode could be stabilized by suction and favorable pressure gradients.

The second mode arises from the fact that in a hypersonic boundary layer, there is a region of supersonic mean flow relative to the velocity of the disturbance. This explains the presence of trapped acoustic waves, which are reflected by the wall and turn around near the sonic line : y = y a , U(y a ) = ca(y a ), where c is the disturbance phase speed, U(y) is the mean-flow profile, and a is the local speed of sound. The boundary layer acts as an acoustic 'waveguide', as shown in fig 1 .14. The Mack second and higher modes correspond to the waveguide normal modes and represent inviscid instabilities of acoustic nature.

Figure 1.14:

Acoustic mode in a high-speed boundary layer, where U(y) is the mean-flow profile, and p(y) is the pressure disturbance profile, c is the phase velocity of the waves, a is the local speed of sound and y a is the location of the sonic line [START_REF] Fedorov | Transition and stability of high-speed boundary layers[END_REF].

Experiments carried out by Demetriades [START_REF] Demetriades | Hypersonic viscous flow over a slender cone. Part III: Laminar instability and transition[END_REF] and Stetson et al. [START_REF] Stetson | Laminar boundary layer stability experiments on a cone at Mach 8. Part 5: tests with a cooled model[END_REF] showed that the phase speed of the disturbances was approximately equal to the boundary layer edge velocity and that their wavelength was slightly higher than twice the boundary layer thickness. This enables to estimate the frequency at which the second mode will be most unstable through the relation f ≈ U e /(2δ). Whether transition will be the result of first or second mode instability is highly dependent on the wall temperature conditions. Malik [START_REF] Malik | Prediction and control of transition in supersonic and hypersonic boundary layers[END_REF] studied the transition of a highspeed boundary layer with LST. Analysis of the N-factors of the different instabilities showed that for adiabatic wall conditions, the first oblique mode was responsible for transition on sharp cones at Mach numbers up to about 7. For cold walls, growth rate Chapter 1 : Literature Review of the second mode was more important at lower Mach numbers but only over a small streamwise region, leading to a smaller N factor. Recent theoretical analyses [START_REF] Chen | Interactions between second mode and low-frequency waves in a hypersonic boundary layer[END_REF] and experiments [START_REF] Zhang | Hypersonic boundary-layer transition on a flared cone[END_REF] performed in the Mach 6 hypersonic quiet wind tunnel at Peking University showed that the second mode first increased rapidly and then decayed, while the first mode continued to grow until transition.

More detailed results on the second mode in hypersonic boundary layers can be found in the theoretical work of Mack [START_REF] Mack | Boundary-layer linear stability theory[END_REF][START_REF] Mack | Linear stability theory and the problem of supersonic boundary-layer transition[END_REF][START_REF] Mack | A numerical method for the prediction of high speed boundary-layer transition using linear theory[END_REF] and some experimental studies [START_REF] Demetriades | An experiment on the stability of hypersonic laminar boundary layers[END_REF][START_REF] Kendall | Wind tunnel experiments relating to supersonic and hypersonic boundary-layer transition[END_REF][START_REF] Stetson | Laminar boundary layer stability experiments on a cone at Mach 8. Part 2: blunt cone[END_REF][START_REF] Stetson | A comparison of planar and conical boundary layer stability and transition at a Mach number of 8[END_REF].

Crossflow instability

The crossflow instability can be found in the three-dimensional boundary layers of hypersonic vehicles such as swept surfaces, cones at angles-of-attack or rotating axisymmetric bodies. The three-dimensional character of the body geometry generates pressure gradients that result in curved inviscid streamlines at the boundary-layer edge. Near the wall, the velocity is reduced but the pressure gradient is constant, resulting in a nonzero-velocity component normal to the inviscid streamlines called crossflow. Figure 1.15 shows a typical crossflow profile. Because the crossflow velocity must vanish at the wall and at the edge of the boundary layer, the crossflow profile necessarily includes a generalized inflection point which makes it a source of inviscid instability [START_REF] Saric | Stability and transtion of three-dimensional boundary layers[END_REF]. The crossflow instability is in fact a wave in the boundary layer oriented in the crossflow direction. Contrary to T-S instabilities, there exists two types of crossflow instabilities: travelling 1.2 Boundary-layer instability and transition in hypersonic flows crossflow or stationary crossflow. The travelling crossflow mode is caused by freestream noise and/or turbulence, and induces vortical disturbances which convect downstream. The stationary crossflow instability is typically caused by roughness or any other steady forcing, and produces disturbances which are stationary on the geometry. Although travelling waves are typically more unstable in high-turbulence environments, under real flight conditions where the level of disturbances is low, stationary waves are more important [START_REF] Dinzl | Direct numerical simulation of crossflow instability excited by microscale roughness on HIFiRE-5[END_REF].

As the instability is nearly orthogonal to the inviscid streamlines, large mean-flow modifications are produced by the convecting disturbances. This results in a modified base flow and a rapid breakdown of linear theory. Boundary layers in the presence of crossflow instabilities have been studied extensively in low-speed flows [START_REF] Reed | Stability of high-speed chemically reacting and three-dimensional boundary layers[END_REF][START_REF] White | Secondary instability of crossflow vortices[END_REF]. The final breakdown to turbulence is then caused further downstream by the development of high-frequency secondary instabilities of the deformed mean flow [START_REF] Malik | Hypersonic boundary-layer receptivity and stability[END_REF][START_REF] White | Secondary instability of crossflow vortices[END_REF]. The different secondary instability modes were classified by Malik et al. [START_REF] Malik | Nonlinear crossflow disturbances and secondary instabilities in swept-wing boundary layers[END_REF] into two categories: type-I modes (or z-modes) produced by spanwise or azimuthal gradients of the streamwise mean flow (∂U/∂z or ∂U/∂θ), and type-II modes (or y-modes) produced by wall-normal gradients (∂U/∂y or ∂U/∂r). These mechanisms have been studied extensively at low speeds, for example by Malik et al. [START_REF] Malik | Hypersonic boundary-layer receptivity and stability[END_REF], Wassermann and Kloker [START_REF] Wassermann | Mechanisms and passive control of crossflow-vortexinduced transition in a three-dimensional boundary layer[END_REF], White and Saric [START_REF] White | Secondary instability of crossflow vortices[END_REF] and Bonfigli and Kloker [START_REF] Bonfigli | Secondary instability of crossflow vortices: validation of the stability theory by direct numerical simulation[END_REF]. Experimental and numerical studies showed that the crossflow instability in hypersonic flows shared some features with the low speed cases [START_REF] Borg | Freestream effects on boundary layer disturbances for HIFiRE-5[END_REF][START_REF] Craig | Crossflow instability in a hypersonic boundary layer[END_REF][START_REF] Malik | Hypersonic boundary-layer receptivity and stability[END_REF][START_REF] Stetson | Mach 6 experiments of transition on a cone at angle of attack[END_REF][START_REF] Ward | Possible secondary instability of stationary crossflow vortices on an inclined cone at Mach 6[END_REF][START_REF] Xu | The secondary instabilities of stationary crossflow vortices in a Mach 6 swept wing flow[END_REF].

Görtler instability

The Görtler instability [START_REF] Görtler | Über eine dreidimensionale instabilität laminarer grenzschichten an konkaven wänden[END_REF] is the centrifugal instability of a boundary layer over a concave wall. It is generated by the imbalance between the centrifugal force and the wallnormal pressure gradient. Thus, streamwise-oriented, counter-rotating vortices called Gortler vortices are generated as shown in fig 1 .16. Further downstream they may amplify and eventually lead to the breakdown to turbulence [START_REF] Ren | Study of the discrete spectrum in a Mach 4.5 Görtler flow[END_REF]. The Görtler instability does not lead to flow transition on its own. Instead, low-and high-speed streaks are produced and enhanced by persistent Görtler vortices. The lift-up mechanism responsible for the formation of streaks can be observed in compressible flows in the near-wake of a roughness element [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF][START_REF] Hanifi | Transient growth in compressible boundary layer flow[END_REF][START_REF] Tumin | Spatial theory of optimal disturbances in boundary layers[END_REF]. Those streaks are then subject to secondary instabilities. This was discussed by Whang and Zhong [START_REF] Whang | Secondary Görtler instability in hypersonic boundary layers[END_REF] in their DNS of a Mach 15 flow with a concave surface, which showed that the varicose mode developing in the horseshoe vortex was more unstable than the sinuous mode. However, in the study by Li et al. [START_REF] Li | Direct numerical simulation of hypersonic boundary layer transition over a blunt cone with a small angle of attack[END_REF] at Mach 6, the sinuous mode was found to be the dominant instability. More recent analysis on Görtler vortices and their secondary instability can be found in the work of Li et al. [START_REF] Li | Görtler instability and its control via surface suction over an axisymmetric cone at Mach 6[END_REF][START_REF] Li | Nonlinear Görtler vortices and their secondary instability in a hypersonic boundary layer[END_REF]. 

Characterization of freestream disturbance environment 1.2.3.1 Disturbances in a conventional wind tunnel

The existing disturbances in conventional supersonic/hypersonic wind tunnel are depicted in fig 1.17. The figure was adapted by Schneider [START_REF] Schneider | Development of hypersonic quiet tunnels[END_REF] from Morkovin's work [START_REF] Morkovin | On transition experiments at moderate supersonic speeds[END_REF]. The sources of fluctuations are composed of sound waves, combined with oscillations in vorticity and entropy [START_REF] Kovasznay | Turbulence in supersonic flow[END_REF]. The disturbances are generally dominated by acoustic noise radiated from the turbulent boundary layers on the nozzle walls. They are due to the supersonic streamwise motion of Mach waves generated by the irregular streamwise variation of the displacement thickness in the nozzle-wall boundary layer [START_REF] Laufer | Some statistical properties of the pressure field radiated by a turbulent boundary layer[END_REF].

Figure 1.17: Freestream disturbances in conventional supersonic wind tunnels [START_REF] Schneider | Development of hypersonic quiet tunnels[END_REF].

Because the existing quiet wind tunnels only operate at Mach 6, moderate Reynolds number and are limited to small models, the testing and validation of hypersonic vehicle designs still relies on conventional facilities [START_REF] Duan | Characterization of freestream disturbances in conventional hypersonic wind tunnels[END_REF]. This allows to change the Mach number, and test larger models. It is thus important to characterize the broadband freestream environment in conventional wind tunnels in order to take better advantage of data from conventional tunnels and to extrapolate more accurately wind tunnel results to flight.

Development of quiet wind tunnel

The need for quiet wind tunnel design arises from the fact that conventional tunnels can reach high levels of freestream fluctuations of 1 to 2 orders of magnitude above flight levels. Transition on the model could then occur 3 to 10 times earlier than in flight and would breakdown faster. Bluntness, crossflow and roughness effects also differ in quiet and noisy conditions. Review of the need for high-speed quiet tunnels was done by Beckwith [START_REF] Beckwith | A survey of NASA Langley studies on high-speed transition and the quiet tunnel[END_REF]. A schematic of the BAM6QT Quiet Tunnel design from Purdue university is shown in fig 1 .18 [START_REF] Schneider | Development of hypersonic quiet tunnels[END_REF]. The BAM6QT Quiet Tunnel is a Ludwieg tube, which is a long pipe with a converging-diverging nozzle at its end. A diaphragm is placed downstream of the test section. When the diaphragm bursts, an expansion wave travels upstream through the test section into the driver tube, and the measurements are carried out in the gas behind the expansion wave. Perhaps the most important feature of the wind tunnel is the nozzle which was designed by Schneider using parallel-flow linear-instability e N methods [START_REF] Schneider | Design of a Mach-6 quiet-flow wind-tunnel nozzle using the e N method for transition estimation[END_REF], so as to keep the boundary layer laminar. A bleed slot is placed at the throat to remove the boundary layer from the contraction section, allowing a fresh laminar boundary layer to develop along the nozzle wall. The throat section and nozzle are polished to prevent transition on the nozzle. The nozzle itself is very long with a large radius of curvature to reduce the growth of Görtler instability along the nozzle walls. The first-mode TS instability that would occur in adiabatic nozzles is prevented by using a cold wall condition. The crossflow instability is eliminated due to the axisymmetric shape of the nozzle. This design finally enables to obtain noise levels of down to 0.05% to get closer to flight noise environment.

The effect of wind tunnel noise on transition was already shown on the TSP images in figs 1.3 and 1.7. The effect of freestream noise on roughness-induced transition for the X-51A forebody was investigated in the work of Borg and Schneider [START_REF] Borg | Effect of freestream noise on roughness-induced transition for the X-51A forebody[END_REF]. The transition Reynolds number based on the distance from the trips increased by a factor of 2.4 for the smaller trips and by a factor of 1.7 for the larger trips when reducing the freestream noise from conventional to quiet levels.

Natural transition on hypersonic forebodies

The most important instabilities responsible for natural transition on the windward surface of hypersonic forebodies include the second (Mack) mode, secondary instabilities of centreline streaks and crossflow instability. This section reviews some examples of each instability observed in the flow over hypersonic forebodies.

Centreline streak instabilities

Choudhari et al. [START_REF] Choudhari | Streak instabilities on HIFiRE-5 elliptic cone[END_REF] performed DNS and stability analyses to study the streak instabilities near the minor-axis of the HIFiRE-5 elliptic cone. A partially nonparallel eigenvalue analysis was first used to identify the most important modes of instability and to provide the initial conditions for the plane-marching PSE. The PSE predictions showed excellent agreement with the DNS in terms of mode shapes and N-factor values. Symmetric and antisymmetric modes of instability were found across a frequency range of f = 150 kHz to f = 200 kHz, with the latter achieving the highest overall amplification within the bulge regions on both leeward and windward sides. A similar analysis was carried out by Li et al. [START_REF] Li | Streak instability analysis for BOLT configuration[END_REF] to study the instability of the boundary-layer streaks adjacent to the minor-axis symmetry plane on the BOLT geometry. The agreement between the predicted frequency of the streak instability and the surface pressure spectra during the Texas A&M University (TAMU) experiments indicates that these streak instabilities may play a key role in the symmetry plane transition. The relatively weak value of N-factor (N max = 5) could explain why transition is not observed under quiet flow conditions but may occur in noisy conditions. In the case of a concave surface in the centreline of the hypersonic vehicle, Görtler vortices and their associated secondary instability could be responsible for transition, as was shown in the recent works of Li et al. [START_REF] Li | Görtler instability and its control via surface suction over an axisymmetric cone at Mach 6[END_REF][START_REF] Li | Nonlinear Görtler vortices and their secondary instability in a hypersonic boundary layer[END_REF].

Mack (second) mode

Second mode waves were observed in the boundary layer of the HIFiRE-1 vehicle. It was found to be the dominant source of instability during the ascent phase in the simulations of Li et al. [START_REF] Li | Direct numerical simulation of transition due to traveling crossflow vortices[END_REF] except for the regions where the flow was tripped by roughness. The onset of transition correlated with a linear PSE N-factor of approximately 14. This was also observed in the ILES simulations from Tufts et al. [START_REF] Tufts | High-fidelity simulations of discrete roughness boundary-layer transition with added perturbations[END_REF]. The analysis of the HIFiRE-1 flight and ground testing data from Kimmel et al. [START_REF] Kimmel | HIFiRE-1 and HIFiRE-5 test results[END_REF][START_REF] Kimmel | HIFiRE-1 and -5 flight and ground tests[END_REF] showed that for a smooth, axisymmetric body, N-factors between 8 and 15 would be a reasonable estimate for second-mode transition in hypersonic flight.

Analysis of the instabilities involved in the transition over the HIFiRE-5 elliptic cone was carried out by Paredes et al. [START_REF] Paredes | Centerline instabilities on the hypersonic international flight research experimentation HIFiRE-5 elliptic cone model[END_REF][START_REF] Paredes | Linear modal instabilities of hypersonic flow over an elliptic cone[END_REF]. In this case, as the boundary layer is threedimensional, the second Mack modes are oblique in agreement with the literature covering second modes developing in hypersonic three-dimensional boundary-layers [START_REF] Paredes | Centerline instabilities on the hypersonic international flight research experimentation HIFiRE-5 elliptic cone model[END_REF].

On the BOLT configuration, the amplification of unsteady pressure perturbation similar in shape to the second-mode instability was observed in the computations of Thome et al. [START_REF] Thome | Direct numerical simulation of BOLT hypersonic flight vehicle[END_REF], reaching a maximum N-factor of 5.3. Large second-mode instability N-factors (N max = 7) were obtained by Moyes et al. [START_REF] Moyes | Pre-flight boundary-layer stability analysis of BOLT geometry[END_REF]. The amplification near the back produces a multi-wedge front, and a unique large amplification region near the leading edge exists.

Traveling crossflow instability

As explained in section 1.2.2.2, there exists two types of crossflow instabilities: traveling crossflow and stationary crossflow. The respective importance of each instability will depend on the freestream noise level and on the amplitude of the stationary crossflow vortices. Modal LST performed on the LEA forebody concluded that transition was dominated by traveling crossflow disturbances of frequency around 30 kHz [START_REF] Orlik | Hypersonic boundary-layer transition forced by wall injection: a numerical study[END_REF]. Traveling and stationary crossflow instabilities were clearly measured by Borg et al. [START_REF] Borg | Traveling crossflow instability for HIFiRE-5 in a quiet hypersonic wind tunnel[END_REF][START_REF] Borg | Freestream effects on boundary layer disturbances for HIFiRE-5[END_REF] on the HIFiRE-5 model in quiet and noisy conditions in the BAM6QT. The traveling crossflow instability was measured in a frequency range of 30 kHz to 50 kHz. They also showed that the traveling crossflow instability was not the dominant instability mechanism in noisy conditions. Measurements were performed by Craig and Saric [START_REF] Craig | Crossflow instability in a hypersonic boundary layer[END_REF] in the M6QT at TAMU on a 7 • circular cone. A traveling wave was found to coexist with the stationary wave in a [15 kHz, 60 kHz] frequency band, which is in good agreement with previous studies [START_REF] Kuehl | JoKHeR: NPSE simulations of hypersonic crossflow instability[END_REF][START_REF] Oliviero | EPIC: NPSE analysis of hypersonic crossflow instability on yawed straight circular cone[END_REF]. The behaviour of those traveling waves was similar to that observed in low-speed flows [START_REF] White | Secondary instability of crossflow vortices[END_REF], in the sense that they developed in the regions between lowmomentum upwellings and were then drawn into the centre of the vortices. Stability analysis by Li et al [START_REF] Li | High-frequency instabilities of stationary crossflow vortices in a hypersonic boundary layer[END_REF] showed the presence of two low-frequency lobes corresponding to traveling crossflow instability, modulated by the weak stationary crossflow vortex.

Secondary instability of the stationary crossflow

Bartkowitcz et al. [START_REF] Bartkowicz | Simulation of boundary layer transition on elliptic cones in hypersonic flow[END_REF] focused on the natural transition on an elliptic cone and showed the importance of stationary crossflow vortices giving birth to longitudinal streaks which can in turn induce secondary instabilities when the Reynolds number is increased. According to Moyes et al. [START_REF] Moyes | Secondary instability analysis of crossflow on a hypersonic yawed straight circular cone[END_REF][START_REF] Moyes | Secondary instability analysis of crossflow on a hypersonic yawed straight circular cone[END_REF], large-amplitude stationary crossflow vortices and their associated high shear have the effect of modulating the existing instabilities i.e. traveling crossflow and Mack mode instabilities in the undisturbed boundary layer. These stationary crossflow vortices also are subject to secondary instabilities which in turn lead to nonlinear breakdown. Experiments have been carried out on a yawed circular cone and showed the importance of secondary instabilities of the stationary crossflow vortex in the three-dimensional boundary layer of the forebody [START_REF] Craig | Crossflow instability in a hypersonic boundary layer[END_REF][START_REF] Ward | Possible secondary instability of stationary crossflow vortices on an inclined cone at Mach 6[END_REF]. This was verified in the secondary instability analysis performed by Moyes et al. [START_REF] Moyes | Secondary instability analysis of crossflow on a hypersonic yawed straight circular cone[END_REF].

More examples of secondary instabilities of stationary crossflow will be given in section 1.3.3, in the case of roughness-induced transition in three-dimensional hypersonic flows.
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Roughness-induced transition in hypersonic flows

Flow features induced by roughness

Roughness-induced transition in high-speed flows can be related to low-speed flows, especially in terms of the flow features it exhibits. As described experimentally by Fransson [START_REF] Fransson | Delaying transition to turbulence by a passive mechanism[END_REF] and numerically by Loiseau [START_REF] Loiseau | Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations[END_REF] among others, the major features of the flow past a roughness element are the upstream and downstream recirculation regions and the resulting system of multiple vortices, wrapping around the roughness and giving rise to streamwise streaks further downstream. The flow induced by a roughness element in a high-speed boundary layer exhibits similar features, as can be seen in fig 1 .19 from De Tullio et al. [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF]. These flow features will be further described in the next sections. 

Recirculation region -Horseshoe vortex system

Upstream of the roughness element, all the vorticity is in the spanwise direction. While approaching the roughness, the spanwise vorticity rolls up to form the laminar horseshoe vortex. This phenomenon can be observed in fig 1.20a. The recirculation region (velocity streamlines in the symmetry plane), is linked to the shock system (colour contours of pressure) and to the system of horseshoe vortices (skin friction streamlines at the wall). The trajectories of the vortex cores emanating from the horseshoe vortex system are shown in fig 1 .20b. The laminar horseshoe vortex was very well characterized for incompressible flows by Baker [START_REF] Baker | The laminar horseshoe vortex[END_REF], by means of smoke visualization and velocity distribution measurements. Three different types of upstream horseshoe vortex systems can be seen depending on the Reynolds number: (i) steady horseshoe vortex system with 2, 4 or 6 vortices (increasing with Re) as can be seen on figure 1.20c, (ii) horseshoe vortex systems which exhibit a regular oscillatory motion and (iii) horseshoe vortex systems which exhibit an irregular unsteady oscillatory motion. The same features were observed in the DNS of Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] at three different Reynolds numbers. The largest two Reynolds number cases had a four-vortex system in the separated corner region, whereas the lowest Reynolds number case had a two-vortex system. At the largest Reynolds number, the vortices in the upstream recirculation region were found to exhibit oscillatory motion and be responsible for the wake unsteadiness as will be explained later. This phenomenon was also observed in the experiments of the same case [START_REF] Wheaton | Roughness-induced instability in a hypersonic laminar boundary layer[END_REF]. Chapter 1 : Literature Review

Shock system

The roughness-induced shock system is depicted in figures 1.20a and 1.21. It looks like a skewed λ-shaped structure in the symmetry plane. A shock triple point appears to be at the junction between the bow shock that wraps around and over the cylinder, and the shocks generated by the separated regions. Below this point, the bow shock forms a bell-shaped structure that is connected to the centre of the largest primary horseshoe vortex. As observed by Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF], the separation shock that emerges from a point just upstream of this primary vortex is particularly active for the unsteady cases. 

Counter-rotating vortex pair

Counter-rotating streamwise vortices have been observed in the near-wake of the roughness element in low-speed flows [START_REF] Loiseau | Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations[END_REF] and high-speed flows [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF][START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF]. Mason and Morton [START_REF] Mason | Trailing vortices in the wakes of surface-mounted obstacles[END_REF] focused on the wake behind a surface-mounted obstacle in a channel flow. They observed that symmetric obstacles generate counter-rotating vortices and that their sense of rotation depends on their shape: central downwash if the roughness divides the stream and central upwash if the flow is lifted above the obstacle. Generally, they lift up low-momentum fluid away from the wall [START_REF] Brandt | The lift-up effect: the linear mechanism behind transition and turbulence in shear flows[END_REF] and give rise to a mushroom-shaped lowvelocity streak [START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF]. This mechanism is close to the one induced by a supersonic jet in crossflow [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF][START_REF] Mahesh | The interaction of jets with crossflow[END_REF]. These low-speed streaks are surrounded by regions of high-shear and large shear gradients in the wall-normal and spanwise directions, leading to a highly unstable wake. In the case of a diamond-shaped roughness element, Shrestha and Candler [START_REF] Shrestha | Direct numerical simulation of high-speed transition due to roughness elements[END_REF] found that the source of instability was an interaction between the shear layers and the counter-rotating vortex pair. The deformation of the low-speed streaks may also give rise to varicose and sinuous secondary instabilities which eventually lead to transition. The importance of low-speed streaks was also given by Tumin and Reshotko [START_REF] Tumin | Optimal disturbances in compressible boundary layers[END_REF] who identified streamwise streaks as being the optimal perturbations for transient growth in compressible boundary layers.

Hairpin vortices

Close to the roughness symmetry plane, the alternating high-and low-speed streamwise streaks lead to the formation of packets of hairpin vortices, similar to those found in the outer region of turbulent boundary layers. This process is depicted in figure 1. [START_REF] Borg | Traveling crossflow instability for HIFiRE-5 in a quiet hypersonic wind tunnel[END_REF] 1.3 Roughness-induced transition in hypersonic flows 29 which was taken from the work of Acarlar and Smith at low speeds [START_REF] Acarlar | A study of hairpin vortices in a laminar boundary layer. Part 1: hairpin vortices generated by a hemisphere protuberance[END_REF]. Away from the symmetry plane, once the upstream horseshoe vortex system has wrapped around the roughness element, it is transferred into streamwise vorticity further downstream thus creating the legs of hairpin-like vortices. These vortices periodically shed into the wake of the roughness, giving rise to low-speed streaks near the wall as well as secondary vortices. The secondary vortices are generated by the roll up of strong shear-layers developing between the low-speed lift-ups and the higher speed outer boundary-layer flow. The presence of hairpin vortices and secondary vortices gives rise to mean-velocity profiles which appear to evolve toward turbulent profiles. Just downstream of the hairpinvortex generation region, strong inflexional profiles can be seen, which evolve into fuller profiles downstream, towards a turbulent-boundary-layer velocity profile. According to Klebanoff et al. [START_REF] Klebanoff | On the evolution of a turbulent boundary layer induced by a three-dimensional roughness element[END_REF], the vortex shedding Strouhal number based on the displacement thickness at the roughness location scales with St δ * = f δ * /U k ≈ 0.31 for hemispherical roughness elements and St δ * = 0.26 for cylindrical elements. 

Roughness-induced instabilities in a two-dimensional boundary layer 1.3.2.1 Varicose and sinuous instabilities

Probably the most important instabilities induced by roughness in a two-dimensional hypersonic boundary layer are the varicose (i.e., symmetric or even) and sinuous (i.e., antisymmetric or odd) modes. The modes of instability are located in the wake of the roughness element, in the three-dimensional shear layer bounding the low-speed streaks.

BiGlobal stability analyses have been carried out to identify the instabilities present in the wake of a sharp-edged quadrilateral roughness element on a flat plate at Mach 6 and Re δ * 0 = 8200 [START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF][START_REF] Paredes | Advances in global instability computations from incompressible to hypersonic flow[END_REF]. The roughness-modified baseflow was steady but convectively unstable. The most unstable modes were found to be the varicose and sinuous deformations of the low-velocity streak, which showed maximum amplitude in the high-shear layer surrounding the mushroom-shaped structure as shown in fig 1.23a. They observed that varicose instability modes were the most unstable. Both the spatial BiGlobal stability and PSE-3D analyses found in Ref. [START_REF] Paredes | Advances in global instability computations from incompressible to hypersonic flow[END_REF] were in good agreement with the full DNS [START_REF] Tullio | Direct numerical simulations of roughness receptivity and transitional shock-wave/boundary-layer interactions[END_REF] in terms of mode shapes and growth rates. The influence of boundary-layer distur-Chapter 1 : Literature Review bances on the instability of the roughness wake was investigated through DNS by De Tullio and Sandham [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF]. The varicose modes were the most unstable, followed by the Mack modes. The sinuous mode was substantially weaker. The three-dimensional shape of the varicose (F = 0.14) and sinuous instability (F = 0.24) modes can be seen in fig 1.23b, in the wake of the same roughness element in a Mach 2.5 boundary layer.

As shown by Choudhari et al. [START_REF] Choudhari | Laminar-turbulent transition behind discrete roughness elements in a high-speed boundary layer[END_REF], these streak instabilities can also be observed in the wake of a diamond-shaped roughness at Mach 3.5. Those streaks can remain over large distances and sustain strong convective instabilities. They then performed the same analysis at Mach 5.95 [START_REF] Choudhari | Wake instabilities behind discrete roughness elements in high speed boundary layers[END_REF] and observed the same long-lived streamwise streaks in the roughness wake. The velocity fluctuations of the most unstable modes were found to be located in regions of high shear. Similar instability characteristics were obtained in the stability analysis by Choudhari et al. [START_REF] Choudhari | Computations of disturbance amplification behind isolated roughness elements and comparison with measurements[END_REF] and experiments by Kegerise et al. [START_REF] Kegerise | An experimental study of roughness-induced instabilities in a supersonic boundary layer[END_REF] for cylindrical and diamond-shaped roughness elements.

Horseshoe vortex system

Another instability mechanism which can be induced by roughness is related to the horseshoe vortex system in the upstream recirculation region. As discussed in section-1.3.1.1, when the Reynolds number is high enough, the recirculation region holds vortices that exhibit oscillatory motion. This was observed in the DNS of Chang et al. [START_REF] Chang | Numerical computations of hypersonic boundarylayer over surface irregularities AIAA Paper[END_REF] and Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] and in the corresponding experiments performed by Wheaton and Schneider [START_REF] Wheaton | Roughness-induced instability in a laminar boundary layer at Mach 6[END_REF] in the BAM6QT, for a sharp-edged cylindrical roughness element at a Mach number of 6, Re δ * = 30988 and k/δ = 1.23. No disturbances were added in the freestream. The numerical data was then analyzed via Dynamic Mode Decomposition (DMD) which showed a persistent, unsteady field connected with the shock system as shown in fig 1 .24. This suggested the following feedback mechanism responsible for the self-sustained transition induced by the cylinder. The oscillatory motion of the vortices in the separated region influences the strong shock system. The movement of the bow shock sets up pressure variations towards the cylinder surface. This moves the stagnation point topologically connected to the shear layer that separates from the sides and the top of the roughness element, and by inference, to the near wake of the cylinder. Another possibility is that the oscillations in the near wake trigger motion of the stagnation point which thus affects the bow shock. These studies suggest that large three-dimensional roughness elements may induce absolute instabilities in the separated flow region, although the way by which they occur is currently not fully understood.

Roughness-induced instabilities in the three-dimensional boundary layer of hypersonic forebodies 1.3.3.1 Roughness-modulated Mack mode

In the hypersonic boundary layer developing on flat plates, Mack modes develop in the surrounding undisturbed boundary-layer, outside of the roughness wake. They grow more slowly and in a smaller region of instability than roughness-induced wake modes [ [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF][START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF][START_REF] Paredes | Advances in global instability computations from incompressible to hypersonic flow[END_REF]. On the other hand, the axisymmetric Mack mode developing on cones can be strongly modulated by the roughness wake. A thorough study of how roughness can modulate the Mack mode on a circular cone was done by Li et al [START_REF] Li | High-frequency instabilities of stationary crossflow vortices in a hypersonic boundary layer[END_REF] who performed quasiparallel analysis of spatial instability and plane marching PSE to study the instabilities in the wake of azimuthally periodic roughness. They showed that in the presence of large-amplitude stationary crossflow, the original second-mode disturbances were more unstable i.e. achieved higher growth rates, than in the absence of any crossflow vortices. Analysis of the instability induced by an azimuthally compact crossflow vortex pattern was then carried out by Choudhari et al. [START_REF] Choudhari | Computations of crossflow instability in hypersonic boundary layers[END_REF][START_REF] Choudhari | Nonlinear evolution and breakdown of azimuthally compact crossflow vortex pattern over a yawed cone[END_REF]. Their work showed that the Mack mode was the dominant source of instability as the mode shapes and N-factor obtained with PSE for the Mack mode were close to the N-factor reached in the DNS. Fig 1.25a shows the streamwise evolution of the Mack mode modulated by the roughness wake on a circular cone obtained with PSE at f = 240 kHz. Choudhari et al. [START_REF] Choudhari | Effect of distributed patch of smooth roughness elements on transition in a high-speed boundary layer[END_REF] used the same methodology for a distributed roughness patch. They found two dominant families of unstable disturbances: a high frequency (480 kHz) Mack mode modified by the wake and a lower frequency (120 kHz) mode that corresponds to shear layer instabilities (symmetric and antisymmetric) associated with the streaks in the roughness wake. The Mack mode was likely to dominate the onset of transition as it achieved higher amplification ratios although transition was estimated to occur slightly later than it would in the unperturbed/smooth surface boundary layer. 

Secondary instabilities of stationary crossflow

The transition mechanisms induced by singular and distributed roughnesses over a capsule-like hemispherical forebody were investigated via direct numerical simulations (DNS) and linear stability analyses [START_REF] Di Giovanni | Cross-flow-type breakdown induced by distributed roughness in the boundary layer of a hypersonic capsule configuration[END_REF]. In the case of a singular roughness with no crossflow, as the flow is parallel, results showed the presence of two main unstable modes (symmetric and antisymmetric modes) in the roughness wake. In the case of a patch of pseudo-randomly distributed roughness, a crossflow-like-vortex was generated and was found to be subject to secondary instabilities of the crossflow vortex. In the work performed by Dinzl and Candler [START_REF] Dinzl | Direct numerical simulation of crossflow instability excited by microscale roughness on HIFiRE-5[END_REF], the crossflow vortices present on HIFiRE-5 forebody were excited with distributed microscale roughness. The heating pattern was found to be more amplified in the midspan region where the crossflow magnitude is the largest and to move forward when the roughness height was increased. Coalescence i.e the merging of 2 vortical disturbances was observed between the midspan region and the centreline. The study by Li et al. [START_REF] Li | High-frequency instabilities of stationary crossflow vortices in a hypersonic boundary layer[END_REF] described in the previous section also identified secondary instabilities of the finite-amplitude stationary crossflow vortices as being the second most amplified disturbance. Planar eigenvalue stability analyses and DNS investigated the dominant instabilities induced by an azimuthally periodic and a localized roughness. The frequencies of the most amplified secondary disturbances were found to be in the range of 200 kHz to 360 kHz [START_REF] Choudhari | Computations of crossflow instability in hypersonic boundary layers[END_REF]. The streamwise evolution obtained with PSE of the secondary instability of the finite-amplitude crossflow vortex excited by roughness is shown in Fig 1 .25b.

Factors affecting roughness effects 1.3.4.1 Effect of Mach number

The fact that an increase in Mach number delays transition due to compressibility effects was given by many studies such as the experiments on hypersonic flows over different shapes of trips, performed by Danehy et al. [START_REF] Danehy | NO PLIF study of hypersonic transition over a discrete hemispherical roughness element[END_REF], the DNS under the same condition of Iyer and Mahesh [START_REF] Iyer | High-speed boundary-layer transition induced by a discrete roughness element[END_REF], as well as the DNS carried out by Redford et al. [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF]. This is in agreement with LST predictions in which the growth rates of unstable modes tend to decrease and the boundary layer becomes more stable as the Mach number is increased.

(a) Variation of effective roughness Reynolds number with roughness position Reynolds number and edge Mach number [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF] (b) Effect of Mach number on Q criterion for a diamond-shaped roughness [START_REF] Zhou | Numerical investigation of hypersonic flatplate boundary layer transition mechanism induced by different roughness shapes[END_REF]. The effect of Mach number on roughness effect was reviewed by Schneider [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF]. In both sub-and super-critical conditions, increasing the Mach number results in a more stable shear layer and thus a later transition. A striking evidence of the influence of Mach number on effective roughness is shown in fig 1 .26a. The vertical axis is the effective roughness Re kk , adjusted using Van Driest's correlation to provide an equivalent value for adiabatic walls. The horizontal axis is the Reynolds number based on edge conditions and the distance from the leading edge to the roughness element. The results show an order-of-magnitude increase in Re kk with M e . Re kk is not constant, even for a given M e , because it depends on Re x,k . The effect of Mach number on transition and on the vortical structures induced by roughness is illustrated in fig 1 .26b where the instantaneous iso-surfaces of Q criterion are shown for a diamond-shaped roughness element at Mach numbers 3.37, 4.20, 5.26 and 6.63. Transition occurs farther downstream as the Mach number is increased. At Mach 6.63, the flow remains laminar within the computational domain. At Mach 5.26, transition occurs far downstream from the roughness and the boundary layer is still not fully turbulent at the end of the domain. Iyer et al. studied the effect of varying the Mach number through simulations of the flow past a hemispher-ical bump at Mach 3.37, 5.25 where the flow transitioned downstream of the roughness and 8.23, where the flow remained laminar. In the case of the high Mach number, only the vortices close to the symmetry plane are dominant, and their strength decays with downstream distance. Bernardini et al. [START_REF] Bernardini | Compressibility effects on roughness-induced boundary layer transition[END_REF] observed more elongated hairpin structures when the Mach number was increased.

Effect of wall cooling

It is well known that wall cooling leads to the stabilization of the first mode of instability if the boundary layer is cooled enough to remove generalized inflection points. It also induces a destabilization of the Mack mode [START_REF] Mack | Boundary-layer linear stability theory[END_REF] because the decrease in wall temperature results in a higher local Mach number. Wall cooling also affects the frequency of the most unstable Mack mode, as it highly depends on the boundary-layer thickness. Morrisette et al. [START_REF] Morrisette | Boundary-layer tripping with emphasis on hypersonic flows[END_REF] reviewed data and correlations for the effect of wall temperature on roughness-induced transition. The value of Re k,e f f was found to decrease with wall cooling on cones. De Tullio and Sandham [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF] performed a DNS study of the excitation of instability modes in the wake generated behind a discrete roughness element at Mach 6. They identified a sinuous mode, two varicose modes and the Mack mode and they investigated the effect of wall cooling on these modes. While the Mack mode present in the unperturbed boundary-layer was destabilized by wall cooling, the roughness wake modes were found to be more stable. A reduction in the wall temperature resulted in lower amplitudes of the wake modes, lower growth rates, and lower non-dimensional frequency for the maximum growth rate (F = 0.14 → F = 0.10). Transition in the wake of roughness elements was also found to be delayed by wall cooling in the work of Redford and Sandham [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF].

Effect of roughness geometry

A deep analysis of the effect of the roughness shape in the case of an isolated roughness element was performed by Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. The effect of planform shape, aspect ratio and frontal area was quantified, by studying the flow past roughness elements typically studied, such as: a smooth bump, cylinder/square/diamondshaped, and ramp-up/ramp-down roughness elements. The following characteristics were identified for each roughness shape: Smooth bump or half-sphere: it produces weak vortical structures, the spanwise shear stress in the wake is relatively low, and it is less efficient in promoting transition.

Cylinder: it induces a rather short recirculation region. It is blunter than the diamondshaped trip so it has a large stand-off distance between the bow shock and its stagnation point, and therefore additional vortices. It is efficient in tripping the boundary layer. Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] found that the source of instability was in the upstream vortex system. Diamond: the detached shear layer is slightly more curved, it produces stronger wall-normal shear at centreline, and a narrower downstream recirculation region which leads the streamwise vortices to be closer to each other. Shrestha and Candler [START_REF] Shrestha | Direct numerical simulation of high-speed transition due to roughness elements[END_REF] found that the source of instability was a coupled system of the shear layers and the counter-rotating streamwise vortex pair. Due to the sharper upstream trip surface, there are higher pressure gradients across its side edges which lead to the formation of the more unstable shear layers.

Square: it induces a larger downstream recirculation region (87% compared to the cylinder) and is less effective than cylinders and diamond-shaped roughness elements in inducing transition.

Ramp-up: it produces a slightly larger recirculation region downstream of the roughness but no horseshoe vortex is generated and the flow structures do not seem to be affected very much by the upstream ramp-up.

Ramp-down: there is no downstream recirculation region, which allows the shear layer to spread out, be brought closer to the wall, resulting in lower levels of wallnormal shear. The streamwise-aligned vortex pair seems to be thinner and have a higher local streamwise velocity.

The effect of roughness shape on transition can be seen in fig 1 .27. Figure 1.27a gathers the transition onset location x tr , the maximum streak amplitude A max st , and growth rate σ downstream of the roughness elements for each roughness shape. One can see that the diamond-shaped roughness induces the earliest transition, followed by the cylinder. These two roughness shapes are the most efficient as they lead to higher streak amplitudes and higher growth rates in their wake. The square roughness and the ramp-up are less efficient but still able to trigger transition. The ramp-down and the smooth bump elements do not trigger transition within the computational domain. Figure 1.27b confirms these observations and shows a dependency of the growth rate on the maximum streak amplitude for cases where A st > 0.4 defined as σ = 0.416 A max st -0. 

Roughness-induced transition in hypersonic flows

Different roughness shape characteristics were identified in the DNS performed by Zhou et al. [START_REF] Zhou | Numerical investigation of hypersonic flatplate boundary layer transition mechanism induced by different roughness shapes[END_REF]. They observed that the square and diamond roughness elements were more effective in inducing transition than the cylinder and hemisphere elements. The diamond roughness element was found to generate the widest separated region, and the breakdown of the vortical structures led to the widest turbulent wake region. The square roughness element was found to trigger transition earlier at all Mach number conditions. This was attributed to the presence of an absolute instability caused by strong unsteadiness in the upstream separated flow region.

Effect of trip spacing

When dealing with arrays of roughness, the spanwise spacing between the elements i.e. the trip spacing, can have a substantial impact on their effectiveness. Experiments carried out by Whitehead [START_REF] Whitehead | Flowfield and drag characteristics of several boundary-layer tripping elements in hypersonic flow[END_REF] and Morrisette et al. [START_REF] Morrisette | Boundary-layer tripping with emphasis on hypersonic flows[END_REF] showed that a trip array would be less effective than an isolated roughness when the trip spacing ratio s/D was lower than 3, where s is the spacing between two consecutive roughness centers and D is the roughness diameter. Transition would thus be delayed if the roughness elements were too close to each other to perform optimally. As explained by Schneider [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF], when the trips are placed too close to each other, the two-dimensional separation makes the trip array appear like a two-dimensional roughness, which is known to be less effective than three-dimensional vortex generators at hypersonic speeds.

Existing transition correlations

Most empirical correlations for roughness-induced transition involve Reynolds number based on a height k of the roughness or characteristics of the boundary layer at the location x k of the roughness. These criteria include the Potter & Whitfield criterion [START_REF] Potter | Effects of slight nose bluntness and roughness on boundary-layer transition in supersonic flow[END_REF], the Van Driest & Blumer criterion [START_REF] Driest | Boundary-layer transition at supersonic speeds -roughness effects with heat transfer[END_REF], and the Shuttle criterion [START_REF] Berry | Effect of computational method on discrete roughness correlations for shuttle orbiter[END_REF]. Some other criteria, more relevant to the effect of discrete roughness on hypersonic vehicles are described hereafter.

Roughness Reynolds number Re kk

Perhaps the most well-supported correlation for the effects of roughness on transition is the roughness Reynolds number Re kk which can be computed as

Re kk = ρ k U k k µ k (1.1)
where ρ k , U k and µ k are the density, velocity, and viscosity computed in the undisturbed laminar boundary layer at the roughness height k. According to Schneider [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF], this correlation has a long heritage at low-speeds. Braslow [START_REF] Braslow | Effects of surface roughness on transition[END_REF] reviewed its use for Mach numbers below 2 and found that Re kk = 600 -900 was a common range for the effective roughness, and should be used for trip designs, when the trip height is small relative Chapter 1 : Literature Review to the boundary-layer thickness. However, for M e > 2, the required trip height rises dramatically, and an effective-height trip becomes much larger than a critical-height trip.

Bernardini et al. [START_REF] Bernardini | Compressibility effects on roughness-induced boundary layer transition[END_REF] introduced a suitable extension of the roughness Reynolds number, Re kw , formed with the kinematic viscosity evaluated at the wall instead of the roughness edge. They showed that Re kw was a good correlation as it was able to separate laminar from turbulent cases of their high-speed numerical database, which included simulations performed at Mach numbers up to 4 for a single roughness element shape and adiabatic walls. This new criterion incorporates compressibility effects in a single parameter and has a critical value lying in the range Re kw = 200 -400.

Momentum deficit Reynolds number Re Q

More recently, Bernardini et al. [START_REF] Bernardini | Parameterization of boundary-layer transition induced by isolated roughness elements[END_REF] proposed a new transition criterion based on momentum deficit due to the roughness element Re Q defined as:

Re Q = Re kw (D/k) 1/2 F(shape) (1.2)
where D is the diameter of the roughness element, Re Q also correctly captures the experimentally observed trend with the obstacle aspect ratio.

F(shape) = 1 0 ηω * (η)dη (1.
Bernardini et al. [START_REF] Bernardini | Parameterization of boundary-layer transition induced by isolated roughness elements[END_REF] found the critical value for bypass transition to occur at Re Q > 200-280 for a wide range of roughness shapes when imposing random velocity fluctuations of a maximum of 0.5% of the freestream velocity at the inlet. They also showed, using the data resulting from a series of experiments with cylindrical obstacles with different aspect ratios found in [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF], that the critical roughness Reynolds number scaled as Re kw ≈ (D/k) -1/2 at Mach 6. This can be seen in fig 1.28b.

Re kk , Mach and T wall

Redford et al. [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF] analyzed the effects of smooth bumps on transition in supersonic boundary layers using DNS and found that the roughness Reynolds number Re kk exceeded a critical value which increases as the parameter M k T ∞ /T w increases, where M k is the Mach number calculated at the roughness edge. The line dividing the laminar and turbulent cases was defined as

M k T ∞ /T w = 3(Re kk -300)/700, (1.4) 
which suggests a critical value of Re kk = 300 for M k T ∞ /T w = 0. 

e N method

A more physics-based transition criterion comes from the e N method [START_REF] Malik | Prediction and control of transition in supersonic and hypersonic boundary layers[END_REF]. It is a semi-empirical method which is based on the results of stability analysis (LST or PSE) to determine the transition onset location. In a low-disturbance environment, the e N method (with N T = 10) provides a reliable prediction of transition in supersonic and hypersonic boundary layers on cones and plates.

In this method, the exponent N may be defined as

N = ln(A/A 0 ) = - x x 0 α i dx (1.5)
where -α i is the growth rate of the disturbance, x 0 and A 0 are the location and the disturbance amplitude at the onset of instability. To find some transition correlation, this N-factor needs to be computed for various disturbance frequencies. The frequency that most amplifies up to the transition onset location provides the relevant N-factor. The transition N-factor commonly sits in the range 9-11, in low-disturbance environments such as in flight or quiet wind-tunnels, whereas an N-factor of 1-4 is more suitable for conventional high-speed wind tunnels.

Chapter 2

Equations and methods This second chapter aims at introducing the equations and methods which are the basis of the work produced in this thesis. The Navier-Stokes equations are first introduced along with the spatial and time resolution requirements. Then the structure and the available schemes in the DNS solvers elsA and OpenSBLI are presented. Finally, the Spectral POD methodology and the bi-local stability code BIGSAM used for the modal analyses of the data are shown, as well as a method for the generation of freestream disturbances.

Direct Numerical Simulations (DNS)

The Navier-Stokes equations

In this work, the full compressible Navier-Stokes equations are solved for a Newtonian fluid with viscosity µ. In dimensionless variables, they are written as:

∂ρ ∂t + ∂ρu j ∂x j = 0 ∂ρu i ∂t + ∂ρu i u j ∂x j + ∂p ∂x i = ∂τ ij ∂x j ∂ρE ∂t + ∂(ρE + p)u i ∂x i = - ∂q i ∂x i + ∂u i τ ij ∂x j , (2.1) 
where ρ is the density, u i is the velocity component in the i-coordinate direction (i=1,2,3); E = p/(ρ(γ -1)) + u i u i /2 is the total energy per unit mass. The symmetric viscous stress tensor τ ij is defined as

τ ij = µ Re ∂u j ∂x i + ∂u i ∂x j - 2 3 
∂u k ∂x k δ ij , (2.2) 
where δ ij is the Kronecker delta function defined as δ ij = 1 for i = j and δ ij = 0 for i = j.

The equation of state is considered for the calculations of the fluid properties. Fourier's law of heat conduction is used for the heat flux vector q j q j = -

µ (γ -1)M 2 ∞ PrRe ∂T ∂x j . (2.3)
The molecular viscosity is computed using Sutherland's law

µ(T) = µ 0 T T 0 3 2 T 0 + S * T + S * , (2.4) 
where S * = 110.4 K is the Sutherland constant for air and T 0 = 273 K. For all the numerical simulations carried out in this work, Pr = 0.72 and γ = 1.4.

The non-dimensional parameters involved in the calculations are the Reynolds number Re, the Mach number M and the Prandtl number Pr. Note that the subscript (r) refers to reference values whereas the asterisks ( * ) denote dimensional variables. The reference values for velocity u * r , density ρ * r , temperature T * r and dynamic viscosity µ * r are taken at the freestream, while the reference length l * r is taken as the displacement thickness δ * 0 of the laminar similarity profile at the inlet of the numerical domain.

DNS requirements

As DNS needs to resolve the smallest length scales of turbulent structures (Kolmogorov scales), each spatial dimension needs N L ≈ L/η m grid points to discretize a characteristic length scale L. The microscale η m can be written as

η m = ν 3 1 4 = ν 3 L U 3 1 4 , (2.5) 
where ν is the kinematic viscosity, U is the characteristic velocity and denotes the dissipation rate. Assuming homogeneous isotropic turbulence, the number of grid points in three dimensions scales with the factor

N 3 L ≈    L ν 3 L U 3 1 4    3 = Re 9 4
L .

(2.6)

The simulation time-step also depends on the grid resolution. Based on the Kolmogorov timescale t η = √ ν/ and the assumptions made before, the relation to the timescale of large-scale structures can be written as

T T η ≈ L/U t η = L U U 3 Lν 1 2 = Re L . (2.7)
Concerning the Courant-Friedrichs-Lewy (CFL) condition, the maximum time step should scale with η m /U. Therefore the overall computational effort for DNS scales with Re 3

L . Laizet et al. [START_REF] Laizet | Influence of the spatial resolution on fine-scale features in DNS of turbulence generated by a single square grid[END_REF] discussed whether this estimation was accurate enough to determine a sufficient grid resolution for high-order calculations and study the effect of the resolution of DNS on the spatio-temporal development of turbulence. The numerical results showed that streamwise resolutions of ∆x ≈ 7 η m provide accuracy of high-order moments of velocity gradients within an error margin of about 10%. For results using resolutions of ∆x ≈ 5 η m , the error seems to decrease to 5%.

Flow solver description 2.2.1 OpenSBLI

Structure of OpenSBLI

OpenSBLI is an open-source release of the original SBLI code developed at the University of Southampton. The legacy version of SBLI comprises static hand-written Fortran code, parallelized with MPI, that implements a fourth-order central differencing scheme and a low-storage, third or fourth-order Runge-Kutta time stepping routine. In contrast, OpenSBLI is written in Python and uses modern code generation techniques. The overall design of the OpenSBLI framework is seen in fig 2 .1. It is capable of expanding a set of differential equations written in Einstein notation, and automatically generating C code that performs the finite difference approximation to obtain a solution. This C code is then targetted with the OPS library towards specific hardware backends, such as MPI/OpenMP for execution on CPUs, and CUDA/OpenCL for execution on GPUs, without the need to re-write the model code. For any simulation to be performed with OpenSBLI, a Python setup file is used to define the problem, including the equations to be solved, the discretization schemes, the grid, the boundary conditions, and the initialization. Initialization of the solution can be performed either using string parsing of equations, or from a user provided HDF5 file. The kernels are stored in the equation classes that they were first defined in, for instance simulation equation kernels would be stored in the SimulationEquation class. Finally the code is generated by calling the OPSC class that writes out the function calls and OPS data declarations required for the simulation. This generates a complete sequential C code that can be compiled and run. With a base sequential code generated by OpenS-BLI, the user must pass the code to the OPS library. OPS translates the code into parallel versions for each different computational back-end.

The Oxford Parallel Structured Software (OPS) is an open-source library to generate low level parallel code for multi-block structured grid applications [START_REF] Mudalige | Highlevel abstractions for performance, portability and continuity of scientific software on future computing systems[END_REF]. The aim of OPS is to separate the parallel implementation of scientific codes from the numerical algorithms. It thus enables to work on several architectures, and to easily adapt the code from CPU and GPU. It also has the advantage of generating parallel source code that the user can view and then edit, enabling them to make changes at different levels within the system. Parallel I/O is provided by HDF5, and code translators are available for C and Fortran.

Weighted Essentially non-Oscillatory schemes

Weighted Essentially non-Oscillatory (WENO) schemes are an evolution of the earlier ENO schemes, and use the low order numerical ENO stencils to build up a higher order weighted approximation. The basis for an ENO reconstruction is to approximate a function f (x i ), at a half node position f (x i + 1/2), by creating a set of numerical stencils and comparing the smoothness of the function over each. Contrary to the original ENO schemes that select only one stencil over the smoothest region of the flow and discard stencils containing discontinuities, WENO schemes take a weighted linear combination of all stencils. The weighting is proportional to the local smoothness over each. As a result, better coverage about the reconstruction point is achieved, and the effect of stencils containing discontinuities is removed as their assigned weighting approaches zero.

For a WENO scheme of order 2k -1, k ENO stencils are required. Therefore, in a 5th order WENO scheme, there are k = 3 ENO stencils, covering a total of 2k -1 = 5 points around f (x i ), with the points in each stencil given by

S r = {x i-r , ..., x i-r+k-1 } , r = [0, k -1].
(2.8)

These stencils are then used to create a reconstruction with the linear expansion f (r)

i+ 1 2 = k-1 ∑ j=0 c rj f i-r+j , r = [0, k -1], (2.9) 
where c rj are the ENO coefficients given by Shu [START_REF] Shu | Essentially non-oscillatory and weighted essentially non-oscillatory schemes for hyperbolic conservation laws operated by universities space research association[END_REF]. For standard ENO schemes, as only one stencil is chosen, the scheme is of k-th order accuracy. In the WENO case, all 2k -1 cells can be used in smooth regions, resulting in a scheme of (2k -1)-th order accuracy. OpenSBLI includes the WENO-JS scheme based on the commonly used smoothness indicator that was introduced by Jiang and Shu [START_REF] Jiang | Efficient implementation of weighted ENO schemes[END_REF], and the WENO-Z scheme from the improved formulation of Borges et al. [START_REF] Borges | An improved weighted essentially nonoscillatory scheme for hyperbolic conservation laws[END_REF]. More details about the WENO schemes implemented in OpenSBLI are available in [START_REF] Lusher | Assessment of low-dissipative shock-capturing schemes for transitional and turbulent shock interactions[END_REF].

Targeted Essentially non-Oscillatory schemes

As shock-capturing methods introduce excessive levels of numerical dissipation, they are not the best option for resolving small scale structures in transitional and turbulent flows. This leads to the need for excessively fine grids to obtain similar resolution to a non-dissipative scheme. These large grids are impractical for DNS. To tackle this issue, Chapter 2 : Equations and methods hybrid methods can be used that pairs a non-dissipative scheme with shock-capturing applied only in areas of high gradients. Another solution is the use of TENO (Targeted ENO) schemes.

TENO schemes [START_REF] Fu | A family of high-order targeted ENO schemes for compressible-fluid simulations[END_REF] have lower numerical dissipation than standard ENO and WENO methods. Instead of weighting all candidate stencils to build a flux reconstruction, they discard stencils deemed to contain discontinuities while retaining as many smooth stencils as available. In that way they benefit from improved weighting formulations and a staggered stencil arrangement to decrease the number of stencils crossed by a shock.

Viscous and metric derivatives

Viscous terms of the compressible Navier-Stokes equations are computed with standard central differencing. To improve numerical stability the Laplacian terms are expanded, and one-sided derivatives are used at all domain boundaries except periodic boundaries. The one-sided derivative formulation from Carpenter et al. [START_REF] Carpenter | A stable and conservative interface treatment of arbitrary spatial accuracy[END_REF] is used, with the derivative evaluation at the first four points at domain boundaries being replaced by alternative weightings. The central differencing inside the domain is kept at fourth order to match the fourth order of the one-sided boundary treatment, avoiding numerical errors from matching schemes of different orders at different places in the domain.

OpenSBLI is based on a finite difference approach and has capability for full threedimensional curvilinear coordinates, allowing the simulation of complex geometries. OpenSBLI uses structured meshes and the curvilinear system transforms the equations between curved and orthogonal bases. All metric terms for the coordinate transformation are also computed with a fourth order accuracy.

Time advancement

Large scale direct numerical simulation (DNS) of the compressible Navier-Stokes equations has considerable memory requirements, making low-storage time-advancement schemes an attractive option. OpenSBLI includes two low-storage time-stepping schemes, a standard 3rd order Runge-Kutta scheme described by Jacobs et al. [START_REF] Jacobs | OpenSBLI: A framework for the automated derivation and parallel execution of finite difference solvers on a range of computer architectures[END_REF] which was used in the current work, and a strong stability preserving (SSP) version [START_REF] Williamson | Low-storage Runge-Kutta schemes[END_REF] to improve stability for flows containing discontinuities.

Generation of the compressible laminar similarity profiles

The compressible similarity solution [START_REF] White | Viscous Fluid Flow[END_REF] to generate laminar boundary-layer profiles is performed numerically in Python during the code-generation process. A polynomial fitting procedure on the grid points is then applied to these numerical profiles for a user specified number of coefficients, that are then converted into symbolic equations in OpenSBLI and evaluated at runtime in the main code. This procedure generates streamwise (u) and wall-normal (v) velocity profiles as well as temperature profiles. Density is evaluated as 1/T , which is then used with the profiles for T, u, v and w for the evaluation of conservative variables [ρ, ρu, ρv, ρw, ρE] T .

The profiles obtained at the inlet were copied over the whole domain for the initialization. This similarity profile is normalized such that the laminar displacement thickness at the domain inflow δ * 0 is unity and grows according to

δ * ( x * ) δ * 0 = ∆ √ 2Re x * Re δ * 0 (2.10)
with

Re x * = 1 2 Re δ * 0 ∆ 2 + Re δ * 0 x * δ * 0 (2.11)
where x * is the dimensional streamwise coordinate in a reference frame starting from the leading edge and ∆ is a scaling factor, depending on Mach number (Mach 6 in the current work) and wall temperature (T w = 7.02 T * r ) which is equal to ∆ = 9.071.

elsA

Structure of elsA

The Onera elsA CFD software [START_REF] Cambier | The Onera elsA CFD software:input from research and feedback from industry[END_REF] is based on the finite volume method, in which the unknowns are average values over the discretization cells, which are assigned to the centre of these cells ("cell centred" approach). Complex geometrical configurations may be handled using high flexibility techniques involving multi-block structured body-fitted meshes: these techniques include patched grid and overset capabilities. Space discretization schemes include classical second order centred or upwind schemes and higher order schemes. elsA has capability for explicit and implicit time-integration methods. It is based on an Object-Oriented design method and is coded in three programming languages: C++ as main language for implementing the Object-Oriented design, Fortran for CPU efficiency of calculation loops, Python for the user interface. A good CPU and parallel efficiency is reached on a wide range of computer platforms.

Second order convective schemes

The AUSM+ scheme [START_REF] Liou | A sequel to AUSM: AUSM +[END_REF] is an advection upstream splitting method (AUSM) in which the cell-interface advection Mach number is appropriately defined to determine the upwind extrapolation for the convective quantities. AUSM+ is designed to tackle overshoots behind shocks. It is free of "Carbuncle phenomenon" and free of oscillations at a slowly moving shock.

The AUSM+PW scheme [START_REF] Kim | Methods for the accurate computations of hypersonic flows. I. AUSM PW+ scheme[END_REF] is a sequel of the AUSM+ scheme specially dedicated to hypersonic flows. The acronym stands for AUSM by Pressure-based Weight functions. AUSM+PW is essentially developed to improve a shortcoming of AUSM+ schemes: the presence of numerical oscillations (wiggles) near walls. It also leads to a higher resolution at discontinuities and reduced numerical dissipation.

Chapter 2 : Equations and methods

Lele compact scheme

The Lele scheme [START_REF] Lele | Compact finite difference schemes with spectral-like resolution[END_REF] is a sixth order cell-centered compact finite volume scheme used to discretize convective fluxes. The fluxes are determined by a high order compact interpolation using cell-averaged quantities. It was adapted to a finite-volume formulation and implemented in the elsA solver in the scope of Fosso's thesis [START_REF] Fosso | Schémas Volumes Finis précis : application à l'aéroacoustique numérique de jets subsoniques[END_REF]. This scheme is called compact because it achieves a high order discretization from a relatively small stencil compared to other schemes. The full numerical description of the scheme is available in Ref. [START_REF] Fosso | Curvilinear finite-volume schemes using highorder compact interpolation[END_REF].

The compact scheme is a non dissipative numerical scheme and a filtering operator must be added to prevent numerical instability. The specificity of Visbal-Gaitonde filters [START_REF] Visbal | On the use of higher-order finite-difference schemes on curvilinear and deforming meshes[END_REF], consists in a spatially implicit formulation, and thus the filtered field is obtained by solving a linear system. The selective filter of order 8 is used in the current work, with a filtering parameter of a f = 0.47. It discards the high frequency oscillations without affecting the scales discretized by more than 4 points.

Diffusion fluxes

Densities of diffusion fluxes are evaluated using a "5 points + correction" discretization (5pcorr). The diffusion fluxes are calculated at order 2 based on a 5 points stencil, which corresponds to a calculation of the diffusion flux densities on the interfaces, from gradients evaluated at the centres of the cells and then corrected on the interfaces.

Chimera technique: The Patch assembly method

The chimera technique is a good solution for dealing with complex geometries. It enables different mesh blocks to overlap each other, making it easier to generate the grid of the different components of the body which can be meshed separately. Another big advantage of the Chimera technique is that it can be added to complex CFD codes, such as elsA, designed for coincident meshes without large-scale modifications that could reduce their efficiency. In the case of roughness trips for example, the chimera technique allows the mesh around the roughness to be generated separately from the background grid, enabling the roughness geometry to be easily modified.

The Patch Assembly method is an automated strategy available in elsA for assembling overlapping grid systems. The principles of this method, as well as its validation and efficiency, are detailed in Ref. [START_REF] Blanc | Patch assembly: An automated overlapping grid assembly strategy[END_REF]. The patch assembly algorithm is designed for patch overlapping grids, which are grids involving two subgroups of grids. The first subgroup is called the background grid: it is a complete coincident mesh around a given geometry on which a new component is to be added. The second subgroup is called the patch grid, which is a grid around a new feature added to the geometry defined in the background grid. On these grids, the patch assembly algorithm gives priority to the patch grid, meaning that the flow will be computed on the patch grid in regions of overlap, while the background grid will be either blanked or interpolated. In the case of over-2.3 Modal analysis 49 lapping grids made of several elementary grids (multiple group overlapping grids) that overlap each other, no hierarchy can be established between the elementary grids and the hierarchy has to be set manually.

The patch assembly algorithm is decomposed into three main steps:

1. Perform the donor search for fringe cells on the borders of the patch grid.

2. Find all interpolatable cells of the background grid.

Blank as many cells of the background grid as possible:

a) blank all interior cells of the background grid b) blank all unnecessary interpolatable cells.

The treatment of overlapping points is adapted depending on the type of time integration used. In an explicit scheme, the right hand side of the system of equations is set to 0 for the blanked and interpolated discretization points. In an implicit scheme, the right hand side of the system of equations is also set to 0 for the blanked and interpolated discretisation points, and the coefficients of the equations containing the variables related to the blanked and interpolated points are set equal to 0, except for the coefficient attached to these points, which is taken equal to 1.

Modal analysis

Performing DNS on complex configurations involving large grids leads to the generation of a large amount of data on complex flows with a wide range of temporal and spatial features. In this case, characterizing the spatio-temporal behaviour of the unsteady flow can appear very challenging. Therefore, it is essential to think about strategies that allow to identify and extract the physically important features, or modes. This step typically starts with a modal decomposition technique of an experimental or numerical dataset of the flowfield. The Spectral Proper Orthogonal Decomposition (spectral POD, or SPOD) allows for this and is therefore presented in section 2.3.1.

With the assumption that small amplitude disturbances are introduced into the flow, during the primary instability phase, the growth of disturbances in the boundary-layer can be well represented by linear stability theory (LST). Although LST does not give any information about turbulence features, it is useful in identifying the mode shapes of the dominant instabilities, so as to explain why and how the laminar boundary layer becomes unstable. Although several LST strategies were found to be successful in quasiparallel flows, the quasi-1D modal computation does not provide satisfactory results for 3D boundary-layers [START_REF] Reed | Linear stability theory applied to boundary layers[END_REF]. The three-dimensional nature of boundary-layers in swept wings, in which cross flow instabilities play an important role in the transition process, makes the LST-1D predictions less accurate. It is therefore necessary to extend the local linear approach by using linear BiGlobal instability analysis which considers base flows which are inhomogeneous in two dimensions and slowly varying in the third one. In this purpose, the BIGSAM code was developped at ONERA in Toulouse and is presented in section 2.3.2.

Spectral Proper Orthogonal Decomposition (SPOD)

The spectral POD described in the early work of Lumley [START_REF] Lumley | Stochastic Tools in Turbulence[END_REF] was used for extracting the most energetic modes from the DNS flowfield. Spectral POD is estimated from a time series of two-dimensional snapshots using Welch's method. This is explained in the work of Schmidt and Colonius [START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF], and a schematic that outlines the SPOD algorithm based on Welch's method is shown in fig 2 .2. First, the data is segmented into a number of N blk overlapping blocks of 50% overlap, consisting of m FFT snapshots each and the temporal Fourier transform of each block l

Q(l) = Q(ω 1 ) (l) Q(ω 2 ) (l) ... Q(ω m FFT ) (l) (2.12)
is calculated. All blocks of the Fourier transform at a specific frequency ω k are then collected into a new data matrix:

Q(ω k ) = Q(ω k ) (1) Q(ω k ) (2) ... Q(ω k ) (N blk ) . (2.13) 
The product Q(ω k ) QT (ω k ) forms the cross-spectral density matrix and its eigenvalue decomposition

Q(ω k ) QT (ω k ) Φ ω k,j = λ ω k,j Φ ω k,j λ ω k,1 ≥ ... ≥ λ ω k,n b ≥ 0 (2.14)
gives the spectral POD modes Φ ω k,j and the corresponding modal energies λ ω k,j .

BIGSAM (LST-2D)

Bi-local (also called BiGlobal) stability calculations (LST-2D) are carried out following the classical linear stability theory [START_REF] Mack | Boundary-layer linear stability theory[END_REF] in order to determine the shape function, wavenumber and growth-rate of the unstable linear modes. The method is similar to the work of Montero and Pinna [START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF] who performed BiGlobal stability analysis in the wake of a cuboidal roughness element on a flat plate. The flow variables q = [u, v, w, ρ, p] T are decomposed into a steady reference state q also known as the base flow, and a small unsteady perturbation field q . An assumption is made that the base flow is locally parallel in the streamwise direction and that the shape functions of the perturbations depend both y and z. The LST-2D used in this work is thus a locally parallel flow approach which was done with the code BIGSAM [START_REF] Brazier | Local stability analysis of a round jet parallel to a flat plate[END_REF]. The unsteady modal perturbations may be written as q (x, y, z, t) = q(y, z)

exp[i(αx -ωt)] + c.c. (2.15)
where q is a vector representing the two-dimensional amplitude functions. In the present spatial method, α is the complex wavenumber along the streamwise direction, ω is real For each frequency, the cross-spectral density matrix is formed and its eigenvalue decomposition yields the SPOD [START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF].

and represents the angular frequency and c.c. is the complex conjugate. The results in this thesis are based purely on the spatial theory. The real part of α is the streamwise wavenumber (α r = 2π/L x ) whereas its imaginary part represents the spatial damping/growth rate, where a positive value of α i means a streamwise decay of the amplitude and a negative value means an exponential growth of q in space. The governing equations (2.15 of the linear stability problem are obtained by substituting the modal perturbation into the Navier-Stokes system, then subtracting the base flow components and finally neglecting the nonlinear terms. In the end, the resulting linear system of partial differential equations can be written in the following compact form

A q = αB q + α 2 C q (2.16)
where A, B, and C are complex and nonsymmetric differential matrix operators. After discretization of equation 2.16, an algebraic generalized eigenvalue problem (GEVP) is obtained, which is nonlinear in the eigenvalue α. The problem is linearized by means of the companion matrix method, defining the following auxiliary vector q+ = û, v, ŵ, T, p, α û, α v, α ŵ, α T T , so that the two-dimensional GEVP becomes in which A denotes the discrete matrix operator associated to matrix A. B û: T and C û: T are nonsquare matrices that contain the columns from the respective discrete operators B and C, which correspond to the variables û, v, ŵ and T. Similarly, B p is a square matrix that contains only the columns from B that correspond to the variable p and I is the identity matrix.

A + q+ = αB + q+ (2.

Disturbance generation

In order to keep the Reynolds number moderate and still be able to trigger instabilities, acoustic disturbances may be introduced in the freestream. The disturbances used in this thesis are similar to those found in the work of Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. This forcing is a 3-dimensional source placed at a location (x f , y f ), upstream of the roughness in the freestream and consists of a source term s, added to the right hand side of the continuity equation and described by The aim of this chapter is to set up a test case to validate the numerical strategy used for the computation of roughness-induced laminar and transitional flow.

s(x, t) = a exp(-r 2 ) M ∑ m=0 N ∑ n=1 cos(β m z + φ m ) sin(ω n t + φ n ), (2.19) 
The main objective is to verify that second order schemes in elsA are capable of predicting hypersonic flows where transition is induced by roughness and acoustic perturbations. The capacities of second order schemes in elsA from ONERA, which is widely used in industry, were first assessed on a Mach 6 case where the flow remains laminar within the simulated domain, even in the presence of a smooth bump. Results were compared to those obtained with high-order schemes in OpenSBLI. Then, the aim was to validate the numerical strategy for the computation of roughness-induced transitional flow. This was done by adding acoustic perturbations in the freestream in order to reproduce the test case of Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. The effect of increasing the order of spatial discretization schemes was also assessed by comparing the results obtained with AUSM+ to those obtained with the 6 th order compact scheme from Lele. 

Grid generation

An isolated roughness element is placed at a distance of x r = 53 inflow displacement thicknesses from the inlet. The grid is stretched in the wall-normal direction to ensure a sufficient resolution of the boundary layer. The stretching function between the uniform computational grid (0 < η < 1) and the non-uniform physical grid (y 0 < y < L y ) is the following:

y = y 0 + (L y -y 0 ) sinh(b y η) sinh(b y ) , ( 3.1) 
3.1 Validation of elsA and OpenSBLI to predict hypersonic laminar flow over a bump 57 where b y = 3.19 is chosen as the stretching factor. The geometry of the bump can be described by the following equation:

y 0 (r) = -k 2 tanh S W k tanh S H (2r -W) + tanh S H (-2r -W) , (3.2) 
where r = √ x2 + z2 and S = cot S * . The variable S * can be seen as a smoothness factor, which controls the slope of the roughness sides and is equal to S * = 1.35 for the smooth bump case, and S * = π 4 for the flat-top roughness element case. The body-fitted grid obtained from this equation was generated in Python, and written out as an ".h5" file for OpenSBLI, and a binary Tecplot file ".plt" for elsA. The resulting single-block grid is shown in fig 3.2 in the symmetry plane. Note that only every 3rd grid line is shown for better clarity. A close-up of the grid near the roughness element can be seen in fig 3 .3. As the geometry of the bump is rather smooth, the grid lines are also smooth and the skewness of the cells wrapping around the bump is acceptable. 

Freestream conditions

The initialization of the flow was done based on the full compressible laminar similarity solution. The Reynolds number based on the compressible inflow displacement thickness is Re δ * 0 = 8200. This Reynolds number was studied by numerous studies such as the Navier-Stokes simulations by [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF], and some stability analyses [START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF][START_REF] Paredes | Advances in global instability computations from incompressible to hypersonic flow[END_REF][START_REF] Van Den Eynde | Stability and Transition of the Flow behind Isolated Roughness Elements in Hypersonic Boundary Layers[END_REF] One can also notice the shocks induced by the separation occurring upstream and downstream of the bump. In the present test case, due to the smooth shape of the bump and the low value of Reynolds number, these shocks are relatively weak and steady. The separation/recirculation regions upstream and downstream of the bump are shown in red, using contours of small negative streamwise velocity (u = -10 -5 ). The upstream recirculation is half of that usually obtained in the case of a cylinder [START_REF] Van Den Eynde | Stability and Transition of the Flow behind Isolated Roughness Elements in Hypersonic Boundary Layers[END_REF] or a diamond and thus should not trigger any unsteady horseshoe vortices. The downstream recirculation is however larger but not large enough to generate a strong three-dimensional shear layer holding strong instabilities. Finally, the flow induced by the smooth bump remains laminar within the computational domain and is composed of simple features, which makes this case a good starting point for the validation of elsA and OpenSBLI.

Verification of inflow profiles and boundary conditions

Two-dimensional simulations have been carried out to verify that the inflow boundary condition and profiles were set in the right way. The flow obtained with OpenSBLI was compared to the one obtained with elsA. Wall-normal profiles of density, velocity and pressure are shown in fig 3.5 at the inflow x = 0 and at x = 20. The density, streamwise and wall-normal velocities are the same for both codes, indicating that the methodology used for setting up the compressible similarity solution at the inflow is correct. The only difference can be seen in the inset figure of the pressure profiles. The small difference in the subsonic part of the inflow pressure profiles comes from the inlet boundary condition. In OpenSBLI, the pressure is extrapolated from the interior of the domain whereas the stagnation pressure is prescribed in the subsonic part of the inlet in elsA. 

Grid refinement study

A grid convergence study was performed with both elsA with the AUSM+ scheme and OpenSBLI where a 5th order WENO-Z scheme is chosen. Three different grids were used and compared: Fine (900 × 225 × 350), Medium (600 × 150 × 234), and Coarse (300 × 100 × 200). The Fine mesh is close to the one used in [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] which used a grid as fine as in the work of De Tullio and Sandham [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF], based on an extensive grid convergence study.

For the grid refinement study, the laminar roughness-induced recirculation regions are compared as well as flow profiles at different streamwise stations near the bump.

OpenSBLI

Figure 3.6 shows the results of the grid refinement study obtained with OpenSBLI. It is consistent when looking at the recirculation region boundaries, as the Medium and Fine grids are in good agreement, whereas the Coarse mesh predicts slightly smaller recirculation regions. When looking at fig 3.6b showing the boundary-layer profiles at x = 53 (Slice A: on top of the bump) and x = 60 (Slice B: in the downstream recirculation region), the Medium and Fine grids give the same results while the Coarse mesh underpredicts the change in v or ρ around the bump, in regions of high shear-stress. This shows consistency of the grid refinement and that the Medium mesh would be fine enough for the computation of the laminar base flow induced by the roughness element.

elsA

The results of the grid convergence study carried out with elsA are shown in fig 3 .7. The boundary-layer profiles for u, v, ρ and T are compared for the three grid densities at the same location as for OpenSBLI at x = 60. The Medium mesh is in good agreement with the Fine mesh. However, the Coarse mesh underpredicts the changes in v and ρ near the recirculation region boundary and the boundary-layer edge. The discrepancies between the Coarse mesh and the finer grids are larger than with OpenSBLI, which is 

Validation of OpenSBLI and elsA for the computation of hypersonic laminar flow over a bump

The results obtained with the AUSM+ scheme in elsA are compared to those obtained with the WENO5-Z scheme in OpenSBLI. The Fine mesh was used for the comparison of elsA and OpenSBLI. Very good agreement was reached between them. As can be seen on fig 3.8, the change in velocity in all three directions is the same in both codes. The only noticeable discrepancies can be found on v for instance at x = 53 or x = 58. The maximum deviation found at the reversed flow peak location (most negative value of v) at x = 53 by elsA with respect to OpenSBLI is 2.5%. ρ and T profiles also show good agreement between the two codes. Boundary-layer profiles were also compared further downstream in the wake of the roughness element and the same good agreement could be found. This first comparison validates the computation of viscous and metric terms in OpenSBLI, as well as the ability of 2 nd order schemes in elsA to predict hypersonic laminar flows accurately if the grid resolution is sufficient.

Validation of elsA and OpenSBLI to predict roughness-induced transition with acoustic perturbations

The SBLI code from the University of Southampton has been used in the Aerodynamics and Flight Mechanics research group of the University of Southampton for the last few years on several high-speed flow configurations and has been validated extensively by Refs. [START_REF] Touber | Unsteadiness in shock-wave/boundary-layer interactions[END_REF], [START_REF] Van Den Eynde | Stability and Transition of the Flow behind Isolated Roughness Elements in Hypersonic Boundary Layers[END_REF] and [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF] among others. Hence it represents a good reference for the validation of elsA, which is a finite volume code widely used in industry, and OpenSBLI, recently developed at the University of Southampton, which is able to run on GPUs. 

Set up of the test case

Roughness geometry and grid generation

The roughness element used in this test case is a flat-top cylindrical roughness element. It can be described in the same way as the previous test case with equation 3.2, with the smoothness factor being S * = π/4. The same grid used for the computations carried out with the SBLI Legacy code in the work of Ref. [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] was used in the present simulations. To make the grid smooth and to ensure sufficient refinement near the roughness element while keeping the computational expense reasonable, the numerical grid is stretched in the streamwise and spanwise directions. The grid is composed of regions of constant grid spacing (a fine grid near the roughness element and a coarser grid near the domain boundaries). These regions are connected by ninth-order polynomials, such that the stretching function is C 4 continuous. The computational grid in the roughness centreplane is shown in fig 3.9 to illustrate the grid stretching along the domain. Note that only every 10th grid lines are shown for better clarity. A close-up of this grid is shown in the symmetry plane near the cylindrical flat-top roughness element in fig 3.10. The details of the numerical domain and grid are summarized in Table 3.1. The number of grid points was chosen to be at least as fine as the grid used in the setup of De Tullio and Sandham [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF] based on a comprehensive grid study. In the current test case where transition is observed, the worst cases are ∆x + = 6.5, ∆z + = 7.0, and ∆y + =< 1.2 for the first cell above the wall. Note that these values are computed at a location with a local- 

Freestream and disturbances conditions

Once again the initialization of the flow was done based on the full compressible laminar similarity solution. The Reynolds number based on the inflow displacement thickness is now Re δ * 0 = 14, 000. The freestream reference temperature is T * r = 273.15 K, and the static pressure is p = 9451.319 Pa. A normalization of the parameters was performed on ρ, u and T, leaving an adimensionalized static pressure of p ad = 0.01984.

In order to keep the Reynolds number moderate and still be able to trigger instabilities, acoustic disturbances were introduced in the freestream in the work of [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF], with a 3-dimensional source placed at x f = 12.0 and y f = 6.0. The same acoustic forcing was used in the simulations with elsA and OpenSBLI solvers. This forcing consists of a source term s, added to the right hand side of the continuity equation and described by

s(x, t) = a exp(-r 2 ) M ∑ m=0 N ∑ n=1 cos(β m z + φ m ) sin(ω n t + φ n ), (3.3) 
where a = 3x10 -4 is the amplitude, r = (xx f ) 2 + (yy f ) 2 gives the distribution, To check that the source term s was correctly added to the right hand side of the continuity equation, the simulation was advanced in time with the same forcing by all three solvers for 50 iterations. The density fluctuations were extracted over the span at x = 12 (at acoustic source location), and were compared. The result of this comparison can be seen in fig 3 .11. The same density fluctuations are obtained when using the same forcing, which gives confidence in the implementation of the acoustic source term. Note the slightly smaller values obtained by elsA at the peaks of density fluctuations, due to the smaller order of the space discretization scheme. 

β m = 2πm/L z is

Specific boundary conditions

To make the compact scheme numerically stable, the reflections at the outflow boundaries need to be minimised. This was achieved by applying a characteristic boundary condition along with a sponge layer. The Navier-Stokes characteristic boundary condition (NSCBC in elsA) was introduced by Poinsot and Lele [START_REF] Poinsot | Boundary conditions for direct simulations of compressible viscous flows[END_REF]. In cases where acoustic perturbations are added in the freestream or if a turbulent boundary layer is exiting the domain, the sponge layer technique is very important to reduce spurious waves near the boundary. In the sponge layer region, the mesh is stretched to damp travelling waves. The sponge layer treatment consists of a second order gaussian filter to reduce the intensity of the wave going through the boundary condition, and of a relaxation to the undisturbed mean flow state.
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Numerical parameters

Table 3.2 gathers the numerical schemes which have been used in the validation of elsA and OpenSBLI on the current test case, as well as those used in the reference test case with SBLI (Legacy) [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. Comparing the results obtained with the second order scheme in elsA with the higher order schemes is of great interest as the solver is capable of dealing with complex industrial geometries and has capability for overlapping grid techniques.

elsA OpenSBLI SBLI (Legacy) For the simulations performed with elsA, prior to adding the acoustic perturbations via the addition of the source term, the laminar baseflow was computed. The AUSM+PW scheme was used for the convective fluxes, as well as a Minmod limiter. Time integration was achieved using an implicit (backward Euler) scheme. The system is integrated in time at a CFL of up to 60, until a decrease of four orders of magnitude in the average residual is achieved. 30,000 iterations were required to do so. Then the simulation was restarted using an explicit Runge-Kutta scheme with four steps. The limiter was switched to the Kim third order formula [? ], and the wiggle detector is also switched on to reduce the dissipation. The time step is ∆t = 0.004, and 90,000 iterations (2 flow through domains) are required to get rid of the transient state. Because the forcing is periodic, time-averaging is performed over one period of the acoustic forcing, equal to 50 time units (12,500 iterations). The periodicity of the flow due to periodic forcing can be verified in fig 3 .12. The close-up view exhibits some differences explained by the fact the flow is still transient. However the instantaneous skin friction coefficient is shown after several periods of the forcing and converges towards the same value. This enables a statistical convergence to be achieved with less iterations. Anothed 90,000 iterations are required to reach this converged state.

It is interesting to note the respective performance of the codes for simulating one period of the forcing. OpenSBLI clearly is faster, as it could achieve one period of the forcing in 3h40 on 12 GPUs. Simulations in elsA were performed with 36 CPUs (≈ 1000 cores). 7h30 were required with AUSM+PW (×2) whereas 9h were needed with the compact scheme (×2.5). 

Description of the flow topology

Figure 3.13 shows the instantaneous contours of density gradient magnitude in the centreplane, computed with the AUSM+PW scheme in elsA. The contour range was adjusted to highlight the interaction between the density fluctuations caused by the acoustic forcing, the roughness element and the boundary layer, leading to transition at the end of the domain. Again the red zones show the recirculation regions which are larger than in the smooth bump case, due to the shape of the roughness element which is now a flat-top cylindrical element. In this case, due to the acoustic perturbations and the higher Reynolds number as in the smooth bump case, the separation shocks are unsteady and thus generate disturbances in the form of vorticity waves. The boundary layer is subject to a shear-layer instability which leads to transition near x = 150. Both the roughness and the freestream acoustic perturbations are needed for the flow to transition to turbulence, i.e. the flow would remain laminar if no perturbations were added in the freestream. The topology of the flow in the laminar region was also compared in fig 3 .15 via contours of streamwise, wall normal and spanwise velocities in the wake of the roughness element, at the streamwise location x = 60. The reference obtained with SBLI is shown with filled contours, whereas the contour lines represent the flow computed with OpenSBLI and elsA. Very good agreement is obtained between all solvers. They predict the same location and intensity of the low speed streaks, which are subject to instabilities leading to transition. This is not too surprising a result as the ability of elsA and OpenSBLI to predict the laminar flow over a smooth bump has already been demonstrated. However, this good agreement in the laminar part of the flow is obtained for a case where the Reynolds number is higher and acoustic perturbations are added in the freestream. Hence it strengthens the confidence in the solvers for the computation of roughness-induced hypersonic laminar flow, and validates the use of AUSM+PW for computing a base flow to be used in stability analyses. 

Comparison in the transitional region

With respect to the transitional region, elsA (AUSM+PW and Lele) and OpenSBLI (WENO5 -Z) can first be compared qualitatively, by looking at figure 3.16 which shows instantaneous Q criterion iso-surfaces (Q = 0.003) coloured by the distance to the wall. Good agreement is obtained in terms of the flow structures predicted by both solvers. They display longitudinal streaks, rolling up in the wake of the roughness element, forming hairpin-like vortices that eventually break down to turbulence. Note that these instantaneous isosurfaces were taken at different time instances, which explains differences in the location of the hairpin vortices for instance. This is quite a satisfying conclusion, which indicates that the second order AUSM+PW scheme in elsA is capable of predicting the flow structures induced by the roughness in the presence of acoustic disturbances accurately. This is attributed to the fact that the mesh is fine enough, for the second order AUSM+PW scheme to perform as well as the high order Lele compact scheme in elsA and the WENO5-Z scheme in OpenSBLI. On the other hand, in the transitional region near the end of the computational domain, finer (i.e. smaller) vortical structures are obtained with OpenSBLI or with elsA-Lele. This means that the disturbance energy might be underpredicted by the AUSM+PW scheme and that a more quantitative analysis is required to assess the performance of the AUSM+PW scheme in elsA solver.

A comparison of the time-averaged skin friction coefficient is shown in fig 3.17. Once again, the agreement between the three solvers is very good in the laminar part of the A quantitative comparison of the three solvers is made by looking at the skin friction coefficient, averaged over one period of the forcing along the domain centreline, as shown in figure 3.18a. Good agreement is obtained in the laminar part of the flow and the recirculation regions are predicted the same by all codes. The disturbance energy e is integrated over 99% of the boundary-layer thickness at the roughness centreline and shown for each code as a function of x in figure 3.18b. Also the average exponential growth rate σ is computed in the range of 100 < x < 140, and shown in the legend of figure 3.18b. The receptivity process is linear, and the boundary-layer disturbances grow exponentially before reaching saturation, indicating the occurrence of nonlinear interactions. The black solid line in figure 3.18b corresponding to SBLI results [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] exhibits an offset due to different forcing. This is attributed to the fact that the random phases used in the forcing with SBLI were unknown, thus changing the symmetry of the flow and the associated forcing energy in the symmetry plane. The work of [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] showed a minor impact of the freestream disturbance amplitude on the growth rate of linear instabilities. This is also observed in the present validation, where the exponential growth rates of all four cases agree well. The breakdown to turbulence, however, takes place earlier for the SBLI test case due to the increased integrated forcing energy compared to the computations by elsA and OpenSBLI.

This chapter, dedicated to the validation of elsA, code from ONERA, and OpenS-BLI, code from the University of Southampton, has shown the ability of the second order AUSM+ scheme in elsA, to predict the hypersonic flow past a roughness element and its induced features. Good agreement between the two solvers was first obtained on a laminar case at Re δ * 0 = 8, 200. Then, the Reynolds number was increased to Re δ * 0 = 14, 000 and acoustic perturbations were added in the freestream via a source term in order to reproduce the test case of Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. The comparison of the flow computed with AUSM+PW to the one obtained with the 6 th order Lele compact scheme and the WENO-5Z scheme showed that the second order scheme was capable of predicting hypersonic flows where transition is induced by roughness and acoustic perturbations as long as the grid is dense enough. The same flow features were obtained, and the prediction of the skin friction coefficient and the disturbance energy integrated over the boundary layer was similar to the higher-order schemes. The numerical strategy offered by elsA is well-adapted for studying roughness-induced transition on complex configurations. The high performance of the OpenSBLI solver when working on GPUs makes it interesting for simulations on generic flat plate configurations aiming at creating a database. The main objective of this chapter is to show evidence and study the mechanisms responsible for a self-sustained transition induced by an isolated cylindrical roughness at high Reynolds number. The previously validated numerical strategy was used to see if there exists a global instability, knowing it is present in incompressible flows. The first step was to identify a Reynolds number for which roughness-induced transition is self-sustained, by comparing three Reynolds numbers without acoustic perturbations in the freestream. The aim was then to verify that this self-sustained transition was due to the presence of a global instability, by studying the baseflow response to a perturbation impulse. This showed evidence of a convective instability at the medium Reynolds number. Bilocal stability analyses (LST-2D) of the roughness wake were then used to characterize this instability. Finally, the mechanisms responsible for the self-sustained transition at the highest Reynolds number were identified.
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Chapter 4 : Study of self-sustained transition mechanisms induced by an isolated cylindrical roughness at high Reynolds number

Evidence of a self-sustained transition induced by an isolated cylindrical roughness

The objective of this section is to identify a Reynolds number for which transition is self-sustained, meaning that no freestream disturbances are needed for transition to happen and to sustain by itself. This step is required to attempt to study potential global instabilities causing transition. Global modes of instability have been studied in low-speed flows, for example by Loiseau et al. [START_REF] Loiseau | Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations[END_REF]. They carried out direct numerical simulations along with fully three-dimensional global stability analyses and showed that the global instability of the near-wake region and the associated recirculation region were responsible for the sinuous instability, whereas the whole three-dimensional shear-layer surrounding the central low-speed streak induced the varicose instability. Another lowspeed study [START_REF] Citro | Global stability and sensitivity analysis of boundary-layer flows past a hemispherical roughness element[END_REF] showed the existence of a global instability whose symmetric core is located in the shear layer separating the outer flow region and the boundary layer immediately downstream of the roughness element. Global stability analyses remain relatively scarce for roughness-induced transition in hypersonic flows. Some studies showed evidence of self-sustained mechanisms leading to transition such as the DNS and DMD analysis performed by Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] at Mach 6 and a sufficiently large Reynolds number. Two possible feedback mechanisms were found: one due to the unsteadiness of the strong bow shock inducing pressure variations and providing energy for the periodic vortex motion; another one caused by oscillations in the near wake that trigger motion of the stagnation point which thus affects the bow shock.

Computational set-up

Computational domain

The same roughness element as in section 3.2 was used for this study. The domain was shortened in the streamwise direction to L x = 80 and in the spanwise direction to L z = 40. This was chosen to enable the DNS constraints to be met when increasing the Reynolds number, while keeping the computational cost affordable. Moreover, the study focuses on the rapidly growing instabilities near the roughness element, rather than those occuring far downstream in the wake. The roughness element is now placed at a distance of 40 inlet displacement thicknesses from the inflow. Once again the grid consists of a single-block body fitted grid, generated in python. The grid can be visualized on the wall and in a YZ plane in the roughness centreplane in fig 4 .1. Because the grid is bodyfitted, grid lines near the roughness element are not perpendicular to each other and introduce skewed cells. These skewed grid lines may be responsible for numerical gridto-grid point oscillations. Hence, one needs to be careful when refining the grid, that the grid lines vary slowly to prevent the grid cells from being skewed. 

Simulation parameters

Unsteady simulations are first carried out with OpenSBLI, using a 5 th order TENO scheme for the spatial discretization. Its high performance makes it interesting for quickly identifying the Reynolds number to target, and to carry out a grid convergence study. The elsA solver is also used for comparison, for studying the base flow response to a perturbation impulse and for studying the self-sustained transition mechanisms at the highest Reynolds number. The previously validated second order AUSM+PW scheme along with the Kim third order limiter is used for the convective fluxes. The wiggle detector is also switched on to reduce numerical dissipation. The explicit Runge-Kutta scheme with 4 steps is used for time integration. The non-dimensional time step is set to ∆t = 2 × 10 -3 and simulations are carried out for 400,000 iterations, corresponding to 10 flow-through domains. Contrary to the previous validation case, no acoustic disturbances are added in the freestream.

The preliminary simulations carried out with OpenSBLI enabled three Reynolds numbers to be simulated: Re = 14, 000 which remains laminar within the computational domain, Re = 28, 000 which is on the edge to transition and Re = 40, 000 which experiences a self-sustained transition to turbulence. The freestream conditions and roughness parameters related to each case, such as the boundary layer to roughness height ratio δ x k /k and the roughness Reynolds numbers (Re k and Re kw ) are summarized in table 4.1. The freestream reference temperature is T * r = 273.15 K for all cases and the flow is set to Mach 6. The change in Reynolds number is done by adjusting the freestream static pressure. Three major differences can be observed between the three cases investigated in this study and the ones investigated by Subbareddy et al. [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF]: the edges of the current roughness element are smooth while the cylinder in [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] has got sharp edges/corners the current roughness element is placed on a flat plate rather than on a concave wall Chapter 4 : Study of self-sustained transition mechanisms induced by an isolated cylindrical roughness at high Reynolds number as it was the case in [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] the current roughness element is well-submerged in the boundary layer (δ

Case M ∞ p ∞ (Pa) T ∞ (K) µ * (×10 -5 ) δ x k /k
x k /k > 1)
whereas the boundary-layer thickness in [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] is smaller than the roughness height (δ x k /k ∈ [0.8 -0.9]). This constitutes the main difference regarding the transition mechanisms. The shock system mentioned by Subbareddy et al. will likely have more importance than in our work.

Grid convergence study

A grid convergence study was made at Re = 40, 000 with OpenSBLI, with Coarse, Medium and Fine grids having respectively (N x , N y , N z ) = (800, 100, 200), (1200, 150, 300) and (1800, 225, 450) grid points in each direction. A Fine + was also used with (N x , N y , N z ) = (1800, 300, 875). This showed consistency of the results, in terms of whether or not transition occurs, although refining the grid resulted in earlier transition, as shown by the increase of skin-friction coefficient in fig 4 .2a. Note that the skin friction coefficient of fig 4.2a was averaged in time and over the span, so as to highlight the level of disturbance in the wake of the roughness obtained with each grid. The skin friction coefficient obtained with the Fine grid was averaged over a smaller time than the results obtained with Fine + grid, which explains the discrepancies between the curves of these two grids. Nevertherless, the time-and span-averaged skin friction coefficient converges towards the results obtained with the Fine + grid. Figure 4.2b shows a comparison of the v and w isocontours at streamwise location x = 70, obtained with the Fine grid (lines) and the Fine + grid (contours). One can notice that the same features are predicted by both grids: the counter-rotating vortex pair near the symmetry plane z = 0 is relatively well predicted by the Medium grid. The main differences are found in the horseshoe vortices, located in the off-symmetry plane near z = 4 (or z = -4).

Under these considerations, the Fine + grid was used. The number of grid points in each direction was chosen as (N x , N y , N z ) = (1800, 300, 875) resulting in 472.5 million grid points. This was considered as the biggest grid one could afford in terms of time restitution of the results, and allowed the DNS constraints to be met with the worst cases being ∆x + < 6.8, ∆z + < 5.7 and ∆y + < 1.2 for the first cell above the wall in a region of high shear. 

Comparison between elsA and OpenSBLI

The results obtained by elsA and OpenSBLI for the Re = 40, 000 case are compared, using the previously described grid holding 472.5 million grid points. This will provide us with a validation of the numerical strategy in elsA, on another case than section 3.2. Given the complexity of the flow which experiences a self-sustained transition, this new case may be challenging for the second order AUSM+PW scheme in elsA and thus constitutes an interesting validation case. elsA and OpenSBLI are first compared in terms of vortical structures and flow topology in fig 4 .3, via instantaneous isosurfaces of Q criterion (Q = 0.05). Note that these instantaneous isosurfaces are taken at different time instances by elsA and OpenSBLI. The same flow features are obtained by both codes. They display unsteady vortices in the upstream recirculation region, wrapping around the roughness element and forming hairpin vortices further downstream, longitudinal streaks close to the symmetry plane, rolling up and forming other hairpin vortices. The shape of the turbulent wedge and the shear layer caused by the separation shock are also predicted the same by both codes. For the remaining of this study, the analysis of the results obtained with elsA are presented. The solver permits to compute a laminar base flow from steady simulations, provides easier access to the unsteady flowfield, and will be later used for the analysis of roughness-induced transition mechanisms on a generic hypersonic forebody. 

Effect of Reynolds number

.5 compares the three Reynolds numbers in terms of vortical structures induced by the roughness. It is clear that case Re = 14, 000 (i) stays laminar, whereas case Re = 28, 000 (ii) is on the edge to transition. Case Re = 40, 000 (iii), however, is experiencing a self-sustained transition to turbulence. Case Re = 28, 000 seems to be subject to a convective instability in its wake as the longitudinal streaks begin to roll up, and would likely go through transition if the domain was extended further downstream. Hence it makes an interesting case for the study of the linear instabilities of the roughness wake. Case Re = 40, 000 makes an interesting case for the study of self-sustained transition mechanisms, induced by a roughness well-submerged in the boundary layer. As can be seen in fig [START_REF] André | Contrôle actif de la transition laminaire-turbulent en écoulement hypersonique[END_REF].6 which is based on a time-averaged flow field, increasing the Reynolds number leads to a larger upstream recirculation region (shown by the red line) but a smaller downstream recirculation region in the symmetry plane. A stronger shear-layer that sits on top of the downstream recirculation region is observed in the high Reynolds number case. The number of vortices within the horseshoe vortex system also increases with increasing Reynolds number. The horseshoe vortex system is thus more complex and holds unsteady vortices that exhibit oscillatory motion. This could be a potential source of global instability. The time-averaged pressure contours are also shown in fig 4.6. Higher values of time-averaged pressure are reached in the high Reynolds number case. The shock appears to be more inclined and the diversion of the streamlines is stronger.

Finally, the effect of Reynolds number on the roughness-induced flow features is quantified in terms of skin friction coefficient. Contours of time-averaged skin friction coefficient on the wall are shown in fig 4 .7. For all cases, the maxixum of C f is observed close to the symmetry plane near z = 2 and is induced by the counter-rotating vortex pair. It is of higher intensity in the low Reynolds number case. On the other hand, increasing the Reynolds number leads to an increase of the skin friction away from the symmetry plane for z > 3 and to a wider wake. The streamwise variation of the C f at three spanwise locations is also shown in the right-hand side of fig 4.7. The main effect of the Reynolds number can be seen at z = 4, where only case Re = 40, 000 triggers an increase of the skin friction coefficient from x = 60, indicating the the transition onset location in the horseshoe vortices. The numerical solution of the laminar base flow was obtained by using elsA. The convective fluxes were computed using a second order Roe scheme, along with a minmod limiter. Time integration was achieved using an implicit (backward Euler) scheme. Once again the flow is initialized with the compressible similarity solution for the boundary layer. The system is integrated in time until a decrease of six orders of magnitude in the average residual is achieved.

Method for the response analysis

The 3D compressible Navier-Stokes equation may be written in a generic way as

∂q ∂t = RHS(q),
where q is the conservative variable vector ρ, ρu, ρv, ρw, ρE T . Let us consider q b as a steady flow field obtained with an implicit time-integration scheme, which will be referred to as the base flow. We use this base flow as the initial condition of the simulation. The rate of change of q to satisfy the equilibrium can then be written

∂q b ∂t = RHS(q b ).
If the flow is decomposed into its base-flow component q b and a perturbation q (q = q b + q ), then we obtain ∂q ∂t = RHS(q) -RHS(q b ).

RHS(q b ) acts like a forcing term in the governing equation. Thus, one can track the time and spatial evolution of an initial disturbance on the base flow, while the flow goes back towards the undisturbed base flow. Therefore, the most unstable (or least damped) mode can be detected. To check the validity of this method, simulations were performed with no initial disturbance and the base flow could be maintained for four flow through times. This method was found to be useful in cancelling out any discretisation differences between the implicit and explicit methods in elsA. Then, white noise disturbances were introduced in the density close to the bump and upstream of it, with a maximum amplitude four orders of magnitude smaller than the freestream.

Description of the steady base flow

The computational method used for obtaining a base flow was found to be successful, even though the Re = 40, 000 undergoes a self-sustained transition to turbulence. This can be observed in fig 4 .8 which shows isosurfaces of Q criterion (Q = 0.005) coloured by the streamwise velocity for both base flows. The vortical structures such as the counterrotating vortex pair and the horseshoe vortex in the wake of the roughness element remain parallel to the freestream up to the end of the computational domain. This also enables another comparison of the Reynolds number. In the higher Reynolds number case, the Q criterion isosurfaces upstream of the roughness are larger, and lead to stronger horseshoe vortices that extend further downstream. The main horseshoe vortex even reaches the end of the domain. In order to identify the main features induced by the roughness element, the deviation of the base flow streamwise component U b from the corresponding Blasius boundarylayer flow U Bl may be used as in Ref. [START_REF] Loiseau | Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations[END_REF]. This aims to highlight the spatial distribution of the low-and high-speed streaks induced by the roughness. The isosurfaces of the streamwise velocity deviation ū = U b -U Bl are depicted in fig 4.9 for both base flows. Values of ū are -0.3 U ∞ (blue) and +0.3 U ∞ (red). The boundary layer of the baseflow is also shown via contours of the base flow streamwise velocity at several streamwise locations so as to better visualize the location of the streaks. Close to the symmetry plane, similar low-and high-speed streaks can be seen for both base flows. The main difference between the two cases is observed in the outer streaks, where only case Re = 40, 000 exhibits a high-speed streak sitting in the trough of the horseshoe vortex.

To get a more quantitative understanding of the strength of the streaks, one can use the definition of the streak amplitude first proposed by Andersson et al. [

3]

A st = 1 2 max y,z ( ū(x, y, z)) -min y,z ( ū(x, y, z)) . (4.1)
This method was used in Ref. [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF]. At each x-position the roughness-induced flow is compared with the surrounding boundary layer flow. The amplitudes of the central streaks were separated from that of the outer horseshoe-vortex streak. The streamwise evolution of the streak amplitude is shown in fig 4 .10. The grey region corresponds to the streak stability limits of 26% and 37% identified in incompressible flow by Andersson et al. [START_REF] Andersson | On the breakdown of boundary layer streaks[END_REF] for the growth of sinuous and varicose modes respectively. It is clear that the varicose and sinuous modes are stable in case Re = 28, 000 and unstable in case Re = 40, 000. The maximum streak amplitude reached for case Re = 28, 000 is around 11% of the free stream velocity. For case Re = 40, 000, the maximum streak amplitude reaches 63%

x Streak amplitude [START_REF] Andersson | On the breakdown of boundary layer streaks[END_REF]. The grey region corresponds to the streak stability limits of 26% and 37%.

Response to a perturbation impulse at Re = 28, 000

The initial disturbance consists of an increment in the density, in a region of 3 × 3 grid points around the location (x, y, z) = (0.33, 0.5, 0.75), corresponding to a location within the boundary layer, upstream of the roughness element. This effectively introduces a disturbance with a sharp-edged distribution, which will excite a range of frequencies at low amplitude. The simulation restarts from the base flow with this initial disturbance and the response of the flow to this perturbation is monitored for four flow-through domains. Further investigation of the origin for these oscillations independent of the initial disturbance led to the speculation that it was caused by the outlet boundary condition. The use of a supersonic outflow boundary condition induces reflections of the disturbances at the boundary, that propagate backwards through the subsonic region. The use of a nonreflective, characteristic boundary condition along with a sponge layer is thus necessary. The results obtained by using this outflow boundary condition are presented next. Figure 4.12a shows the time histories of wall pressure perturbation at different streamwise locations. Once again, the initial disturbance induces a first wave packet observed at 0 < t < 100, which grows in amplitude as it convects downstream. However, the flow goes back to its basic state once the initial perturbation has exited the domain, contrary to the previous case. This confirms that the oscillations seen in fig 4 .11 were caused by reflections at the outflow boundary, and that the use of a characteristic boundary condition along with a sponge layer is necessary.

The response of the base flow to a perturbation impulse from fig 4.12a shows the presence of a convective instability in the roughness wake. The Power Spectral Density (PSD) of the response was computed so as to identify the characteristic frequencies of this instability. Figure 4.12b shows a single peak in the PSD, obtained at a frequency of approximately f = 0.12. The structures left at this time show a symmetrical mode at Re = 28, 000, which seems to have its origin in the three-dimensional separated shear layer close to the roughness element. This analysis shows that the dominant convective instability in the roughness wake at Re = 28, 000 is of the varicose type. The shape of the structures is qualitatively similar to the mode found by De Tullio [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF] at a frequency of f = 0.14 and at a lower supersonic Mach number (M ∞ = 2.5). 

Response to a perturbation impulse at Re = 40, 000

In the Re = 40, 000 case, the initial disturbance once again convects downstream, but the exponential growth at x = 90 occurs more rapidly and the time history of the wall pressure perturbation is more chaotic, as can be seen in fig [START_REF] André | Contrôle actif de la transition laminaire-turbulent en écoulement hypersonique[END_REF].14a. Hence it is difficult to identify a clear wave packet that convects downstream as in the Re = 28, 000 case. Even in the absence of disturbances, oscillations self-sustain in the wake of the roughness element.

The Power Spectral Density (PSD) of the response was computed so as to identify the characteristic frequencies of the most unstable mode. Figure 4.14b shows several peaks in the PSD, with a maximum amplitude obtained at a frequency near f = 0.24. This is likely to be attributed to the frequency of the convective instability in the roughness wake. Figure 4.15 shows the remaining modes at t = 180 by displaying the density perturbation. The structures left at this time show an anti-symmetric mode at Re = 40, 000. As in the previous case, it appears to have its origin in the three-dimensional separated shear layer close to the roughness element. This analysis shows that the dominant convective instability in the roughness wake at Re = 40, 000 is of the sinuous type. The shape of the structures is qualitatively similar to the mode found by De Tullio [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF] at a frequency of f = 0.24.

Perturbation kinetic energy budget

In order to get a better understanding of the mechanisms involved in the previously identified instabilities, the transfer of kinetic energy between the base flow and the varicose and sinuous modes is investigated. This method was used by Loiseau et al. [START_REF] Loiseau | Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations[END_REF] and was found to be very useful in characterizing the instability mechanisms of the global modes found in their analysis. The kinetic energy rate of change is given by the Reynolds-Orr equation:

∂E ∂t = -D + 9 ∑ i=1 V I i dV (4.2)
where the total kinetic energy and the total dissipation in the computational domain volume V are given by

E = 1 2 V u • u dV, D = 1 Re V ∇u : ∇u dV (4.3)
and where the integrands I i which represent the production terms are:

I 1 = -u 2 ∂U b ∂x , I 2 = -uv ∂U b ∂y , I 3 = -uw ∂U b ∂z , I 4 = -uv ∂V b ∂x , I 5 = -v 2 ∂V b ∂y , I 6 = -vw ∂V b ∂z , I 7 = -wu ∂W b ∂x , I 8 = -wv ∂W b ∂y , I 9 = -w 2 ∂W b ∂z .                (4.4)
The sign of the different integrands I i indicates whether the local transfer of kinetic energy associated with them is stabilising (negative) or destabilising (positive).

Figure 4.16a shows the integral over the whole computational domain of the integrands I 1 to I 9 . It is clear that the production terms V I 2 dV and V I 3 dV provide a large contribution to the energy transfer. In case Re = 28, 000, the varicose instability mainly extracts its energy from the work of uv against the wall-normal gradient of the base flow streamwise component ∂U b ∂y . This is consistent with the fact that the maximum of the streamwise velocity deviation of the base flow is located close to the symmetry plane and caused by the lift-up of low-momentum fluid from the near-wall region. In case Re = 40, 000, on the other hand, the sinuous instability also extracts its energy from the work of uw against the spanwise gradient of the base flow streamwise component ∂U b ∂z . This can also be observed in fig 4 .16b which shows the streamwise evolution of the production terms I 2 and I 3 . This is consistent with the observation that the horseshoe vortex in the outer region of the wake is stronger than in the Re = 28, 000 case and induces separate the symmetric and anti-symmetric modes of instability. In the anti-symmetric case, all the disturbances are set to zero except the spanwise velocity perturbation, whose derivative normal to the boundary is null. boundaries of the subdomains shown via black lines. The maximum of wall-normal v and spanwise w velocities is located in the counter-rotating vortex pair. The main vortex corresponding to one half of the counter-rotating vortex pair is well contained within the finer subdomain. The linear instability analysis is only performed at x = 65. This constitutes a good way of validating the LST-2D computations against the Spectral POD analysis of the unsteady simulations, and identifying the nature of the most unstable modes present in the counter-rotating vortex pair, in the wake of the roughness element.

A grid convergence study was first performed so as to choose a sensible grid density for carrying out the stability calculations at several frequencies. This can be observed in fig 4.19a where the spectra obtained for two grid densities: 61 × 61 and 91 × 91 are shown for the symmetric and anti-symmetric cases. The eigenvalues obtained by both grids agree well for two modes, as can be seen in the close-up of the figure. This is true for both the symmetric and the anti-symmetric modes. This gives confidence in the ability of the coarser 61 × 61 grid to compute the eigenmodes accurately. Note that the other modes which were obtained with one grid density only are numerical modes and will not be shown here.

Results

Re(α)

Im(α) .22. This type of instability has never been shown before as a linear instability in the wake of a roughness element in hypersonic flow. Hence, the LST-2D code is found to be an interesting method for the identification of linear instabilities in the roughness wake. Figure 4.19b shows that the symmetric and the anti-symmetric m = 2 and m = 3 modes have similar growth rates. The m = 1 mode, however, is more unstable in the anti-symmetric case. It will later be confirmed that the SPOD analysis of the unsteady simulations is able to obtain this m = 1 mode and to separate its symmetric and anti-symmetric contributions. The spectral POD method described in section 2.3.1 was used for extracting the dominant modes from a time series of two-dimensional snapshots from the unsteady simulations. First, the data was segmented into 7 overlapping blocks of 50% overlap, consisting of 300 snapshots each and the temporal Fourier transform was computed using Welch's method. The POD modes were then computed at a single frequency of ω = 0.7, i.e. f ≈ 0.11, which should correspond to the m = 1 helical mode. Two dominant modes were obtained: one with λ 1 = 68% of the total modal energy which is anti-symmetric with respect to the roughness centreline, and one with λ 2 = 20% of the total modal energy which is symmetric. The second symmetric mode is compared to the m = 4.3 Bi-local stability analysis of the roughness wake at Re = 28, 000 93 with SPOD, where numerical noise is observed outside of the mode location. This is due to the lack of snapshots used for the SPOD analysis. This shows that the linear stability approach is able to find the mode shapes of the dominant instabilities given that the symmetric and anti-symmetric helical instabilities at ω = 0.7 correspond to the dominant SPOD modes containing 88% of the total modal energy. The unsteadiness of the vortices can also be observed. One can notice the presence of counter-rotating streamwise vortices away from the symmetry plane due to the upstream separation-induced vortices wrapping around the roughness. As described in [START_REF] Chaudhry | Direct numerical simulation of roughness-induced transition in the VKI Mach 6 tunnel[END_REF], the shear layers bounding these streaks roll up and result in hairpin-shaped structures. Close to the symmetry plane and downstream of the roughness, large streamwise streaks are also present, inducing the formation of hairpin-shaped structures. Farther downstream, these trains of hairpin vortices eventually lead to the formation of secondary vortices, resulting in the spanwise spreading of turbulent structures, in a similar way to the results of Ref. [START_REF] Iyer | Boundary layer transition in high-speed flows due to roughness[END_REF].

The unsteadiness in the upstream region can be seen in fig [START_REF] André | Contrôle actif de la transition laminaire-turbulent en écoulement hypersonique[END_REF].27. Contours of instantaneous pressure are shown in the symmetry plane along with the boundary of the recirculation region. The fact that the bow shock wrapping around the roughness-element is a potential source of vortex structure unsteadiness was mentioned in [START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] and cannot be 

Regions of unsteadiness and PSD analysis

Three regions of unsteadiness have already been identified: the upstream recirculation region and its associated horseshoe vortex system developing away from the symmetry plane, the shear layer associated with the counter-rotating vortex pair close to the symmetry plane, and the shock system. Figure 4.28 shows the streamwise evolution of the turbulent kinetic energy integrated over the boundary-layer thickness in the symmetry plane at z = 0 and in the horseshoe vortex z = 2.5. One can notice that the disturbances in both regions experience a rapid exponential growth before reaching saturation. Higher levels of TKE are obtained in the horseshoe vortex compared to the symmetry plane. The spatial growth rate observed in the range 45 < x < 50 is similar. Transition occurs earlier in the horseshoe vortex near x = 50, which is due to the unsteadiness present in the upstream recirculation region. Strouhal number is defined as St = f δ * 0 /U ∞ . The PSD spectra clearly shows a peak at a Strouhal number of St = 0.05. A similar value of St = 0.055 was reported by Shrestha and Candler [START_REF] Shrestha | Direct numerical simulation of high-speed transition due to roughness elements[END_REF] as a frequency associated with the upstream region unsteadiness in the case of a diamond-shaped roughness. The unsteadiness of the shear-layer just aft the downstream recirculation region is thus likely to be caused by the unsteadiness of the horseshoe vortex system.

As observed in fig 4.30, the PSD obtained at probe 5 reaches a peak at St = 0.05 and another one at St = 0.24. With respect to probes 7 and 8, which are located in the horseshoe vortex, the peak-amplitude Strouhal number is St = 0.24. This frequency was found to be the dominant one in the analysis of base flow response to a perturbation impulse in section 4.2. It is due to a convective instability taking place in the shear layer of the horseshoe vortex. It appears consistent, considering the location of probe 8, that it is influenced by the sinuous instability.

SPOD analysis of the transition mechanisms

Spectral POD analysis was first performed in the roughness centreplane at z = 0 so as to characterize the low-frequency unsteadiness observed in the horseshoe vortex system. A total number of 1200 snapshots were sampled at a non-dimensional frequency of 6.25, resulting in 9 overlapping blocks of 400 snapshots each. Figure 4.31 shows the two-dimensional reconstruction of the dominant SPOD mode at f = 0.048 via contours of pressure fluctuations. Its modal energy is 43% of the total modal energy. The real and imaginary parts are shown so as to better understand the instability mechanism associated with this mode. A close-up near the upstream recirculation clearly shows some unsteadiness taking place in the horseshoe vortex system, which is linked to the shock system and the unsteady vortices in the separated region. The unsteadiness of the vortices results in motion of the shock system. This unsteadiness induces motion of the downstream recirculation region which generates instabilities in its associated shear Three-dimensional SPOD analysis was also carried out on the same frequencies so as to better visualize where the different modes of instability play a role. The 3D reconstruction of the dominant SPOD mode is shown in fig 4 .33 via isosurface of equal positive and negative w-velocity fluctuations for f = 0.048, f = 0.146 and f = 0.22. At f = 0.048, the unsteadiness of the horseshoe vortex system is responsible for the rapid transition in the horseshoe vortex and is connected to the unsteadiness of the near-wake in the roughness centreplane. At f = 0.146 and f = 0.22, the leading SPOD mode is associated with convective shear-layer instabilities and is stronger in the horseshoe vortex than in the roughness centreplane. The convective instability in the symmetry plane is of the sinuous type. This chapter aimed at studying the self-sustained transition mechanisms induced by an isolated roughness at Re δ * 0 = 40, 000. The analysis of the response to a perturbation impulse showed the presence of a convective varicose instability in the wake of the roughness at Re δ * 0 = 28, 000. LST-2D computations showed that this instability was the result of a helical instability taking place in the counter-rotating vortex pair generated by the roughness element. The self-sustained transition observed at Re δ * 0 = 40, 000 was characterized by the mean flow as well as PSD and SPOD analyses. The upstream horseshoe vortex system was found to play a key role in this process at a frequency of f = 0.05. The motion of the vortices in the upstream recirculation region generates pressure waves, which induces motion of the shock system. This has the effect of moving the stagnation point, and the connected three-dimensional shear layer, thus feeding the near-wake instabilities.
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Chapter 5 : Set up of a DNS of roughness-induced transition on a generic hypersonic forebody and validation with respect to Purdue's BAM6QT experiments

Analysis of Purdue's BAM6QT experimental data

Experimental set-up

Transition experiments involving passive roughness elements and active wall injection were conducted in the Boeing/U.S. Air Force Office of Scientific Research Mach 6 quiet tunnel (BAM6QT) at Purdue University by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF]. A schematic of the wind tunnel and its principle of operation was given in section 1.2. Chapter 5 : Set up of a DNS of roughness-induced transition on a generic hypersonic forebody and validation with respect to Purdue's BAM6QT experiments the calibration of the TSP measurements, by measuring the heat-flux into the model. The SB gauges consist of a thermopile, with the surface and base type T thermocouples in the pile both available for independent measurement. The gauges have the same diameter as the PCB transducers. They are factory calibrated, with calibrations around 0.65 mV/(kW/m 2 ).

Temperature-sensitive paint (TSP):

To visualize the temperature and heat-transfer distribution over the surface of the model, a luminescent paint called TSP which emits light at an intensity proportional to its temperature was used. Flow features can thus be identified such as stationary vortices induced by roughness elements and transition onset locations. After painting, the model was sanded smooth. During the wind tunnel run, the TSP is illuminated with two blue LED arrays. A Cooke Corporation PCO.1600 14-bit CCD camera captures the images at 30 Hz, triggered by an external function generator. The exposure time for each image is usually around 9 ms.

Further details regarding the experimental apparatus can be found in Ref. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF].

Experimental observations

Choice of wall boundary condition

The choice of boundary condition at the surface of the forebody may have a significant impact on the roughness effectiveness in tripping the boundary-layer. Some laminar computations have already been performed by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF] which showed that assuming an isothermal boundary condition at the wall was a reasonable choice. This can be seen in fig 5 .3 where the Stanton number obtained from steady laminar simulations with elsA assuming an isothermal wall is compared to the Stanton number issued from experimental TSP data. The Stanton number was computed as

St = q ρ ∞ u ∞ c p (T i -T w ) (5.1) 
where q is the wall heat flux and T i and T w = 300 K are the stagnation temperature and the wall temperature respectively. The relatively good agreement between the experimental results and the simulations validates the isothermal wall assumption. This is attributed to the fact that the TSP images are averaged over a short time (t < 0.25 ms). During this time, the surface of the model is not exposed long enough to the air flow to be heated up by it. In real flight condition however, the longer duration of the flight could make the isothermal wall assumption inaccurate.

The effect of variable wall temperature due to conjugate heat transfer along the flight trajectory was investigated by Thome et al [START_REF] Thome | Effect of steady forcing mechanisms on BOLT geometry for flight conditions[END_REF]. A loosely coupled conjugate heat transfer simulation was performed to quantify this effect on the wall temperature on the BoLT geometry. The results highlighted that a variable wall temperature leads to an increase of the boundary layer thickness and substantial modifications of the flow structures along the centerline. 

Use of transition correlations

The database generated by the roughness-induced experiments in the BAM6QT offers an opportunity for assessing the accuracy of the existing transition correlations, on a case where the roughness element is immersed in the three-dimensional boundary layer of a generic forebody. For the trip array cases, experimental results are available for four roughness heights: 0.6 mm, 0.8 mm, 1.0 mm and 1.2 mm, and for two angles of attack: 0 • and 4 • . The edge Mach number was estimated at M e = 4.2 and M e = 3.9 for angles of attack of 0 • and 4 • respectively. For the isolated roughness cases on the other hand, experimental results are only available for two roughness heights: 0.8 mm and 1.2 mm denoted I8 and I12 respectively. Using the roughness correlations such as Re kk for the trip array cases is not simple, as the roughness elements may influence the effectiveness and their neighbours. However, an average value of Re kk was computed over the different roughness elements. This is useful in getting insight into whether or not the trip array will trigger transition. Roughness correlations were thus computed from the base flow obtained without roughness on the smooth forebody at AoA 0 • and 4 • . For the definition of the respective roughness correlations, the reader is referred to section 1.3.5. Figure 5.5 shows a map of roughness based Reynolds number Re kk for several roughness heights, in the isolated and row of roughness cases. According to the experimental TSP and the PCB signals, all trip array configurations succeed in inducing transition before the end of the model except for the array of trips with height 0.6 mm (R6). This is true for both angles of attack. A critical value of Re kk close to 1000 can thus be obtained in the case of a trip array, as shown in fig [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF].4a with the green dashed line. This value has to be taken with caution, as it is based on an average value of Re kk over the different elements. Although experimental results are only available for cases I8 and I12 at AoA 0 • and 4 • , roughness correlations were computed for isolated roughness with four different heights: 0.6 mm, 0.8 mm, 1.0 mm and 1.2 mm. This can be seen in fig [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF].4b. The roughness The roughness Reynolds number based on the viscosity at the wall Re kw proposed by Bernardini et al. [START_REF] Bernardini | Parameterization of boundary-layer transition induced by isolated roughness elements[END_REF] was also computed for the isolated roughness cases and is shown in fig 5 .5a. The transition map proposed by Redford et al. [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF] was computed and is shown in fig 5 .5b. The black line is defined as M k T ∞ /T w = 3(Re kk -300)/700.

(

According to this correlation, all cases would trigger transition except for an isolated roughness of 0.6 mm in height (case I6) at an angle of attack of 0 • . This is in good agreement with the previous correlations Re kk and Re kw .

Further analysis of the wind-tunnel experiments results such as the effect of wind tunnel noise and roughness and jet injection tripping experiments can be found in André's thesis [START_REF] André | Contrôle actif de la transition laminaire-turbulent en écoulement hypersonique[END_REF].

Choice of configurations to study

Based on the previous analysis of the experimental data, and on the available computational resources, the choice was made to perform DNS for three configurations. All simulations were performed at an angle of attack of 4 • , to get closer to real-flight conditions. All three roughness configurations were found to successfully trigger transition before the end of the forebody as observed in the TSP images. The first configuration to study is with an isolated roughness element of height k = 0.8 mm (I8). Transition was observed in the wake of this roughness element relatively far downstream, close to the end of the model. Hence, this will be an interesting configuration for analyzing the transition mechanisms, and validating the LST-2D approach for the identification of the linear instabilities induced by a roughness element immersed in the three-dimensional boundary layer. The second configuration to study is with an isolated roughness element of height k = 1.2 mm (I12). Transition in this case occurs earlier, as the transition front was observed to move closer to the roughness element. This could be a challenging configuration in the validation of the DNS with respect to the experiments. This will also make it possible to study the effect of roughness height on the transition mechanisms, by comparing the results to the I8 case. Finally, the third configuration consists of a row of roughness elements of height k = 0.8 mm (R8). The main objective of this case is to analyze the effect of a row of roughness on transition mechanisms and onset location via comparison with the I8 case. This will also be a good opportunity to validate the chimera method on a very complex configuration involving nine roughness elements on the half-span forebody.

For each case, the roughness parameters such as the ratio of roughness height to boundary-layer thickness and the roughness Reynolds number are summarized in table 5. For each roughness element, the roughness Reynolds number Re kk and the roughness Chapter 5 : Set up of a DNS of roughness-induced transition on a generic hypersonic forebody and validation with respect to Purdue's BAM6QT experiments height to boundary-layer thickness ratio k/δ was computed from the smooth forebody baseflow. This may give an idea of which roughness elements are the most likely to trigger the earliest transition. This figure also shows that the flow is not homogeneous in span i.e. the boundary-layer thickness is not constant over the whole span, and the flow holds a streamwise vortex. 

Steady simulations on the smooth forebody configuration

Generation of the grid around the forebody

Prior to building the grid around the forebody that will be used for the unsteady simulations, a preliminary grid (Grid#1) depicted in fig 5.7a was constructed. As it can be seen, the geometry of the forebody is poorly defined, which results in a wavy surface. This wavy surface and the lack of refinement and adaption of the grid to the shock, induce numerical oscillations behind the shock as observed in the contours of density in the symmetry plane. As a consequence, the surface of the forebody was smoothed by means of a Laplacian smoothing which enabled to get rid of this wavy surface. Moreover, the grid around the forebody was adapted based on the position and shape of the leadingedge shock. This enabled the grid lines to be aligned with the shock, and to refine the grid at the shock location. As can be seen in fig [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF].7b, these steps were successful in preventing numerical oscillations emanating from a lack of grid resolution at the shock. Therefore, the topology of this grid (Grid#2) and the way it is constructed is detailed hereafter.

The topology of the multiblock grid is depicted in fig 5 .8 by showing the block edges. In total, 96 blocks are used for the half-span forebody so as to generate a smooth mesh, prevent skewed cells, and ensure suitable orthogonality of the grid cells. The critical part of the grid is located near the nose of the model, where the three-dimensional shape of the generic forebody makes the grid susceptible to skewed cells in the corners which could introduce non-physical features into the flow. To tackle this problem, the O-grid topology shown in the close-up of fig 5.8 was adopted. This led to an improvement of the grid orthogonality and the skewness of the cells in this region.

The final grid resulting from this topology is seen in fig 5.9 around the forebody in Chapter 5 : Set up of a DNS of roughness-induced transition on a generic hypersonic forebody and validation with respect to Purdue's BAM6QT experiments the symmetry plane. The red lines show the edges of the blocks, in the symmetry plane and on the surface of the forebody. It can be observed that the boundaries of the computational domain were constructed so as to make the grid around the forebody aligned with the leading-edge shock. This was done by extracting the surface of the shock from a previous simulation. This prevents numerical oscillations coming from a lack of grid resolution at the shock location.

Figure 5.9: Grid around the forebody shown in the symmetry plane. The computational domain follows the shape of the leading-edge shock so that the grid is aligned with the shock to prevent numerical oscillations.

Set up of the laminar simulation

The flow is set to Mach 6 at a unit Reynolds number of Re u = 11 × 10 6 and the forebody is set to an angle of attack of 4 • . The freestream temperature and pressure are T ∞ = 51.7 K and P ∞ = 629.6 Pa respectively. A uniform supersonic flow is imposed at the inlet of the computational domain. The forebody and the roughness elements are assumed to be isothermal and set to the initial model temperature of T w = 300K. Experimental calibration obtained from Schmidt-Boelter heat transfer gauges revealed that this was a reasonable assumption. At the outlet, the grid is stretched in the streamwise direction and a sponge layer with 15 grid cells is used to avoid unwanted reflections at the boundary that would propagate back upstream through the subsonic region.

For the computation of the laminar base flow used in the stability analysis, steady simulations are carried out with elsA. AUSM+ is used for the convective fluxes, as well as a Minmod limiter. Time integration was achieved using an implicit (backward Euler) scheme. The system is integrated in time at a CFL of up to 60, until a decrease of four orders of magnitude in the average residual is achieved.

To know the grid refinement needed for accurately predicting this laminar flow, steady laminar simulations were carried out, with a coarse grid of 50 million cells and a fine grid of 200 million cells. The number of cells (N x , N y , N z ) for each grid is (950,265,200) for the coarse grid and (1500,420,325) for the fine grid. The results obtained with both grids are compared in terms of wall-normal profiles, at x = 0.100 m corresponding to the roughness streamwise location and for several spanwise locations on the smooth forebody. This is shown in fig 5 .10. Good agreement is obtained in the velocity, pressure and den-sity profiles, which indicates that a grid of 50 million cells is fine enough for predicting the laminar boundary layer over the smooth forebody. Note that, as seen in the spanwise velocity v profiles, there exists a spanwise component of the velocity which is caused by the motion of the fluid from the attachment line towards the symmetry plane. 

Validation with respect to Purdue's BAM6QT experiments

In the experiments, laminar flow could be observed with the smooth insert with no roughness. The wall heat flux obtained from a steady simulation with elsA was compared to the experimental heat flux as seen in fig 5 .11. No difference could be observed between the heat flux contours obtained with the coarse grid and those obtained with the fine grid. Hence, the results obtained with the coarse grid of 50 million cells are shown here. The heat flux contours induced by the laminar flow over the smooth forebody show patterns of two steady vortices close to the centreline. Hot streaks can also be observed in the midspan region, which are likely to be due to a stationary crossflow instability, known to be dominant on three-dimensional geometries.

The comparison shows that similar heat flux levels are reached in the nose region. In addition, the two lower heat flux regions due to the centreplane and the half-span streamwise vortex are predicted at the same location. On the other hand, the experimental TSP shows large values of heat flux at the attachment line, which is attributed to the post-processing of the TSP images. Finer stationary crossflow patterns are obtained in the midspan region with the experimental TSP. Refining the grid did not show any modification of the width of stationary crossflow patterns. The discrepancies are thus attributed to the fact that the steady simulation performed with elsA does not allow for fine structures experiencing transition. The thin hot streaks observed in the midspan in the experiments could also be induced by surface imperfections near the notionally smooth insert. forebody and validation with respect to Purdue's BAM6QT experiments In summary, favourable agreement is reached between the experimental TSP and the steady simulations on the coarse grid of 50 million cells in the first part of the forebody up to the roughness insert. This indicates that the grid in this region is fine enough to predict the laminar base flow with a good accuracy. For the downstream part, aft the roughness insert, the grid would have to be refined in the case of unsteady simulations focusing on roughness-induced transition.

Validation of the unsteady simulations of roughness-induced

transition on a generic forebody

Generation of the grid around the diamond-shaped roughness element

The grid around the sharp-edged diamond-shaped roughness element has to be constructed so as to be fine enough for accurately capturing the flow features it induces. The quality of the mesh based on the skewness and orthogonality of the grid cells is also of high importance, to prevent grid-to-grid points oscillations, and accurately capture the roughness-induced shock. The topology of the grid adopted for an isolated diamondshaped roughness element is shown in fig 5 .12. The edges of the blocks are shown via black lines, while the transparent grey surfaces are the boundaries of the mesh and the red surfaces are the wall surfaces. In total, 40 blocks are used. The number of points in all directions is also shown and is equal to: n r,1 = 57, n r,2 = 73, n θ = 100 and n z = 260. As the edges of the roughness are sharp, the smoothness of the grid is ensured thanks to the O-grid topology around the element and the clustering of the grid lines near the roughness element edges. This can be observed in fig 5 .13 where the grid is shown at the wall and on the roughness element.

With respect to the generation of the grid for a row of roughness elements, the same topology as for an isolated roughness was kept, but the grid boundaries were slightly modified. The topology of the resulting grid for a row of roughness elements of height 0.8 mm (R8) is shown in fig 5 .14. The cubical shape of the grid boundary enables the 

Choice of computational strategy

Performing scale-resolving DNS over the entire domain i.e. over the entire half-span forebody would lead to a prohibitively expensive grid, that was estimated to be near 25 billion cells. The region of interest in the study is only located on the windward side of the forebody, and in the wake of the roughness element as we mainly focus on the transition mechanisms induced by roughness. It was shown in section 5.2.3 that up to the roughness insert, the heat flux contours agreed well between the experimental TSP and the simulations performed with a coarse grid. Thus, it appears that a fine grid resolving the small scales is only required in the region near the roughness element and in its wake. With such considerations, two different methods were considered for carrying out the unsteady simulations to study roughness-induced transition.

The first method, denoted method A, consists in interpolating the steady solution 5.3 Validation of the unsteady simulations of roughness-induced transition on a generic forebody 117 obtained with a coarse grid, onto a subdomain where the grid is refined and satisfies the DNS constraints. The second method denoted method B consists in using overlapping grids with the chimera method, which enables different grid densities for the different parts of the mesh to be set.

Method A: Subdomain

The principle of method A is depicted in fig 5 .16. Once a steady base flow solution has been obtained using the full domain, its is then interpolated onto a subdomain of interest as seen in fig 5 .16 with the transparent dark grey surfaces. A supersonic boundary condition is extracted from the base flow solution and set at the inflow. The flow was initialized with the steady base flow solution, and steady simulations were then performed to check that the method could preserve this solution.

However, as it can be seen in figures 5.17 and 5.18, this method is not suitable in particular at an angle of attack different from 0 • , because of the reflections likely to be occuring at the boundaries. This is observed in fig 5.17 where an unwanted heating pattern is seen on the surface of the forebody near the end of the model. The leading-edge shock is also affected by the lateral boundary condition as it is observed in fig 5 .18. Another drawback of this method is the complexity of the grid generation as the roughness element has to be meshed directly on the forebody. This leads to a dramatic rise in the time required for the mesh generation in case of a change in the roughness geometry. Finally, the computational cost of this method is found to be high, as the resulting grid is composed of 1 billion cells. 

Method B: Chimera method

The principle of method B i.e. the chimera method is shown in fig. 5.19. It consists in using different grid densities for the different parts of the mesh, depending on the features of interest. For instance the grid around the forebody is coarse, while the grid around the roughness element and the refined domain is fine and satifies the DNS constraints. The following advantages can be found over the previous method: forebody and validation with respect to Purdue's BAM6QT experiments no reflections are caused by the boundary conditions as the computational domain remains unchanged, no interpolation errors are present at the supersonic inflow boundary, it is easier to change the roughness geometry, since the roughness element can be meshed separately, there is a lower computational cost, as the number of cells is decreased down to around 300 million cells.

Based on these considerations, the choice was made to use the chimera method for the unsteady simulations to study roughness-induced transition on the forebody. The numerical set up of this method is detailed in the following section. The leading-edge shock is visualized with contours of density gradient magnitude in the symmetry plane.

Set up of the unsteady simulations using the chimera method

To capture transition induced by the roughness and keep the computational cost affordable, overlapping grids with 2 cells overlap are generated and used with elsA. This chimera technique is called 'Patch Assembly' [START_REF] Blanc | Patch assembly: An automated overlapping grid assembly strategy[END_REF]. The computational domain and boundary conditions are shown in fig 5 .19. To reduce the computational cost, only half of the forebody is simulated and a symmetry boundary condition is applied in the plane (O, x, z). The number of cells and grid sizes used for each element are gathered in table 5.3. A coarse grid of 50 million cells is thus used around the forebody, which is still fine enough for accurately computing a laminar baseflow. A fine grid of 35 million cells is forebody and validation with respect to Purdue's BAM6QT experiments used around the diamond-shaped roughness element. A refined domain containing 255 million cells is added near the roughness and in its wake, so as to capture the roughnessinduced instabilities leading to transition. The Overset/Chimera grid system can be seen in fig 5 .19. The meshing strategy enables the DNS constraints to be met within the refined domains. The highest value of mesh sizes are found to be ∆x + = 7, ∆y + = 5, and z + = 0.5 in a turbulent region for the first cell above the wall. The compressible Navier-Stokes equations are numerically solved on a structured mesh using the in-house finite-volume solver elsA [START_REF] Cambier | The Onera elsA CFD software:input from research and feedback from industry[END_REF]. The second order AUSM+ scheme [START_REF] Liou | A sequel to AUSM: AUSM +[END_REF] is selected for spatial discretization, coupled with a third-order limiter. Validation against high order schemes detailed in the previous chapters showed that the current spatial discretization was suitable for predicting the roughness-induced transitional flow at Mach 6. The diffusion flux densities were evaluated using a 5-point stencil and a central discretization. Time integration is made using an implicit Gear method of 2 nd order, with 10 Gear sub-iterations in order to increase the time step and reduce the computational time. The time step is 2 × 10 -8 s. The simulated physical time after cleaning out the transient state is 5 ms, which corresponds to around 15 flow-throughs of the domain.

Validation with respect to Purdue's BAM6QT experiments

Wall heat flux

Results of the simulations were first compared to the BAM6QT experimental data in terms of wall heat flux. The comparison for the three cases (I8, I12 & R8) of the timeaveraged heat flux can be seen in fig [START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF].20. Good agreement is obtained for the two isolated roughness cases. The values of the heat flux contours are similar: the transition front is at the same streamwise location and the same shape of the turbulent wedge is obtained. In the I8 configuration, although the shape and location of the turbulent wedge is in good agreement, transition seems to happen earlier in the DNS as the transition front is located closer to the roughness element. This difference could be explained by a potential misalignement of the forebody model in the tunnel. Asymmetry of the heat flux patterns could be observed in the wind tunnel runs involving a row of roughness element [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF]. This is due to the model being slightly yawed with respect to the freestream. If the model were perfectly aligned with the freestream, it is likely that better agreement would be obtained in the transition front location.

With the isolated roughness of height 1.2 mm (I12), the shape, width and location of the turbulent wedge is also in good agreement. The longitudinal streaks in the laminar region can be observed in the TSP image and are found at the same spanwise location as with the simulations. The magnitude of the heat flux in this part is larger in the DNS. This is attributed to the higher spatial resolution of the simulations compared to the postprocessing of the TSP. The transition front is in this case closer to the roughness insert in the experiments, which means that transition occurs earlier.

In the case of a row of roughness elements of height 0.8 mm (R8), as the vortices generated by each roughness element interact with each other, the prediction of the wall heat flux appears to be more challenging. In this laminar region, the magnitude of heat flux is once again larger in the DNS results which is consistent with the previous isolated roughness cases. On the other hand, good agreement is obtained in terms of which roughness elements induce the strongest heat flux patterns. Two to three turbulent wedges can be observed in the experimental and numerical results. Good agreement is reached in the streamwise and spanwise location of their transition front. This can be easily seen for instance with the location of the turbulent wedge close to the symmetry plane of the forebody, with respect to the PCB sensor locations.

The wall heat flux results obtained with the DNS are overall in favourable agreement with the experimental TSP images, which is quite satisfying given the complexity of the configuration. This validates the use of overlapping grids with the chimera method for predicting wall heat flux patterns and whether or not transition will occur. As shown in fig 5 .21, the frequency peak at f = 180 kHz obtained for PCB1 and PCB3 is accurately captured in the wake of the isolated roughness element I8, although the PSD value is higher in the experiments. The PSD values are well predicted at all sensors and the slope of the PSD curves in the high frequencies ( f > 250 kHz) is the same in the experiments as in the DNS. The main discrepancies are found in the low frequency region ( f < 30 kHz) as well as in the prediction of the peak-amplitude frequency obtained in PCB4, where the DNS predicts a lower frequency. Reasonable agreement is also obtained for the R8 configuration for PCB1, PCB2 and PCB3, as shown in fig 5 .22. The spectral distribution is similar. For the PCB1 sensor, the peak obtained at f = 180 kHz is relatively well captured by the DNS. The high-frequency decay in PSD values also has the same slope, except for PCB4, where the curves exhibit differences from f = 300 kHz, where the PCB sensors are not meant to give accurate forebody and validation with respect to Purdue's BAM6QT experiments In the case of the isolated roughness element I12 (fig 5.23), the comparison between experiments and DNS shows some larger discrepancies. Reasonable agreement is obtained at the PCB1 location although the slope of the PSD decay at high frequencies is different for f > 300 kHz. The level of PSD is overpredicted by the DNS for all PCB locations. Comparison is carried out in a region where the flow is already turbulent, which represents a more discriminating validation case than the previous configurations. Direct numerical simulations have been performed on a realistic configuration of hypersonic vehicle forebody to investigate the laminar-turbulent transition induced by a diamond-shaped roughness element. The methodology adopted was to use overlapping grids with the Chimera method. A comparison with the experimental wall heat flux and pressure fluctuations was found to be satisfying as reasonable agreement was obtained with the numerical set up. This gives confidence in the numerical strategy used as well as the analysis of roughness-induced transition mechanisms detailed in the next chapter. The main objective of this chapter is to identify and characterize the instabilities present in the wake of a diamond-shaped roughness which are responsible for the transition occurring in the span-inhomogeneous boundary layer of a hypersonic forebody. Another goal is to study the effect of a trip array compared to an isolated roughness, of roughness height and of freestream acoustic disturbances on transition.

Wall pressure fluctuations

For each of the simulated cases, the main features of the roughness-modified base flow were first identified. The boundary layer on the forebody in which the roughness is immersed is indeed quite different from a span-homogeneous Blasius boundary layer as it includes a streamwise vortex. The linear instabilities in the roughness wake were characterized in the boundary layer of the forebody, by means of bi-local stability analyses (LST-2D) and DNS. The effect of having a row of roughness instead of an isolated roughness was studied, as well as the effect of roughness height. Finally, a receptivity study for an isolated roughness was carried out by adding acoustic disturbances in the freestream.

126

Chapter 6 : Study of transition mechanisms induced by diamond-shaped roughness on a generic hypersonic forebody

Analysis of the roughness-induced flow features 6.1.1 Analysis of the roughness-modified base flow

The topology of the base flow induced by the different roughness configurations investigated in this study is shown in fig 6 .1, where contours of streamwise velocity are depicted at several streamwise locations. The isolated roughness cases generate much narrower crossflow vortex patterns (figs 6.1a and 6.1c), compared to the array of roughness elements (fig 6.1e). For each of the configurations considered, the overturning streamwise velocity contours show strong roll-up of the dominant vortices, which indicates the presence of a crossflow disturbance field. In the case of the isolated roughness of height 0.8 mm (I8), only three dominant vortex structures are observed, with the main central vortex being a crossflow-like vortex. Increasing the roughness height (case I12) leads to secondary vortex structures that spread farther in span and grow larger. The row of roughness elements leads to the formation of more crossflow-like vortices which coalesce i.e. merge as will be seen later. The time-averaged flow computed from the unsteady simulations is also shown in figures 6.1b, 6.1d and 6.1f. One can see that the base flow and time-averaged flow differ from x = 0.25 m as the flow breaks down to turbulence. The turbulent wake induced by the roughness elements can also be observed. It is wider in the I12 and the R8 acses than in the I8 case. The large streamwise vortex close to the symmetry plane of the forebody remains steady and the trip array does not seem to have an influence on this vortex. This is due to the large thickness of the boundary layer compared to the roughness height.

Isolated roughness of height 0.8 mm (I8)

The base flow topology in case I8 is depicted in fig 6 .2a. The roughness element induces two separated flow regions, immediately upstream and downstream of the roughness element, shown in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].2a with red isosurfaces of infinitesimally small negative velocity. The shape of the recirculation regions resembles the one induced by a roughness immersed in a Blasius boundary layer except it is slightly yawed.

The near-wall streamlines along the forebody show motion of the fluid from the attachment line towards the symmetry plane. As a result, the base flow in which the isolated roughness is immersed has a spanwise component of the velocity. As observed in the close-up of fig 6.2a, the interaction between the roughness element and the spaninhomogeneous base flow leads to the formation of a crossflow-like vortex. The rotation of the fluid around the vortex core is characterized by the helicoidal motion of the streamlines in the roughness near-wake. The counter-rotating vortex pair inducing longitudinal streaks, that is typically found in the wake of isolated roughness elements in a span-homogeneous flow, is not present in this case. The transition mechanisms are thus different i.e. the classical symmetric and anti-symmetric instabilities are no longer observed.

As shown in figures 6.2b and 6.2c, high values of spanwise and wall-normal velocity gradients are found around this crossflow-like vortex. The spanwise gradients are mainly 6.1 Analysis of the roughness-induced flow features 129 concentrated on the shoulder of the crossflow vortex whereas the wall-normal gradients are located on its trough. The presence of this high-shear layer is associated with highly unstable modes as will be discussed later.

Isolated roughness of height 1.2 mm (I12)

The topology of the base flow induced by the isolated roughness of height 1.2 mm (I12) is depicted in figs 6.3 and 6.4. As for the I8 case, the roughness element induces two separated flow regions, immediately upstream and downstream of the roughness element, shown in fig 6 .3 with red isosurfaces of infinitesimally small negative velocity. Due to the higher roughness element, the upstream recirculation region is much larger than in the I8 case. This leads to the formation of horseshoe vortices away from the roughness centreplane as can be seen in the close-up of the figure. Contrary to the previous case, the counter-rotating vortex pair present close to the roughness centerplane can sustain in the wake of the roughness element. This counter-rotating vortex pair is almost symmetrical, hence it is likely that the classical symmetric and anti-symmetric instabilities can be observed. This is better seen in fig 6.4 where the streamwise vorticity and velocity gradients of the base flow are shown in the wake of the isolated roughness at x = 0.120 m. On the right hand side of the figure, the streamwise vorticity and velocity gradients for the I8 roughness are also shown for comparison. Due to the higher roughness, the ratio of roughness height to boundary-layer thickness increases up to k/δ = 1.03, which has a large effect on the topology of the roughness-modified base flow. The roughness element induces larger modifications of the base flow, and different flow features. High similarity can be seen between the crossflow-like vortex of the I8 roughness, and the crossflow-like vortex present in the horseshoe vortex induced by the I12 roughness, between -16 < y < -12 (mm). The values sit in the same range and the shape is similar, although the vortex induced by the I12 roughness appears to be more elongated in the spanwise direction. The main differences are observed in the centreplane of the roughness near y = -18.5 mm. Because of the increased height of the roughness, a strong counter-rotating vortex pair is induced that resembles the counter-rotating vortex pair present in the wake of a roughness immersed in a two-dimensional base flow. The values of streamwise vorticity are more than twice as large as for the isolated roughness I8 (or the row of roughness R8) as the maximum values in the vortex cores are 6 × 10 5 and 2.5 × 10 5 for case I12 and case I8 respectively. Another difference is seen in the left-hand side of the figure in the other horseshoe vortex near y = -22. This vortex contains strong velocity gradients which are associated with highly unstable modes.

Row of roughness of height 0.8 mm (R8)

The topology of the base flow induced by the trip array can be seen in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].5. The streamwise vorticity and velocity gradients of the base flow are shown in the wake of the trip array at x = 0.120 m. It can be seen that the row of roughness generates a 

Instantaneous flow characteristics

For each case, a visualization of the instantaneous temperature contours in a wallparallel plane at a location of 0.8 mm away from the wall is shown in figs 6.6 to 6.8. From these contours, one can observe the main features induced by the roughness elements such as a hot low-speed streak surrounded by colder high-speed streaks. The occurrence of transition is easily seen as the streaks become unstable and start to be modulated in the wake of the roughness. In turn, the streaks break down and a turbulent wedge is generated. This turbulent wedge becomes wider as the height of the roughness element is increased, or when a row of several roughness elements is used. Figures 6.8 shows the instantaneous temperature contours induced by the isolated roughness of height 1.2 mm quiet case and noisy case respectively. 6.2 Transition mechanisms induced by an isolated roughness of height 0.8 mm

Linear instabilities in the roughness wake

As the vortex pattern in the wake of the isolated roughness element is compact i.e. located in a narrow region, it is possible to apply bi-local stability (LST-2D) calculations without getting spurious modes originating at the boundaries. In this work, we focus only on the disturbances of the main vortex as it is found to be where the peak fluctuations are located and where transition occurs first. Unstable modes present in the surrounding boundary layer are thus not studied here. Moreover, low frequency unstable modes could be identified at measurement locations that were sufficiently far downstream. They are not shown here as we focus mainly on the high-frequency disturbances, which are linked more closely with the observed onset of laminar breakdown in the unsteady calculations. This can be observed in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].9 where the disturbance energy integrated at different streamwise positions is shown as a function of frequency. The amplitude of the disturbances is the highest at f = 135 kHz in the near-wake region and at f = 265 kHz further downstream.

Due to the spanwise component of the basic state velocity, the trajectory of the main vortex is not aligned with the direction of the freestream. Therefore, the LST-2D computations are conducted in two-dimensional planes perpendicular to the main vortex trajectory. In order to get insight into the dominant unstable modes present in the wake of the roughness element, the stability analyses are first conducted at a single streamwise location x = 0.120 m. The spatial growth rates are shown in fig 6.10. A total of three dominant high-frequency modes were selected, namely a Mack second mode, a helical mode and a secondary instability of the finite-amplitude crossflow vortex induced by the roughness. In all stability computations shown in this work, the main crossflow vortex was discretized with a 45 × 45 grid. The accuracy of these calculations was verified on finer grids in both spanwise and wall-normal directions. Triangle-shaped symbols shown in fig 6 .10 represent the results obtained with a 60 × 60 grid around the main vortex. The peak growth rate of both the helical and Mack mode is reached around 235 kHz whereas the secondary instability is the most unstable around 275 kHz. The range of unstable frequencies associated is very broad, extending from almost 0 kHz to over 600 kHz. As explained in Ref. [START_REF] Li | High-frequency instabilities of stationary crossflow vortices in a hypersonic boundary layer[END_REF], the large frequency bandwidth of this mode appears consistent as it lies in the relatively thin, inclined shear layer associated with the overturning contours of axial velocity from the strong crossflow vortex. Its shape and location are similar to the 'z' mode obtained in previous stability studies in swept-wing three-dimensional boundary layers [START_REF] Xu | The secondary instabilities of stationary crossflow vortices in a Mach 6 swept wing flow[END_REF]. The mode shapes of each dominant mode will now be discussed in the following sections, moving from the least unstable to the most unstable mode.

Mack mode

Contours of second-mode (i.e. Mack mode) |u | and |p | eigenfunctions at peak growth rate frequency f = 235 kHz and x = 0.120 m are shown in fig 6 .11. The red line corresponds to the sonic line. The peak pressure fluctuations are concentrated between the wall and the sonic line and the streamwise velocity eigenfunctions lie in the lower part of the crossflow vortex just above the sonic line. This is consistent with its definition as an acoustic wave trapped in the relative supersonic region [START_REF] Mack | On the inviscid acoustic-mode instability of supersonic shear flows[END_REF]. This mode is present even in the absence of roughness on the smooth forebody boundary layer. As explained by De Tullio and Sandham [START_REF] Tullio | Influence of boundary-layer disturbances on the instability of a roughness wake in a high-speed boundary layer[END_REF], the roughness element mainly acts as a disturbance amplifier 

Helical instability

Figure 6.12 shows the mode shapes of the helical mode. The eigenfunctions u , v and w were normalized such that the magnitude of the peak p fluctuation across the vortex is equal to unity. The fluctuations of this mode are concentrated inside the crossflow vortex, in its downwelling part. It is composed of a single spiral which makes it an m = 1 mode. The spiral in fig 6 .12 is drawn from [v , w ] streamlines. The helical instability was found with LST-2D at different axial stations to measure the global contribution of this mode in the transition process. Figure 6.13 plots the spatial growth rate of the helical mode between x = 0.105 m and x = 0.120 m. The instability rapidly grows before reaching its maximum growth-rate at x = 0.110 m. It then decreases in growth rate and becomes stable from x = 0.125 m. Even though the spatial growth rate of the mode is high, no helical mode was found with the SPOD analysis of the unsteady simulation. This is attributed to the fact that it is unstable only in a very small region (x ∈ [0.105; 0.120]) compared to the extent of the linear amplification part of the flow (x ∈ [0.110; 0.170]) and because of the dominance of the secondary instability of the crossflow vortex. However the helical instability may play a key role in the unsteadiness of the near-region of the roughness wake. The peak frequency of this mode increases with increasing streamwise distance, which limits the maximum amplitudes that can be reached, contrary to the following secondary instability of the crossflow vortex which remains in the same frequency band.

Secondary instability

The fluctuations are predicted at the same location and spread following the same shape. This validates the linear stability approach for finding the mode shapes given that the most unstable mode corresponds to the dominant SPOD mode containing 99% of the total modal energy. The streamwise evolution of the leading secondary instability mode growth rate predicted by LST-2D is shown in fig 6 .16a. The local growth rate decreases between x = 0.110 m and x = 0.180 m but the mode remains unstable. The range of unstable frequencies is broad for all axial stations, extending from almost 0 kHz to over 600 kHz. For a given frequency, the N-factor predicted by DNS is computed as the logarithmic amplification ratio of the streamwise velocity whereas the N-factor predicted by LST-2D is computed as

N f = x 1 x 0 -α i dx, (6.1) 
where the origin x 0 is arbitrarily taken at 0.120 m. Figure 6.16b shows a comparison of the N-factor streamwise evolution predicted by LST-2D and DNS. We observe that the peak of the N-factor spectra is predicted at nearly the same frequency by DNS and LST-2D. The peak frequency predicted by DNS calculations is reached at f = 265 kHz whereas the LST-2D results predict a slightly higher peak frequency of f = 275 kHz. One can see that the N-factor obtained by both methods increases monotonically. However the N-factor based on LST-2D computations is lower than the DNS predictions. The N-factor at x = 0.180 m when transition occurs is equal to 8 in the DNS and 7.2 in the LST-2D. Similar differences were observed in the work of Choudhari et al. [START_REF] Choudhari | Nonlinear evolution and breakdown of azimuthally compact crossflow vortex pattern over a yawed cone[END_REF] and De Tullio et al. [START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF], where the N-factor obtained with LST computations was below the one predicted by DNS and PSE. The differences here are attributed to the high degree of non-parallelism taking place in the wake of a roughness immersed in a flow with a non-zero mean a spanwise component of the velocity.

Nonlinear breakdown to turbulence

The previous analysis has shown that the diamond-shaped roughness element induces strong shear-layer instabilities in its wake, which sustain the rapid linear growth of disturbances. Further downstream, following the linear wake instability, the highamplitude disturbances present in the roughness wake are able to trigger strong nonlinear interactions, leading to mode saturation and breakdown to turbulence. Figure 6.17 shows contours of time-averaged wall shear on the forebody windward surface, along with crossplane contours of TKE at selected x locations. The TKE contours were normalized to unity at each axial station. White line contours superposed on TKE contours denote the shear magnitude u s = (∂u/∂y) 2 + (∂u/∂z) 2 of the time-averaged flowfield. At x = 0.120, the TKE is maximum at the secondary instability location, in the curved shear layer. High-amplitude wall shear is found on the forebody surface, below this curved part of the shear-layer. Further downstream at x = 0.180, nonlinear interactions start to occur, indicating the onset of transition. These nonlinear interactions lead to mode saturation, and to the generation of a turbulent wedge, which can be observed at x = 0.240 and x = 0.260. This turbulent wedge grows laterally for increasing streamwise distance. Figure 6.17 shows contours of time-averaged wall shear on the forebody windward surface, along with crossplane contours of TKE at selected x locations. The TKE contours were normalized to unity at each axial station. White line contours superposed on TKE contours denote the shear magnitude u s = (∂u/∂y) 2 + (∂u/∂z) 2 of the time-averaged flowfield. At x = 0.120, the TKE is maximum at the secondary instability location, in the curved shear layer. High-amplitude wall shear is found on the forebody surface, below this curved part of the shear-layer. Further downstream at x = 0.180, nonlinear interactions start to occur, indicating the onset of transition. These nonlinear interactions lead to mode saturation, and to the generation of a turbulent wedge, which can be observed at x = 0.240 and x = 0.260. This turbulent wedge grows laterally for increasing streamwise distance.

The development of large time-averaged vortical structures can be observed in fig 6 .18. Two main steady streamwise vortices can be observed in the first part of the turbulent wedge. For increasing streamwise distance, new quasi-streamwise vortices can be observed near the edge of the turbulent wedge. The figure shows that the spanwise growth of the turbulent wedge is due to the lateral displacement of the streamwise vortices as well as the generation of new vortices. As in De Tullio's thesis [START_REF] Tullio | Receptivity and transition to turbulence of supersonic boundary layers with surface roughness[END_REF], the development of these vortices can be used to estimate the rate of lateral spreading of turbulence as shown with the red lines in fig 6 .18. The lines are inclined to 3.1 • to the streamwise direction. This can also be observed in fig 6 .19 which shows the location of the edge of the turbulent wedge indicated by the red lines superposed on contours of instantaneous temperature in a wall-parallel plane, 1.2 mm away from the wall. The half angle of the turbulent wedge is close to 3.1 • . 

Effect of roughness geometry on transition

The different configurations simulated were chosen so as to investigate the effect of roughness geometry on the transition mechanisms and on the transition onset. Hence, the effect of a row of roughness of height 0.8 mm (R8) will first be compared with the isolated roughness of height 0.8 mm (I8). In a second part, the effect of roughness height will be analyzed by comparing the results obtained for an isolated roughness of height 1.2 mm (I12) and an isolated roughness of height 0.8 mm (I8).

Effect of a row of roughness 6.3.1.1 Linear instability of the roughness wake

Due to the large number of vortices present in the wake of the trip array, their interaction and the induced non-parallel flow make it difficult for the LST-2D method to be applied. Using the unsteady data obtained with DNS, the same methodology as for the isolated roughness case was used for determining the frequencies of the most unstable modes. The resulting N-factor spectra are shown in fig 6 .20. The dashed lines correspond to the isolated roughness case. The N-factor achieved by the most unstable modes are slightly higher with the trip array and peak at a comparable frequency near 275 kHz. One can also observe the emergence of a higher frequency mode being most unstable near 375 kHz. The lower frequency band corresponds to secondary instabilities of the stationary crossflow vortices. This can be seen in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].21 where the mode shapes based on streamwise velocity fluctuations are shown at several axial stations. The peak fluctuations are found at the same location as for the isolated roughness case, in the thin inclined shear layer. The higher frequency band at 375 kHz, which has a higher N factor, also corresponds to secondary instabilities of stationary crossflow vortices and is depicted in fig 6 .22. The real part of the Fourier transform based on pressure fluctuations is shown. The peak fluctuations are also located in the thin, inclined shear layer, in the outer crossflow vortices. One can also observe that as the flow moves downstream, the number of vortices decreases while their size increases. This is due to the coalescence of the vortices. In other cases, we can observe the creation of secondary vortices.

Comparison to the isolated roughness

Finally, the flow structures and tripping efficiency for the isolated roughness I8 and the row of roughness R8 are compared. Figure 6.23 shows instantaneous isosurfaces of the Q criterion. In the transitional region, oblique hairpin-like structures are observed in both configurations. They are caused by the base flow deformation due to the nonlinear development of the dominant secondary instability mode. They are slightly different from the hairpin vortices typically observed in parallel flows in the sense that their cross section is not perpendicular to the vortex trajectory. Those structures rapidly break down, leading to a turbulent wedge that grows in the spanwise direction. The spanwise spreading of the turbulent wedge is larger with the isolated roughness, although the use of a trip array leads to a wider turbulent region at the end of the forebody due to the merging of the different turbulent wedges. This can also be observed in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].24 with the contours of instantaneous surface heat flux.

To examine the tripping efficiency of both configurations, the time-averaged skin friction coefficient is compared. The skin friction coefficient in fig 6 .25 was averaged over the spanwise extent of the turbulent wake between the two black dashed-lines present in fig 6 .24. It is defined as

C f = τ w /( 1 2 ρ ∞ u 2 ∞ ). (6.2)
Upstream of the region of influence of the roughness element (x < 0.085 m), the skin friction value of the laminar boundary layer agrees well with Eckert's compressible laminar flow correlation [START_REF] Eckert | Engineering relations for heat transfer and friction in high-velocity laminar and turbulent boundary layer flows over surfaces with constant pressure and temperature[END_REF] where the correlation origin is taken at x = 0.02 m which corresponds to the beginning of the flat portion of the forebody, aft the leading-edge. The skin friction coefficient upstream of the roughness is the same in both cases, which means that the spanwise extent of the averaging is appropriately chosen. Downstream of the roughness element, the skin friction rises sharply from x = 0.200 m for the trip array and at x = 0.180 m for the isolated roughness, indicating the onset of transition. We observe that the flow becomes transitional earlier in the isolated roughness configuration. After breakdown to turbulence, the skin friction values are found to agree well with Eckert's turbulent correlation when the correlation origin is set to the roughness location x = 0.100

Chapter 6 : Study of transition mechanisms induced by diamond-shaped roughness on a generic hypersonic forebody m. Eckert's turbulent correlation [START_REF] Eckert | Engineering relations for heat transfer and friction in high-velocity laminar and turbulent boundary layer flows over surfaces with constant pressure and temperature[END_REF] is computed as Given that the extent of the turbulent wake is very different in each case, it is difficult to determine which configuration is the most efficient in tripping the boundary layer. When looking at the streamwise evolution of the skin friction coefficient, it seems like transition occurs earlier in the isolated roughness case. However this highly depends on the spanwise extent chosen for averaging the skin friction coefficient. Hence, no definite conclusion can be drawn regarding the tripping efficiency performed by both configurations using the span-averaged skin friction coefficient. When looking at the instantaneous heat flux on the forebody surface, the isolated roughness seems to trigger an earlier transition than the trip array in the symmetry plane of the isolated roughness element. The turbuelent wake obtained at the end of the forebody is however wider with the trip array configuration R8.

C f = 0.0592 Re 0.2 x * . ( 6 

Effect of trip spacing ratio s/D

To investigate the effect of trip spacing ratio s/D, with s the spacing between two roughness centers and D the roughness width, on the roughness-induced transition on the generic forebody, an additional trip array configuration was considered. It consists of 4 roughness elements on the half-span forebody, separated by s/D = 4. The baseflow induced by this trip array configuration is depicted in fig 6 .26. It can be noticed that only the two outer roughness elements are able to generate large amplitude crossflow vortices. The other two roughness elements closer to the forebody symmetry plane are not high enough to induce large-amplitude disturbances. In between the large-amplitude crossflow-like vortices, we observe the quick coalescence of horseshoe vortices which leads to more stable vortices. For each configuration (I8, R8 with s/D = 2 and s/D = 4), the upstream and downstream separated flow regions induced by the roughness are shown in fig 6 .27. In the R8 configuration with s/D = 2, one can notice that due to the high proximity of the roughness elements to each other, the separated region upstream of each element influences its neighbours, resulting in larger separated region that extends over the whole span influenced by the trip array. In the R8 case with s/D = 4, the separated regions induced by each roughness element are independent from each other and the separated region gets smaller. This is in good agreement with Ref. [START_REF] Whitehead | Flowfield and drag characteristics of several boundary-layer tripping elements in hypersonic flow[END_REF], where the extent of separation was found to decrease with increasing s/D.

The vortical structures induced by the two R8 configurations with s/D = 2 and s/D = 4 are depicted in fig 6 .28. As observed in the description of the baseflow, only two of the trips from the array configuration R8 with s/D = 4 generate large enough disturbances to trigger transition. The comparison of the isosurfaces of Q criterion shows that the R8 configuration with s/D = 2 more effectively triggers transition. This is attributed to the fact that the horseshoe vortices present in between the roughness elements in the s/D = 4 configuration merge, which leads to the formation of more stable vortices. This observation is in contradiction with Refs. [START_REF] Morrisette | Boundary-layer tripping with emphasis on hypersonic flows[END_REF] and [START_REF] Whitehead | Flowfield and drag characteristics of several boundary-layer tripping elements in hypersonic flow[END_REF], where a trip spacing ratio s/D lower than 3 was found to delay transition and with Schneider [START_REF] Schneider | Effects of roughness on hypersonic boundary-layer transition[END_REF] who observed that when the trips are placed too close to each other, the two-dimensional separation makes the trip array appear like a two-dimensional roughness (cf. fig 6.27), which is known to be less effective than three-dimensional vortex generators at hypersonic speeds. These studies focused on roughness effects in two-dimensional flows and this difference is likely to be caused by the spanwise-inhomogeneity and the crossflow effects induced by the threedimensional geometry of the forebody. 

Effect of roughness height

The results obtained for an isolated roughness of height 1.2 mm (case I12) will now be presented. The same methodology as for the row of roughness is used for the characterization of the linear instabilities in the roughness wake and for the comparison with the isolated roughness of height 0.8 mm (case I8).

Linear instabilities in the roughness wake

To identify the most energetic frequencies present in the roughness wake, the Power Spectral Density of the pressure fluctuations was computed at different streamwise positions. The results are shown in fig 6 .29. One can observe in the stations close to the roughness element at x = 0.120 m and x = 0.130 m, a peak in the PSD at a frequency near 100 kHz. Then, in the other axial locations, the PSD amplitude reaches a maximum for a frequency of about 250 kHz. This frequency sits in the same range as the one found for the secondary instabilities observed in cases I8 and R8. Based on this PSD analysis, the N-factor was computed at each frequency. It is shown in fig 6 .30. The N-factor achieved by the most unstable modes peak at frequencies of f = 250 kHz which is comparable to the previous configurations. A higher-frequency mode being most unstable at f = 440 kHz can also be observed.

The shape and location of the most unstable mode that peaks at f = 245 kHz are shown in fig 6 .31. The streamwise evolution of the real part of the Fourier transform of streamwise velocity and pressure fluctuations is shown at f = 245 kHz. One can see that the most unstable mode is located in the lateral shear-layer of the outer horseshoe vortex. This vortex is the farthest away from the symmetry plane of the forebody. Looking at the shape of the modes obtained from streamwise velocity and pressure fluctuations, it resembles the shape of the secondary instabilities obtained in the I8 and R8 cases except it is larger and further inclined which makes it a type-I mode. This is consistent with fig 6.4 which shows the dominance of the spanwise gradients of the streamwise mean flow (∂u/∂y).

The higher frequency band peaking at 440 kHz also corresponds to a secondary instability. It is shown in 6.32. The streamwise evolution of the real part of the Fourier transform of pressure fluctuations is shown at f = 440 kHz. The shape of this mode is similar to the previous one.

Comparison to the isolated roughness I8

The flow features and tripping efficiency obtained for the isolated roughness I12 are compared to those obtained for the isolated roughness I8. Figure 6.33 shows instantaneous isosurfaces of the Q criterion. Increasing the roughness height has the effect of making the roughness appear larger to the boundary-layer i.e. increasing the ratio k/δ. This induces a much larger and wider upstream recirculation region which generates additional vortices. This was already observed in the description of the base flow. Transition breakdown first occurs in the outer horseshoe vortex. It originates from the curved, almost vertical structures present in the lateral shear layer, as was found in the previous characterization of the linear instabilities. Similar flow structures to the isolated roughness I8 are observed in the inner horseshoe vortex (the one closer to the forebody symmetry plane). The same oblique hairpin-like structures are observed, that rapidly break down, leading to a turbulent wedge. Hence, this vortex is likely to experience the same transition mechanisms as those found in case I8, that is a secondary instability of the crossflow vortex. The turbulent wedge induced by this vortex is far enough from the This can also be observed in fig 6 .34 with the contours of instantaneous surface heat flux. From this figure, transition appears to occur sooner when increasing the roughness height. As for the comparison of cases I8 and R8 showing the effect of a row of roughness, the skin-friction coefficient is compared for case I8 and I12 and is shown in fig 6 .35. It is averaged in span between the two black dashed lines, which corresponds to the spanwise boundaries of the turbulent wedge obtained at the end of the forebody with the isolated roughness I8. The value of span-averaged skin friction coefficient is much higher in the near wake of the I12 roughness compared to the I8. This is due to the fact that the horse- The addition of acoustic disturbances was performed using the method described in section 2.4. We recall the definition of the source term s to be added to the right hand side of the continuity equation as

s(x, t) = a exp(-r 2 ) 20 ∑ m=0 20 ∑ n=1 cos(β m y + φ m ) sin(ω n t + φ n ), (6.4) 
where a = 0.05 is the amplitude, r = (xx f ) 2 + (zz f ) 2 gives the distribution with x f = 90 mm, z f = -9 mm, β m = 2πm/L z is the spanwise wave number and ω n = 2πnF 0 is the frequency with F 0 = 20 kHz. The acoustic source has got 20 spanwise modes and 20 temporal modes, which makes the forcing frequencies sit in the range f ∈ [20, 400] kHz.

The simulation was advanced in time in the same way as for case I12, with the addition of this source term to the continuity equation. Figure 6.36 shows the rms of pressure fluctuations p rms in a streamwise yz-plane at x = 95 mm which is 5 mm downstream of the acoustic source location (x f = 90) and upstream of the roughness element. One can see that this forcing is composed of 20 randomly generated spanwise modes and that the fluctuations are not constant over the span. We can also see that the maximum amplitude of the pressure fluctuations is lower than 0.05% as it reaches a maximum value of 0.04% near the spanwise location y = -25 mm. 

Effect of freestream acoustic noise

The instantaneous flow features induced byt the isolated roughness I12 in the presence of acoustic perturbations is shown in fig 6.39 via contours of instantaneous temperature in a wall-parallel plane 0.8 mm away from the wall. The addition of acoustic perturbations in the freestream leads to an earlier transition, as the modulations of the streak occur earlier. As the turbulent wedge is formed closer to the roughness element, the turbulent wedge obtained at the end of the domain is wider in the noisy case. The time-averaged flow induced by the roughness element is also depicted in fig 6.40 The fact that transition occurs earlier in the noisy case can be observed in fig [START_REF] Baker | The laminar horseshoe vortex[END_REF].41 which compares the turbulent wedges in the wake of the isolated roughness I12, by showing isosurfaces of the Q criterion. This clearly shows that increasing the freestream noise level has the effect of moving the vortical structures upstream, closer to the roughness element. These structures breakdown faster and earlier than in the quiet case, and the spanwise spreading of the turbulent wedge is stronger and also occurs earlier. It is likely that adding acoustic disturbances in the freestream does not change the roughnessinduced transition mechanisms but mainly accelerates the transition breakdown process. Figure 6.42 shows the instantaneous heat fluxes on the surface of the forebody with the isolated roughness I12 in both quiet and noisy conditions. The two black dashed lined are shown at the same position in both cases, which shows the effect of adding acoustic perturbations. This leads to a stronger spanwise spreading of the turbulent wedge, as turbulent patterns can be observed outside of the dashed lines in the noisy case. The acoustic disturbances also have the effect of moving the transition patterns in the linear region upstream and to make them wider. On the other hand, the hot streaks present in the upstream laminar part around the roughness and in its near wake are similar in both cases. First, an isolated roughness was considered. The presence of the roughness in the span-inhomogeneous base flow leads to the formation of a crossflow-like vortex. Linear modal stability analysis was applied in the roughness wake and three dominant high-frequency modes were identified. The roughness induces longitudinal streaks that are subject to a rapidly growing helical mode holding a single spiral.

The second Mack mode present in the unperturbed boundary-layer upstream of the roughness is also present in its wake and its shape is strongly modulated by the roughness-induced stationary crossflow vortex. Finally, the secondary instability of the finite amplitude crossflow vortex was found to be the most unstable mode. The mode shapes and most amplified disturbance frequencies were found to be in good agreement with the most energetic Spectral POD mode. The N-factor of the most unstable mode predicted by the LST-2D computations is also in close agreement with DNS predictions as it is only 10% lower. The effect of a trip array configuration has also been investigated. The results show that the trip array is less effective in tripping the boundary layer to transition than the isolated roughness. This is attributed to the fact that the roughness elements are placed too close to each other. The most unstable disturbances also consists of secondary instabilities located in the thin, inclined shear layer of the stationary crossflow vortices. These disturbances are the most amplified at higher frequencies than with the isolated roughness element. The effect of roughness height has also been studied. The results show that increasing the roughness height leads to stronger velocity gradients of the baseflow, which are associated with more unstable modes. This has the effect of inducing an earlier transition, and a wider turbulent wake. The effect of adding acoustic disturbances was also quantified and showed that it did not change the instability mechanisms. The existing instabilities are instead amplified and lead to an earlier transition.

Conclusions and future work

In this thesis, the effect of roughness on the instability and subsequent transition behaviour of a Mach 6.0 boundary layer has been studied. The principal focus has been on identifying and characterizing the self-sustained transition mechanisms on a flat plate as well as the roughness-induced transition mechanisms on a realistic configuration of hypersonic vehicle forebody. The investigations have been performed numerically with direct numerical simulations, using the DNS solvers elsA from ONERA and OpenSBLI from the University of Southampton, and linear stability analysis with the code BIGSAM. The main contributions of this work are the analysis of the linear instability of the wake generated by a diamond-shaped roughness element immersed in the span-inhomogeneous base flow around a hypersonic forebody and the cross-validation of Navier-Stokes and spatial LST-2D simulations.

A synthesis of the main results obtained in this work and suggestions for further study are provided in the following.

Major conclusions

Validation of elsA

Validation of the solver elsA which is widely used in industry has been performed against OpenSBLI and SBLI Legacy, which are based on high-order accurate schemes. Results have shown the ability of the second order AUSM+ scheme in elsA, to predict the hypersonic flow past a roughness element and its induced features. elsA and OpenSBLI were compared on a laminar case at Re δ * 0 = 8, 200. A transitional case at Re δ * 0 = 14, 000 was then investigated. For this, acoustic perturbations were added in the freestream via a source term in order to reproduce the test case of Van den Eynde and Sandham [START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF]. The comparison of the flow computed with AUSM+ to the one obtained with the 6 th order Lele compact scheme and the WENO-5Z scheme showed that the second order scheme was capable of predicting hypersonic flows where transition is induced by roughness and acoustic perturbations as long as the grid is dense enough. The same flow features were obtained, and the prediction of the skin friction coefficient and the disturbance energy integrated over the boundary layer was similar to the higher-order schemes.

Roughness wake instability

The analysis of the response to a perturbation impulse has shown the presence of a convective varicose instability in the wake of the smooth-edged cylindrical roughness at Re δ * 0 = 28, 000. Bi-local stability computations have revealed the presence of symmetric 161 and anti-symmetric helical instabilities in the counter-rotating vortex pair generated by the roughness. The mode shapes and frequency of these instabilities were found to be in good agreement with those obtained from Spectral POD analysis of the unsteady DNSdata.

Self-sustained transition mechanisms

The self-sustained transition observed at Re δ * 0 = 40, 000 was characterized by means of PSD and SPOD analyses. The upstream horseshoe vortex system was found to play a key role in this process at a frequency of f = 0.05. The motion of the vortices in the upstream recirculation region generates pressure waves, which induces motion of the shock system. This has the effect of moving the stagnation point, and the connected three-dimensional shear layer, thus feeding the near-wake instabilities.

Instability and transition on a 3D hypersonic forebody

Direct numerical simulations have been performed on a realistic configuration of hypersonic vehicle forebody to investigate the laminar-turbulent transition induced by a diamond-shaped roughness element. Performing DNS on such a configuration appears to be quite challenging. It was made possible by the use of overlapping grids with the Chimera method. This allowed for local refinement of the grid around the roughness and in its wake. Reasonable agreement was obtained with the experimental wall heat fluxes and the wall pressure fluctuations obtained in the BAM6QT tunnel [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF], which showed the validity of the method.

First, an isolated roughness of height 0.8 mm was considered. The presence of the roughness in the span-inhomogeneous base flow leads to the formation of a crossflow-like vortex. Spatial bi-local stability analysis was applied in the roughness wake and three dominant high-frequency modes were identified. The roughness induces longitudinal streaks that are subject to a rapidly growing helical mode holding a single spiral. The second Mack mode present in the unperturbed boundary-layer upstream of the roughness is also present in its wake and its shape is strongly modulated by the roughnessinduced stationary crossflow vortex. Finally, the secondary instability of the finite amplitude crossflow vortex was found to be the most unstable mode. The mode shapes and most amplified disturbance frequencies were found to be in good agreement with the most energetic Spectral POD mode. The N-factor of the most unstable mode predicted by the LST-2D computations was also in close agreement with DNS predictions as it was only 10% lower.

The effect of a trip array configuration has also been investigated. Using an array of roughness of height 0.8 mm separated by a trip spacing ratio of s/D = 2 was found to have a stabilizing effect as transition was moved further downstream. This is attributed to the fact that the roughness elements are placed too close to each other. The most unstable disturbances also consist of secondary instabilities located in the thin, inclined shear layer of the stationary crossflow vortices. Those disturbances are the most amplified at higher frequencies than with the isolated roughness element.

The effect of roughness height has also been studied with an isolated roughness of height 1.2 mm. The results showed that increasing the roughness height leads to stronger velocity gradients of the baseflow, which are associated to more unstable modes. This has the effect of inducing an earlier transition, and a wider turbulent wake.

Methodology

The use of DNS with the industrial solver elsA on academical configurations as well as more complex configurations showed that it was a mature tool. It was found to be useful in identifying the transition mechanisms induced by roughness via SPOD analysis of the unsteady flowfield. A laminar baseflow could easily be computed via steady simulations. LST-2D calculations could then be carried out using this baseflow, and a good agreement was found between the unstable modes from SPOD and LST-2D computations. This shows that the numerical strategy is mature for identifying the most unstable modes, their frequency and growth rates. The Chimera method appeared to be useful for studying roughness-induced transition on complex configurations. The use of overlapping grids leads to a more simple grid generation process and allows for a quick change in the roughness geometry. Validation against the BAM6QT experimental data showed that the method was accurate. The time required for the time-resolved DNS on the forebody was around 45 days on 800 cores, which makes it difficult to be used for an optimisation of the size and shape of the roughness element. It should be rather considered as a tool for assessing the good performance of a particular design, or for finely studying the transition mechanisms induced by the roughness.

Suggestions for further work

A continuation of this work could take a number of different paths. A list of suggestions for future work is provided in the following.

The identification and the characterization of the global instability induced by a smooth roughness at high Reynolds number (Re δ * 0 = 40, 000) would benefit from an optimal perturbation study. Resolvent analysis of the mean flow induced by the roughness would be useful in identifying the optimal forcing leading to the largest gain.

Prior to performing LST-2D to characterize the instabilities induced by the roughness element on the generic forebody, a deeper investigation of the stability of the smooth forebody should be conducted so as to better understand how the roughness modifies the existing instabilities such as the second Mack mode. This work has shown the presence of helical mode instabilities in the roughnessinduced counter-rotating vortex pair. It would be interesting to see what is the contribution of this instability to the shear-layer secondary instabilities observed more downstream. The transient growth of the helical instabilities could play an important role in the transition process.

One could think about performing PSE-3D analysis of the roughness wake on the forebody to account for non-parallel effects and get closer to the DNS predictions.

The effect of roughness shape for inducing transition on the generic forebody could be investigated. The Chimera method enables the shape of the roughness element to be modified easily as only the roughness grid has to be modified. It would be of interest for verifying that the diamond shape is the most efficient for the design of hypersonic flight vehicles.

The effect of crossflow and spanwise inhomogeneity of the base flow could be quantified. Crossflow was found to significantly modify the transition mechanisms. Some quantification of the effect of crossflow on the tripping effectiveness would be interesting and could add up to the existing roughness-induced transition criteria.

The roughness-induced transition criteria (Redford et al. [START_REF] Redford | Compressibility effects on boundary-layer transition induced by an isolated roughness element[END_REF] and Bernardini et al. [START_REF] Bernardini | Compressibility effects on roughness-induced boundary layer transition[END_REF]) could be improved by taking into account the disturbance amplitudes and types. This could be done by generating a database with OpenSBLI which showed good performance on GPUs.

Résumé en Français

Ce travail de thèse s'inscrit dans le cadre des études sur de futurs véhicules hypersoniques à propulsion aérobie. Pour ce type de véhicule, il est nécessaire de déclencher la transition laminaire-turbulent au moyen de rugosités en amont des prises d'air. Plus précisément, les travaux de cette thèse se concentrent sur la mise en place de simulations numériques haute fidélité (DNS) et d'analyses de stabilité linéaire bi-locale pour décrire et identifier les mécanismes de transition déclenchée par une rugosité isolée ou une rangée de rugosités. Les simulations sont effectuées avec le code elsA développé par l'ONERA. Différentes configurations sont proposées et un avant-corps réaliste à grand nombre de Reynolds reproduisant une configuration expérimentale soufflée à l'université de Purdue est étudié.

Le chapitre 1 présente l'état de l'art concernant d'une part les études menées sur les projets de véhicules hypersoniques (programmes Hyper-X, HIFire, BOLT, LEA) et d'autre part les éléments théoriques sur les scénarios de transition de couche limite (carte de Morkovin) et les différentes instabilités observées à grande vitesse comme les modes de Mack, les instabilités 3D de type crossflow, les instabilités de Görtler. La transition naturelle sur corps lisse en régime hypersonique est décrite au travers des principaux modes instables observés dans la littérature par DNS et par analyse de stabilité linéaire (second mode de Mack, streaks et instabilité secondaire associé au crossflow). Les effets sur la transition d'une rugosité isolée immergée dans la couche limite sont alors présentés et notamment la topologie de l'écoulement généré (tourbillon en fer à cheval, onde de choc, tourbillons en épingle induits dans le sillage). Différents facteurs influants sont présentés comme le nombre de Mach, la température paroi et la forme de la rugosité. Enfin les corrélations empiriques basées sur des nombres de Reynolds caractéristiques sont rappelées.

Le chapitre 2 décrit les outils utilisés dans la thèse. Il débute par une présentation du code OpenSBLI développé à l'Université de Southampton qui sera utilisé pour valider les simulations effectuées avec le code elsA. Il s'agit d'un code parallèle ayant la possibilité de fonctionner sur GPU, basé sur des schémas WENO d'ordre élevé améliorés et une intégration temporelle Runge-Kutta d'ordre 3. Puis le code elsA est présenté avec un choix entre des schémas d'ordre 2 de type AUSM+ ou un schéma compact filtré d'ordre 6. Une méthode chimère est disponible dans le code pour gérer des géométries complexes. La méthode de POD spectrale permettant d'extraire les modes les plus énergétiques issus des simulations est ensuite décrite puis le code BIGSAM de stabilité linéaire 2D est présenté. Enfin un forçage acoustique peut être introduit en entrée de calcul pour déclencher la transition.

Le chapitre 3 présente la validation des codes elsA et OpenSBLI sur un cas de couche limite laminaire puis une configuration avec transition. La première configuration consiste en un écoulement hypersonique de plaque plaque sur laquelle est posée une rugosité de type bosse. Le nombre de Reynolds basé sur l'épaisseur de déplacement amont est de Re=8200. Une étude de convergence en maillage est effectuée. Les profils de couche limite issus des solutions obtenues avec les codes elsA et OpenSBLI se superposent. La seconde configuration consiste en un écoulement sur plaque plaque sur laquelle est posée une rugosité de type bosse aplatie. Le nombre de Reynolds basé sur l'épaisseur de déplacement amont est de Re=14000. Un forçage acoustique est introduit en amont pour déclencher la transition. Les simulations obtenues avec les codes OpenSBLI et elsA sont comparées. De plus l'effet du schéma convectif (AUSM+ versus compact Lele) est étudié. Les résultats montrent un très bon accord entre les simulations dans la partie laminaire (notamment les zones de recirculation au niveau de la rugosité) et aussi dans la région de transition localisée en aval, même si des écarts sont visibles sur la finesse des structures tourbillonnaires obtenues avec le code elsA-ordre 2 par rapport aux autres simulations. Des stries longitudinales sont observées, formant des tourbillons en épingle à cheveux et qui ensuite mènent à la turbulence. Ces résultats attestent de la capacité des schémas d'ordre 2 implémentés dans elsA à reproduire des cas laminaire et transitionnel sur une grille suffisamment fine.

Le chapitre 4 est dédié à l'étude d'une configuration transitionnelle dite auto-entretenue (i.e. sans perturbations extérieures), à grand nombre de Reynolds, à la description des mécanismes sous-jacents et à l'analyse des instabilités associées. La configuration retenue est similaire au cas du chapitre précédent (rugosité isolée de type bosse aplatie) avec un domaine de calcul raccourci dans la mesure où l'étude se focalise sur les phénomènes générés proche de la rugosité. Trois nombres de Reynolds sont considérés: Re=14000 (laminaire), Re=28000 (début de transition) et Re=40000 (transitionnel auto-entretenu). Pour ce dernier Reynolds, une étude de convergence en maillage est menée et permet de fixer la grille de calcul (470 millions de points). La comparaison entre les codes OpenSBLI et elsA montre un bon accord sur la topologie de l'écoulement: zones de recirculation, stries longitudinales, développement de structures en épingle à cheveux. Par la suite, la réponse de l'écoulement de base laminaire à une perturbation amont (bruit blanc sur le champ de masse volumique) est étudiée aux deux plus grands Reynolds. Pour Re=28000, il existe une instabilité convective de nature variqueuse dans le sillage de la rugosité alors que pour Re=40000, une instabilité convective de nature sinueuse est illustrée. Une analyse de stabilité linéaire bi-locale est alors menée à Re=28000 et se focalise sur les perturbations issues des tourbillons contra-rotatifs générés en aval de la rugosité. Les modes les plus instables et les taux d'amplification sont étudiés et mettent en évidence la présence de 3 différents modes à différentes fréquences correspondant à une instabilité hélicoïdale. Un bon accord est obtenu entre les résultats de stabilité linéaire bi-locale et la décomposition SPOD des données instationnaires issues de la DNS. Le cas à Re=40000 est ensuite finement analysé au travers de visualisations de l'écoulement, d'analyse PSD et de décompositions SPOD. Trois régions d'intérêt sont investiguées: la recirculation en amont et la naissance du tourbillon en fer à cheval, la paire de tourbillons contra-rotatifs présents dans le sillage et la zone de choc. Différentes fréquences associées à une instabilité convective se développant en aval dans la couche cisaillée du tourbillon en fer à cheval et aux instationnarités développées en amont ressortent des PSD. Ce sont les modes de ces dernières qui dominent les SPOD et montrent que le tourbillon en fer à cheval apparaissant en amont de la rugosité semble être le phénomène moteur dans la transition en faisant osciller le choc, le point d'arrêt et la couche cisaillée tri-dimensionnelle se développant en aval.

Le chapitre 5 décrit la mise en place des simulations de la configuration d'avant-corps à grand nombre de Reynolds et la validation avec les données expérimentales issues de l'Université de Purdue en soufflerie silencieuse. Dans un premier temps, la géométrie et les données exploitables sont présentées ainsi que les 3 configurations retenues pour les simulations comprenant une rugosité losange isolée avec deux hauteurs (0,8 et 1,2 mm dénommées I8 et I12) et une rangée de rugosités (R8). Une première série de simulations laminaires stationnaires est effectuée avec le code elsA sur géométrie lisse et un accord raisonnable sur les contours de flux de chaleur pariétal est obtenu. Par la suite la stratégie numérique utilisée pour simuler les configurations incluant les rugosités est détaillée. Compte tenu de l'impossibilité d'effectuer une simulation directe de la géométrie complète, une alternative est de recourir à la méthode chimère comprenant différents maillages chevauchant et de mailler finement la zone d'intérêt uniquement. Le maillage ainsi généré comprend 300 millions de points. Les simulations sont effectuées avec le code elsA (ordre 2 en espace et implicite ordre 2 en temps). La validation avec les données expérimentales (flux de chaleur et spectre de pression) indique un accord correct pour les rugosités isolées. Des écarts importants apparaissent cependant pour le cas de la rangée de rugosités, imputés à un problème d'alignement de la géométrie dans la soufferie.

Le chapitre 6 présente alors l'analyse des mécanismes de transition sur la configuration d'avantcorps mise en place précédemment. L'écoulement est caractérisé par un mouvement hélicoidal généré en aval et le développement de structures transverses. D'autre part, une paire de tourbillons contra-rotatifs est observé pour le cas I12 contrairement au cas I8. La rugosité I12 induit une recirculation amont plus importante ce qui génére le développement de structures supplémentaires en aval. Les analyses de stabilité linéaire bi-locale mises en place montrent l'émergence de 3 modes: le second mode de Mack, un mode hélicoidal et un mode associé à l'instabilité transversale secondaire (crossflow stationnaire) due aux effets 3D. Les deux premiers modes n'apparaissent pas dans les décompositions SPOD où le mode crossflow domine très fortement. C'est un résultat important car c'est la première étude caractérisant les instabilités induites par une rugosité sur un avant-corps réaliste de véhicule hypersonique. L'effet de la taille de la rugosité sur la transition est ensuite examiné. L'évolution du facteur N en fonction de la fréquence fait apparaitre un mode le plus instable correspondant à l'instabilité crossflow pour le cas I8. Ce mode est aussi présent pour le cas I12 et il émerge en plus un second mode à plus haute fréquence associé à une autre instabilité secondaire de crossflow pour les structures supplémentaires qui se développent. Dans les deux cas, c'est l'instabilité de crossflow qui pilote la transition et elle se produit plus tôt dans le sillage avec la géométrie I12 par rapport à I8. Le chapitre se termine par une étude de réceptivité du cas I12 à une perturbation acoustique introduite via un forçage en amont dans une gamme de fréquence [START_REF] Bonfigli | Secondary instability of crossflow vortices: validation of the stability theory by direct numerical simulation[END_REF]400] kHz. Il est observé que la transition suit les mêmes mécanismes et se produit plus tôt. Etude DNS de la transition déclenchée par rugosité dans les écoulements hypersoniques Mots clés: Hypersonique, rugosité, transition laminaire-turbulent, DNS, stabilité Résumé: Cette étude s'inscrit dans le cadre des études et recherches sur de futurs véhicules hypersoniques à propulsion aérobie. Pour ce type de véhicule, il est souvent nécessaire de déclencher la transition laminaire-turbulent en amont des prises d'air, au moyen de rugosité. Le travail de cette thèse consiste donc à étudier nement les mécanismes de transition déclenchée par rugosité dans les écoulements hypersoniques. Des simulations numériques directes ont été réalisées avec la méthode Chimère an d'identier les mécanismes de transition déclenchée par rugosité sur un avant-corps générique à Mach 7 et un nombre de Reynolds de Re = 11 million (/m). Un accord raisonnable a été obtenu avec les résultats des tests eec-tués dans la souerie silencieuse BAM6QT de l'Université de Purdue, en terme de ux de chaleur et de uctuations de pression à la paroi. Une rugosité isolée a été considérée. La présence de la rugosité dans l'écoulement de base nonhomogène en envergure génère un tourbillon de type crossow. A haute fréquence, des instabilités secondaires du tourbillon de crossow stationnaire sont observées dans le sillage de la rugosité et sont considérées comme responsable de la transition. Des calculs de stabilité linéaire bi-locale ont été eectués à diérentes positions axiales. L'approche de stabilité linéaire s'est révélée précise pour la prévision des modes propres, des fréquences les plus ampliées et du taux d'amplication des instabilités.
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8 Chapter 1 : Literature Review 1 . 1 Importance of predicting transition and roughness effects for the design of hypersonic vehicles 1 . 1 . 1

 8111111 Hyper-XHyper-X was a hypersonic flight vehicle program carried out by NASA which consisted in a series of flight tests of the X43 scramjet vehicle at hypersonic conditions. Starting from 1996, wind tunnel tests were first performed to design boundary-layer trip devices for the Hyper-X forebody. Details about the flight and wind tunnel test program can be found in Refs.[START_REF] Berry | A comparison of active and passive methods for control of hypersonic boundary layers on airbreathing configurations[END_REF][START_REF] Berry | X-33 hypersonic boundary layer transition[END_REF][START_REF] Berry | Boundary layer control for hypersonic airbreathing vehicles[END_REF]].An experimental investigation of the boundary-layer trip effectiveness and the effect of the trips on the aeroheating characteristics for a 1:3 scale Hyper-X forebody model was performed in the 20-Inch Mach 6 Air Tunnel, the 31-Inch Mach 10 Air Tunnel (fig 1.1a), and the HYPULSE RST Tunnel at GASL[START_REF] Berry | X-33 hypersonic boundary layer transition[END_REF]. Heat-transfer distributions, shock system details, and surface streamline patterns were measured on the forebody model. The boundary-layer transition was tripped with five arrays of roughness, of different shapes and heights. Comparisons of boundary-layer transition as a result of discrete roughness elements led to the selection of an array of swept ramp vortex generators. This final configuration was selected based on a minimization of entrained vorticity within the turbulent region and consideration of the thermal sustainability of the trip. For the Mach 7 flight, a row of roughness elements of height 3.17 mm (k/δ = 0.6) seen in fig 1.1b was selected to provide transition onset prior to the end of the first ramp, whereas a k/δ = 1.0 roughness was used for the Mach 10 configuration.

(

  a) X-43 model in the NASA LaRC 8.ft Mach 10 wind tunnel. Credit: NASA. (b) Final trip array configuration used for X-43's Mach 7 flight [18]

Figure 1 . 1 :

 11 Figure 1.1: Design of the trip configuration for the X-43 scramjet vehicle

  Hypersonic International Flight Research Experimentation (HIFiRE) program was launched in 2006 by the Air Force Research Laboratories (AFRL) and the Australian Defence Science and Technology Organization (DSTO). It aims at developing and validating the numerical and experimental tools for the design of future hypersonic vehicles. It is split into 9 different programs, each of them having a phenomenon of interest. Only two flight tests focused on boundary-layer transition, namely HIFiRE-1 (2010) and HIFiRE-5 (2012).

HIFiRE- 1

 1 was designed to study natural transition on a 7 degree half-angle, axisymmetric cone shown in fig 1.2a. The flight test intended to determine whether transition was due to Mack's second mode. During ascent, transition was correlated with secondmode N-factors of approximately 14 in the range M ∞ ∈ (5.28, 5.31), Re u ∈ (11.74,

Figure 1 . 2 :

 12 Figure 1.2: Visualization of HIFiRE-1 (a) and HIFiRE-5 (b) geometries[START_REF] Kimmel | HIFiRE-1 and HIFiRE-5 test results[END_REF] 

Figure 1 . 3 :

 13 Figure 1.3: Effect of wind tunnel noise level on the HIFiRE-5 transition onset[START_REF] Juliano | HIFiRE-1 boundary-layer transition: ground test results and stability analysis[END_REF] 

Figure 1 . 4 :

 14 Figure 1.4: Schematic of the BOLT geometry, reproduced from Ref.[182].

( a )

 a Example trip array insert installed on the BOLT model. (b) TSP image taken with the 0.381 mm roughness element in the BAM6QT.

Figure 1 . 5 :

 15 Figure 1.5: Experimental study of roughness-induced transition on the BOLT vehicle in the BAM6QT [12].

Figure 1 . 6 :

 16 Figure 1.6: CAD view of the LEA experimental prototype [57].

Figure 1 . 7 :

 17 Figure 1.7: Surface heat flux images in quiet (left) and noisy (right) conditions in the BAM6QT on the generic hypersonic forebody [55].

( a )

 a Hypersonic generic forebody equipped with a trip array insert. (b) TSP image taken with the 1.2 mm roughness element in the BAM6QT.

Figure 1 . 8 :

 18 Figure 1.8: Experimental study of roughness-induced transition on the generic hypersonic forebody [55].

( a )

 a TSP image of jet-induced transition experiments[START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF].(b) Implicit LES of jet-induced transition[START_REF] André | Numerical study of supersonic boundary-layer transition due to sonic wall injection[END_REF].
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 19152 Figure 1.9: Experimental and ILES study of jet-induced transition on the generic hypersonic forebody

Figure 1 . 10 :

 110 Figure 1.10: A schematic of the wave field in a hypersonic flow induced by free-stream disturbance and surface roughness [189].
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 1 Literature Review becomes turbulent.

Figure 1 . 11 :

 111 Figure 1.11: Paths to boundary-layer transition with respect to the disturbance amplitude [118, 144].

Figure 1 . 12 :

 112 Figure 1.12: Longitudinal evolution of the disturbance energy for different paths (A-C) [60].

Figure 1 . 13 :

 113 Figure 1.13: Results of spatial linear stability analysis for supersonic flow over a cone showing the growth rate of the first and second modes as functions of Mach number [106].

Figure 1 . 15 :

 115 Figure 1.15: A typical crossflow profile showing a generalized inflection point, calculated from a compressible Falkner-Skan-Cooke solution. Profiles are of the streamwise and crossflow components of mass flux and their sum [43].

Figure 1 . 16 :

 116 Figure 1.16: Sketch of the counter-rotating Görtler vortices encountered on a slightly concave wall [140].

Figure 1 . 18 :

 118 Figure 1.18: Schematic of the BAM6QT Quiet Tunnel from Purdue university.

Figure 1 . 19 :

 119 Figure 1.19: Base flow features induced by a square roughness element (black surface) [48].

(a) 6 -

 6 vortex system in the recirculation region upstream of the roughness, in a Mach 6 flow[START_REF] Chaudhry | Direct numerical simulation of roughness-induced transition in the VKI Mach 6 tunnel[END_REF].(b) Trajectories of the vortex cores: streamlines originating from the horseshoe vortex system[START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF].(c) Steady horseshoe vortex systems with 2 (left), 4 (center) and 6 (right) vortices from Baker[START_REF] Baker | The laminar horseshoe vortex[END_REF].

Figure 1 . 20 :

 120 Figure 1.20: Roughness-induced recirculation region -horseshoe vortex system.

Figure 1 . 21 :

 121 Figure 1.21: Roughness-induced shock system [164].

Figure 1 . 22 :

 122 Figure 1.22: Formation of hairpin vortices induced by a spherical roughness element [1].

( a )

 a Contours of the normalized streamwise velocity perturbation on streamwise (xy) and wall-normal (xz) planes for the varicose (left) and sinuous (right) wake instabilities[START_REF] Montero | Biglobal stability analysis of the wake behind an isolated roughness element in hypersonic flow[END_REF].(b) Isosurfaces of the real part of the Fourier-transformed wall normal velocity showing the three-dimensional structure of the varicose mode (top) and sinuous mode (bottom)[START_REF] Tullio | Direct numerical simulations of roughness receptivity and transitional shock-wave/boundary-layer interactions[END_REF].

Figure 1 . 23 :

 123 Figure 1.23: Varicose and sinuous wake instabilities.

Figure 1 . 24 :

 124 Figure 1.24: DMD modes in the symmetry plane (left) and wall-normal plane x-z, with y/k = 1.0 (right). Mode 1 -f = 20 kHz (top) and its harmonic, Mode 2 -f = 40 kHz (middle) are associated with the unsteady horseshoe vortices that wrap around the cylinder. Mode 3 (bottom) is linked to the roll-up of the shear layer and the unsteady shock system at f = 53 kHz [164].

( a )

 a Modulated Mack mode. (b) Secondary Instability.

Figure 1 . 25 :

 125 Figure 1.25: Streamwise evolution of the most unstable modes induced by roughness on a circular cone obtained with PSE at f = 240 kHz. The gray shaded contours along the cone surface indicate N-factor distribution based on the surface pressure fluctuations. [39].

Figure 1 . 26 :

 126 Figure 1.26: Effect of Mach number on transition.

( a )Figure 1 . 27 :

 a127 Figure 1.27: Effect of roughness shape on transition.

  3) with η = y/k and ω * (η) = ω(y)/D defines the cross-sectional shape of the obstacle as shown in fig 1.28a.

( a )

 a Sketch of the cross-sectional shape of the roughness element. (b) Dependence of the critical roughness Reynolds number on the obstacle aspect ratio.

Figure 1 . 28 :

 128 Figure 1.28: Re Q correlation by Bernardini et al.[START_REF] Bernardini | Parameterization of boundary-layer transition induced by isolated roughness elements[END_REF] 
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 21 Figure 2.1: Overall design of the OpenSBLI framework. [71].

2. 3 analysis 51 Figure 2 . 2 :

 35122 Figure 2.2: Schematic of the SPOD algorithm. Each rectangular slice represents a snapshot. The data consist of N t snapshots in total. It is first segmented into N blk blocks that overlap by N ovl p snapshots, then Fourier transformed, and then reordered by frequency.For each frequency, the cross-spectral density matrix is formed and its eigenvalue decomposition yields the SPOD[START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF].
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 4331562 Disturbance generation 53 where a is the amplitude, r = (xx f ) 2 + (yy f ) 2 gives the distribution, β m = 2πm/L z is the spanwise wave number and ω n = 2πnF 0 is the frequency. The acoustic source has thus M spanwise modes and N temporal modes to mimic the broadband nature of acoustic fluctuations in turbulent boundary layers. The simulation integration time of statistical quantities is governed by the lower and upper bounds of the frequency, while the spanwise wave number range sets the required grid resolution. φ n and φ m are random phases which prevent large spikes in the imposed forcing. These random phases are responsible for the asymmetry of the disturbance field. Chapter Validation of elsA and OpenSBLI to predict hypersonic laminar flow over a bump . . . . . . . . . . . . . . . . . . . . . . . . . Validation of elsA and OpenSBLI to predict roughness-induced transition with acoustic perturbations . . . . . . . . . . . . . . . . 61

56 Chapter 3 :flow over a bump 3 . 1 . 1 Set up of the test case 3 . 1 . 1 . 1

 5633113111 Set up and validation of the numerical strategy for the computation of laminar and transitional flow induced by an isolated roughness in hypersonic flows3.1 Validation of elsA and OpenSBLI to predict hypersonic laminar Computational domainThe same principle as in Ref.[START_REF] Van Den Eynde | Numerical simulations of transition due to isolated roughness elements at Mach 6[END_REF] was used for the computational domain and for the grid generation. The numerical domain and setup can be seen in fig 3.1. The dimensions of the domain Lx, Ly and Lz are respectively 150, 20 and 50 inflow displacement thicknesses. It has periodic boundary conditions at the spanwise boundaries and an isothermal no-slip condition at the wall. OpenSBLI uses Neumann boundary conditions at the outflow and top boundaries. At the inlet, the pressure is extrapolated from the interior of the domain. In elsA, the outflow and top boundaries have a supersonic outlet boundary condition. The inflow boundary condition in elsA is decomposed into a subsonic and a supersonic part. The subsonic part is an injection boundary condition where the total pressure and total enthalpy are given in each cell. The supersonic part imposes the conservative variables in each cell, so as to match the full similarity solution. The wall-normal dimensions of the domain was chosen such that any reflection from the top boundary would hit the outflow boundary without affecting the boundary layer inside the domain.

Figure 3 . 1 :

 31 Figure 3.1: Schematic of the computational domain used for the flat plate cases on which a roughness element (bump) is placed to disturb the flow.

Figure 3 . 2 :

 32 Figure 3.2: Body-fitted grid in the symmetry plane, generated in Python (shown every 3rd grid line). The domain was trimmed in the wall-normal direction at y = 10 for better clarity.

Figure 3 . 3 :

 33 Figure 3.3: Close-up of the grid in the symmetry plane near the roughness element.

2 ∞ 58 Chapter 3 :

 2583 Figure3.4 shows a pseudo-Schlieren plot obtained from density gradient magnitude to better understand the topology of the flow. The edge of the boundary layer relative to the bump height is δ/h = 1.6. Interesting is the maximum of density gradient magnitude being obtained at the boundary-layer edge. This is due to the fact that the wall is considered isothermal, and set to the adiabatic wall temperature.

Figure 3 . 4 :

 34 Figure 3.4: Pseudo-Schlieren plot showing density gradients in the roughness centreplane. Red region showing the recirculation regions by using contours of small negative streamwise velocity (u < -10 -5 ).

3. 1 Figure 3 . 5 :

 135 Figure 3.5: Comparison of elsA and OpenSBLI profiles at the inflow x = 0 and at x = 20. The small difference in the inflow pressure profiles comes from the inlet boundary condition.

Chapter 3 :Figure 3 . 6 :Figure 3 . 7 :

 33637 Figure 3.6: OpenSBLI grid refinement study in the symmetry plane

Chapter 3 :Figure 3 . 8 :

 338 Figure 3.8: elsA (lines) / OpenSBLI (symbols) comparison with the Fine mesh at z = 2.8.

Figure 3 . 9 :

 39 Figure 3.9: Computational grid in the roughness centreplane (shown every 10th grid lines)

3. 2 Figure 3 . 10 :

 2310 Figure 3.10: Close-up of the computational grid near the cylindrical flat-top roughness element.

  the spanwise wave number and ω n = 2πnF 0 is the frequency with F 0 = 0.02. The acoustic source has thus M = 20 spanwise modes and N = 20 temporal Chapter 3 : Set up and validation of the numerical strategy for the computation of laminar and transitional flow induced by an isolated roughness in hypersonic flows modes.

Figure 3 . 11 :

 311 Figure 3.11: Verification of the acoustic forcing implementation. The density fluctuations at the acoustic source location x = 12 are extracted over the span z for the three solvers.

Chapter 3 :Figure 3 . 12 :

 3312 Figure 3.12: Verification of the flow periodicity. The instantaneous skin friction coefficient is shown after several periods of the forcing and converges towards the same value.
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 31367223221 Figure 3.13: Instantaneous contours of density gradient magnitude in the centreplane showing transitional flow at the end of the domain, computed with elsA. Red zones showing the recirculation regions

Figure 3 . 14 :

 314 Figure 3.14: Comparison of the recirculation regions induced by the roughness element, shown via the grey region for SBLI, red line for OpenSBLI, and blue dashed lines for elsA. Velocity streamlines are also shown in the symmetry plane.

Chapter 3 :Figure 3 . 15 :

 3315 Figure 3.15: Comparison in the wake of the roughness element at x = 60 of the streamwise (top), wall normal (middle) and spanwise (bottom) velocities. The filled colour contours represent the flow computed with SBLI.

3. 2 69 Figure 3 . 16 :

 269316 Figure 3.16: Instantaneous Q criterion iso-surfaces (Q = 0.003) for OpenSBLI and elsA, coloured by the distance to the wall.
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 3317318 Figure 3.17: Comparison of the time-averaged skin friction coefficient for SBLI, elsA and OpenSBLI.
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 1 Evidence of a self-sustained transition induced by an isolated cylindrical roughness 75

Figure 4 . 1 :

 41 Figure 4.1: Visualization of the single-block body-fitted grid, on the wall and in a YZ plane in the roughness centreplane.

4. 1

 1 Evidence of a self-sustained transition induced by an isolated cylindrical roughness 77 OpenSBLI -Skin friction coefficient averaged over span and time. (b) elsA -Comparison at x = 70, of the Fine grid (lines) and the Fine + grid (contours).

Figure 4 . 2 :

 42 Figure 4.2: Grid convergence study at Re = 40, 000.

Figure 4 . 3 :

 43 Figure 4.3: Comparison of elsA and OpenSBLI in terms of instantaneous Q criterion isosurfaces (Q = 0.05) coloured with y-coordinate, at Re = 40, 000.

( a )

 a Wall-normal velocity in symmetry plane. (b) Streamwise velocity at x = 65. (c) Wall-normal velocity at x = 65. (d) Spanwise velocity at x = 65.

Figure 4 . 4 :

 44 Figure 4.4: Comparison of the time-averaged flow computed with OpenSBLI (contours) and elsA (lines) at Re = 40, 000.

4. 1

 1 Evidence of a self-sustained transition induced by an isolated cylindrical roughness 79

Figure 4 . 5 :

 45 Figure 4.5: Isosurface of Q criterion Q = 0.05. From top to bottom, Re = 14, 000 (i), Re = 28, 000 (ii) and Re = 40, 000 (iii).

Chapter 4 :Figure 4 . 6 :

 446 Figure 4.6: Time-average pressure in the symmetry plane. The red line shows separated regions. From top to bottom, Re = 14, 000 (i), Re = 28, 000 (ii) and Re = 40, 000 (iii).

( a )

 a Re δ * 0 = 14, 000 (b) Re δ * 0 = 28, 000 (c) Re δ * 0 = 40, 000

Figure 4 . 7 : 81 4. 2 Study of the base flow response to a perturbation impulse 4 . 2 . 1 Methodology 4 . 2 . 1 . 1

 478124214211 Figure 4.7: Reynolds number effect on the time-averaged skin friction coefficient.

( a )

 a Re δ * 0 = 28, 000 (b) Re δ * 0 = 40, 000

Figure 4 . 8 :

 48 Figure 4.8: Isosurface of Q criterion Q=0.005 of the base flows, coloured by the streamwise velocity.

( a )

 a Re δ * 0 = 28, 000 (b) Re δ * 0 = 40, 000

Figure 4 . 9 :

 49 Figure 4.9: Low-speed (blue) and high-speed streaks (red) shown with isosurfaces of the streamwise velocity deviation of the base flows from the theoretical Blasius boundary layer flow, ū = U b -U Bl .

Figure 4 . 10 :

 410 Figure 4.10: Prediction of the roughness effects on transition using the streak amplitude method of Andersson et al.[START_REF] Andersson | On the breakdown of boundary layer streaks[END_REF]. The grey region corresponds to the streak stability limits of 26% and 37%.

Chapter 4 :

 4 Study of self-sustained transition mechanisms induced by an isolated cylindrical roughness at high Reynolds number This was done for three initial disturbance amplitudes: 1 × 10 -4 , 1 × 10 -5 and 1 × 10 -6 . The time histories of the wall pressure perturbation are shown in fig 4.11 for different streamwise locations and for the three different amplitudes at x = 90. On the vertical axis, x indicates the streamwise distance. In the Re = 28, 000 case, a first wave packet induced by the initial disturbance can be observed (0 < t < 100). It convects downstream towards the end of the domain. At t = 150, a second wave packet has reached the end of the domain and undergoes an exponential growth, before converging towards a selfsustained oscillatory state. Comparison of the response for each initial amplitude shows that the response of the first wave packet is linear, as increasing the initial amplitude by an order of magnitude leads to an order of magnitude increase in the response. The amplitude of the response in the self-sustained oscillatory state, on the other hand, does not depend on the initial disturbance amplitude.

Figure 4 . 11 :

 411 Figure 4.11: Time histories of wall pressure perturbation p , with streamwise distance indicated on the vertical axis, in the x-y plane at z = 0.75. Results are obtained for a supersonic outflow boundary condition.

Figure 4 . 12 :

 412 Figure 4.12: Response to a perturbation impulse of initial amplitude 1 × 10 -4 , at Re = 28, 000.

Figure 4 .

 4 Figure 4.13 shows the remaining modes at t = 180 by displaying the density perturbation.The structures left at this time show a symmetrical mode at Re = 28, 000, which seems to have its origin in the three-dimensional separated shear layer close to the roughness element. This analysis shows that the dominant convective instability in the roughness wake at Re = 28, 000 is of the varicose type. The shape of the structures is qualitatively similar to the mode found by De Tullio[START_REF] Tullio | Laminar-turbulent transition induced by a discrete roughness element in a supersonic boundary layer[END_REF] at a frequency of f = 0.14 and at a lower supersonic Mach number (M ∞ = 2.5).

Figure 4 . 13 :

 413 Figure 4.13: Isosurfaces of instantaneous density fluctuations at t = 180 for Re = 28, 000.

  Time histories of wall pressure perturbation p , at different streamwise locations. Power Spectral Density (PSD) computed from the wall pressure perturbation response at (x, z) = (80, 0).

Figure 4 . 14 :

 414 Figure 4.14: Response to a perturbation impulse of initial amplitude 1 × 10 -4 , at Re = 40, 000.

Figure 4 . 15 :

 415 Figure 4.15: Isosurfaces of instantaneous density fluctuations at t = 180, at Re = 40, 000.

Figure 4 . 17 :

 417 Figure 4.17: Visualization of the grid used in the LST-2D computations.

Figure 4 . 18 :

 418 Figure 4.18: Topology of the base flow in the wake of the roughness at x = 65 and Re = 28, 000. The black lines show the edge of the subdomains.

  Growth rate as function of frequency for dominant instability modes at x = 65.

Figure 4 . 19 :

 419 Figure 4.19: Results of the spatial LST-2D at x = 65.

Figure 4 . 20 :

 420 Figure 4.20: Contours of m = 1 helical mode eigenfunctions at peak growth rate frequency ω = 0.7 at x = 65. Basic state streamwise velocity contours are indicated via black lines.

  1 helical mode eigenfunctions obtained with LST-2D in fig 4.23. The same comparison is shown for the first anti-symmetric mode in fig 4.24. The pressure and velocity eigenfunctions were normalized to unity for comparison. The agreement between SPOD and LST-2D is very good. The peak fluctuations are predicted at the same location and spread following the same shape. The location and shape of the spiral shown via the black streamlines are also the same. The only difference can be seen in the pressure eigenfunctions obtained

Figure 4 . 21 :

 421 Figure 4.21: Contours of m = 2 helical mode eigenfunctions at peak growth rate frequency ω = 1.1 at x = 65. Basic state streamwise velocity contours are indicated via black lines.

Figure 4 . 22 :

 422 Figure 4.22: Contours of m = 3 helical mode eigenfunctions at peak growth rate frequency ω = 1.5 at x = 65. Basic state streamwise velocity contours are indicated via black lines.

Figure 4 . 23 :Chapter 4 :

 4234 Figure 4.23: Contours of pressure and velocity eigenfunctions normalized to unity for the m = 1 symmetric helical mode. Comparison of the mode shapes obtained with SPOD and LST-2D at ω = 0.7 (i.e. f = 0.11) and x = 65.
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 424954441 Figure 4.24: Contours of pressure and velocity eigenfunctions normalized to unity for the m = 1 anti-symmetric helical mode. Comparison of the mode shapes obtained with SPOD and LST-2D at ω = 0.7 (i.e. f = 0.11) and x = 65. The black streamlines show the location of the spiral.

Figure 4 . 25 :

 425 Figure 4.25: Visualization of the instantaneous streamwise velocity in a x-z plane at y/δ = 0.5.

Figure 4 .

 4 Figure 4.26 shows an instantaneous view of the Q criterion coloured by streamwise vorticity.The unsteadiness of the vortices can also be observed. One can notice the presence of counter-rotating streamwise vortices away from the symmetry plane due to the upstream separation-induced vortices wrapping around the roughness. As described in[START_REF] Chaudhry | Direct numerical simulation of roughness-induced transition in the VKI Mach 6 tunnel[END_REF], the shear layers bounding these streaks roll up and result in hairpin-shaped structures. Close to the symmetry plane and downstream of the roughness, large streamwise streaks are also present, inducing the formation of hairpin-shaped structures. Farther downstream, these trains of hairpin vortices eventually lead to the formation of secondary vortices, resulting in the spanwise spreading of turbulent structures, in a similar way to the results of Ref.[START_REF] Iyer | Boundary layer transition in high-speed flows due to roughness[END_REF].

Chapter 4 :Figure 4 . 26 :

 4426 Figure 4.26: Visualization of the instantaneous streamwise velocity in a wall-normal plane at y/δ = 0.5.

Figure 4 .

 4 [START_REF] Brazier | Local stability analysis of a round jet parallel to a flat plate[END_REF] clearly shows that the horseshoe vortex system alternates between a 4-vortex and a 6-vortex system. The oscillations of the separated region boundary induce pressure waves. This has the effect of moving the stagnation point on the roughness and inducing oscillations of the shock and the associated shear layer. This mechanism was also observed by Subbareddy et al.[START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF].

  PSD analysis is carried out using the temporal signal obtained at the probes shown in fig 4.26. Probe 1 is located in the upstream recirculation region. Probes 2, 3 and 4 are located in the shear layer just aft of the downstream recirculation region. Probes 5 to 9 are placed along the purple streamline, which enters the upstream recirculation region and wraps around the roughness element to move downstream within the horseshoe vortex. The power spectral density computed at probes 1 to 4 is shown in fig 4.29. The 4.4 Analysis of the mechanisms responsible for the self-sustained transition observed at Re = 40, 000 97 (a) t/τ c = 5 (b) t/τ c = 5.08 (c) t/τ c = 5.16 (d) t/τ c = 5.24 (e) t/τ c = 5.32 (f) t/τ c = 5.40

Figure 4 . 27 :Chapter 4 :Figure 4 . 28 :

 4274428 Figure 4.27: Visualization of the unsteadiness in the upstream region by means of instantaneous pressure contours. The red line shows the recirculation region boundary with u = -1 × 10 -5 . The instants were arbitrarily chosen to show the motion of the horseshoe vortex system and the induced pressure waves.
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 440 Analysis of the mechanisms responsible for the self-sustained transition observed at Re =

Figure 4 . 29 :Figure 4 . 30 :

 429430 Figure 4.29: Power spectral density of pressure fluctuations obtained at the probes shown in fig 4.26.

Chapter 4 :

 4 Study of self-sustained transition mechanisms induced by an isolated cylindrical roughness at high Reynolds number layer in the near-wake of the roughness element. This is consistent with the findings of Subbareddy et al.[START_REF] Subbareddy | Direct numerical simulation of high-speed transition due to an isolated roughness element[END_REF] resulting from DMD analysis. (a) Real part (b) Imaginary part

Figure 4 . 31 :

 431 Figure 4.31: 2D reconstruction of the dominant SPOD mode with λ 1 = 43% ∑ λ i at f = 0.048.

Figure 4 .

 4 Figure 4.32 shows the two-dimensional reconstruction of the dominant SPOD mode via contours of pressure fluctuations. The frequencies f = 0.15 and f = 0.25 were found to be characteristic of the shear-layer convective instabilities in the wake of the roughness. The modes exhibit alternating negative and positive pressure fluctuations growing in amplitude with increasing x, confirming the convective nature of the shear-layer instability.

4. 4 Figure 4 . 32 :

 4432 Figure 4.32: 2D reconstruction of the dominant SPOD mode characterizing the shear layer instabilities.

3 . 2 .

 32 The model used in these experiments can be seen in fig 5.1. It consists of a threedimensional, wedge-like forebody with a rounded leading-edge shape, a nose radius of 1.25 mm (in the xy-plane), a length of 340 mm, a maximum width along the y-axis of 120 mm, and a maximum height along the y-axis of 50 mm. The half-wedge angle is of 4 • .

Figure 5 . 1 :

 51 Figure 5.1: Generic hypersonic forebody model used in BAM6QT experiments.

Figure 5 . 2 :

 52 Figure 5.2: Set-up of the roughness-induced transition experiment.

Figure 5 . 3 :

 53 Figure 5.3: Comparison of the Stanton number obtained with experiments (TSP) and the elsA computations (CFD) at Re = 12 × 10 6 (/m) for several spanwise locations and angles of attack from André [4].

Chapter 5 :Figure 5 . 4 :

 554 Figure 5.4: Roughness based Reynolds number Re kk . The green dashed line separates the laminar from the turbulent cases.

Figure 5 . 5 :

 55 Figure 5.5: Transition maps for isolated roughness proposed by Bernardini et al. [11] and Redford et al. [137].

Figure 5 .

 5 Figure 5.6 shows the Mach number contours of the flow induced by the smooth forebody at x = 0.100 m, along with the skin of roughness elements in the R8 configuration. For each roughness element, the roughness Reynolds number Re kk and the roughness

Figure 5 . 6 :

 56 Figure 5.6: Contours of Mach number obtained at x = 0.100 m in the smooth forebody configuration. The skin of each roughness elements is also shown as well as the Re kk and k/δ values for each trip.

(a) Grid# 1 -

 1 Wavy geometry, no shock fitting & no refinement. (b) Grid#2 -Smooth geometry, shock fitting & refinement.

Figure 5 . 7 :

 57 Figure 5.7: Effect of smoothing the geometry and adapting the grid to the leading edge shock.

Figure 5 . 8 :

 58 Figure 5.8: Topology of the multiblock grid around the forebody.

5 Figure 5 . 10 :

 5510 Figure 5.10: Comparison of streamwise, spanwise and wall-normal velocity profiles obtained with fine (line) and coarse (symbols) grids, containing 200 million and 50 million cells respectively, for several spanwise locations at the roughness streamwise location (x = 0.100 m).

Figure 5 . 11 :

 511 Figure 5.11: Mean wall heat flux on the smooth forebody. Comparison with experiments.

5. 3 115 Figure 5 . 12 :

 3115512 Figure 5.12: Topology of the multiblock grid around the diamond-shaped roughness element.

Figure 5 . 13 :

 513 Figure 5.13: Visualization of the grid around the isolated diamond-shaped roughness element of height 1.2 mm (I12).

Chapter 5 :

 5 Set up of a DNS of roughness-induced transition on a generic hypersonic forebody and validation with respect to Purdue's BAM6QT experiments roughness elements to be stuck next to each other. Note that the lateral boundary of the last element on the right-hand side of the figure is located at the forebody symmetry plane. The resulting grid is depicted in fig 5.15. The figure was trimmed so as to visualize only two roughness elements. This meshing strategy clearly is adequate for generating a multiblock grid, free of skewed cells, and smooth in between the two roughness elements.

Figure 5 . 14 :

 514 Figure 5.14: Topology of the multiblock grid around a row of roughness elements (R8).

Figure 5 . 15 :

 515 Figure 5.15: Visualization of the grid around the row of roughness elements of height 0.8 mm (R8).

Figure 5 . 16 :

 516 Figure 5.16: Method A: Restarting the unsteady simulations in a subdomain of interest.

Figure 5 . 17 :

 517 Figure 5.17: Method A: Problems of reflections caused at the boundary.

Figure 5 . 18 : 5 . 3

 51853 Figure 5.18: Method A: Deformation of the leading-edge shock due to reflections at the boundary.

Figure 5 . 19 :

 519 Figure 5.19: Computational domain and boundary conditions. A chimera grid system is used with three overlapping grids for an isolated roughness element I8 (k = 0.8 mm). The leading-edge shock is visualized with contours of density gradient magnitude in the symmetry plane.

5. 3 Figure 5 . 20 :

 3520 Figure 5.20: Comparison of the time-averaged wall heat flux.

Figure 5 . 21 :

 521 Figure 5.21: Comparison of the Power Spectral Density at the experimental PCB sensors location for an isolated roughness element I8.

Figure 5 . 22 :

 522 Figure 5.22: Comparison of the Power Spectral Density at the experimental PCB sensors location for a row of roughness elements R8.

Figure 5 . 23 :

 523 Figure 5.23: Comparison of the Power Spectral Density at the experimental PCB sensors location for an isolated roughness element I12.
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( a )Figure 6 . 1 :Chapter 6 :

 a616 Figure 6.1: Streamwise velocity of the base flow (a,c,e) and time-averaged flow obtained from unsteady simulations (b,d,f) induced by the roughness elements investigated in this study shown at several streamwise locations.

Figure 6 . 2 :

 62 Figure 6.2: Roughness-induced base flow -I8.

Chapter 6 :Figure 6 . 3 :

 663 Figure 6.3: Near-wall velocity streamlines, three-dimensional streamlines and streamwise vorticity at x = 0.120 m. The red isosurfaces are upstream and downstream recirculation regions. Three-dimensional streamlines showing .

( a )Figure 6 . 4 :

 a64 Figure 6.4: Topology of the base flow induced by the isolated roughness I12 (a,c,e) and the isolated roughness I8 (b,d,f) at x = 0.120 m.

( a )Figure 6 . 5 :

 a65 Figure 6.5: Topology of the base flow induced by the trip array (a,c,e) and the isolated roughness (b,d,f) at x = 0.120 m.

Chapter 6 :Figure 6 . 6 :

 666 Figure 6.6: Isolated roughness I8 -Visualization of instantaneous temperature in a wallparallel plane 0.8 mm away from the wall.

Figure 6 . 7 :

 67 Figure 6.7: Row of roughness R8 -Visualization of instantaneous temperature in a wallparallel plane 0.8 mm away from the wall.

Figure 6 . 8 :

 68 Figure 6.8: Isolated roughness I12 -Visualization of instantaneous temperature in a wallparallel plane 0.8 mm away from the wall.

Chapter 6 : 9 Figure 6 . 9 :

 6969 Figure 6.9: Turbulent kinetic energy integrated over the span of the refined domain, at different streamwise positions as a function of frequency.

FrequencyFigure 6 . 10 :

 610 Figure 6.10: Growth rate as function of frequency for dominant instability modes at x = 0.120 m. The triangle-shaped symbols were obtained with a fine 60 × 60 grid for the discretization of the main vortex.

Figure 6 . 11 :

 611 Figure 6.11: Contours of Mack mode |u | and |p | eigenfunctions at peak growth rate frequency f = 235 kHz and x = 0.120 m. Basic state streamwise velocity contours are indicated via white lines. The red line shows the sonic line.

Chapter 6 :Figure 6 . 12 :

 6612 Figure 6.12: Contours of helical mode eigenfunctions at peak growth rate frequency f = 235 kHz at x = 0.120 m. Streamlines showing the location of the spiral.

FrequencyFigure 6 . 13 :

 613 Figure 6.13: Streamwise evolution of helical mode growth rate between x = 0.105 m and x = 0.120 m.

Figure 6 . 14 :

 614 Figure 6.14: Contours of |u | and |p | eigenfunctions normalized to unity for the secondary instability of the finite amplitude crossflow vortex. Comparison of the mode shapes obtained with SPOD and LST-2D at f = 265 kHz and x = 0.120 m. Basic state velocity contours are indicated via white lines.

Figure 6 . 15 :

 615 Figure 6.15: Streamwise evolution of secondary instability mode shapes based on pressure fluctuations at f = 265 kHz. The peak fluctuation amplitude is normalized to unity at each axial station. The basic state streamwise velocity is shown via the black isolines.

Figure 6 . 16 :

 616 Figure 6.16: Comparison of growth rate predictions. Streamwise evolution of secondary instability mode growth rate predicted by LST-2D (a). N-factor evolution of the secondary instability mode computed with LST-2D and DNS (b).

Chapter 6 :Figure 6 . 17 :

 6617 Figure 6.17: Contours of time-averaged wall shear on the forebody windward surface, along with crossplane contours of TKE at selected x locations. White line contours superposed on TKE contours denote the shear magnitude u s = (∂u/∂y) 2 + (∂u/∂z) 2 .

Figure 6 . 18 :

 618 Figure 6.18: Isosurfaces of time-averaged Q criterion Q = 200. The red lines are inclined at α = 3.1 • to the streamwise direction.

Figure 6 . 19 :

 619 Figure 6.19: Contours of instantaneous temperature in a plane at a wall-normal distance of 1.2 mm. The red lines show the location of the edge of the turbulent wedge.

FrequencyFigure 6 . 20 :

 620 Figure 6.20: N-factor evolution of the secondary instability mode induced by the trip array computed from DNS. The dashed lines correspond to the isolated roughness case.

Figure 6 . 21 :

 621 Figure 6.21: Streamwise evolution of secondary instability mode shapes based on pressure fluctuations at f = 275 kHz. The peak fluctuation amplitude is normalized to unity at each axial station. The basic state streamwise velocity is shown via the black isolines.

Figure 6 . 22 :

 622 Figure 6.22: Streamwise evolution of secondary instability mode shapes based on pressure fluctuations at f = 375 kHz. The peak fluctuation amplitude is normalized to unity at each axial station. The basic state streamwise velocity is shown via the black isolines.

Figure 6 . 25 :

 625 Figure 6.25: Skin friction coefficient comparison for an isolated roughness (I8) and a trip array (R8). It is averaged in span between the two white dashed lines in fig 6.24.

4 Figure 6 . 26 :

 4626 Figure 6.26: Streamwise velocity of the base flow induced by the roughness elements R8 shown at several streamwise locations.

Chapter 6 : 2 Figure 6 . 27 :

 62627 Figure 6.27: Visualization of separated flow regions with isosurfaces of u = -10 -5 m.s -1 .

Figure 6 . 28 :

 628 Figure 6.28: Visualization of the roughness-induced turbulent wedge(s) after breakdown to turbulence. Isosurfaces of Q criterion Q = 1 × 10 5 coloured by distance from the wall.

FrequencyFigure 6 . 29 :

 629 Figure 6.29: Power Spectral Density integrated over the spanwise extent of the refined domain at different streamwise positions as a function of frequency.

Chapter 6 :Figure 6 . 30 :

 6630 Figure 6.30: Streamwise evolution of the N-factor.

Figure 6 . 31 :

 631 Figure 6.31: Streamwise evolution of shear layer instability mode shapes based on the streamwise velocity (a) and pressure (b) fluctuations at f = 245 kHz. The peak fluctuation amplitude is normalized to unity at each axial station. The basic state streamwise velocity is shown via the black isolines.

Figure 6 . 32 :

 632 Figure 6.32: Streamwise evolution of shear layer instability mode shapes based on pressure fluctuations at f = 440 kHz. The peak fluctuation amplitude is normalized to unity at each axial station. The basic state streamwise velocity is shown via the black isolines.

Chapter 6 :

 6 Study of transition mechanisms induced by diamond-shaped roughness on a generic hypersonic forebody roughness centreplane to propagate in the spanwise direction without being contaminated by the roughness centreplane structures. Close to the roughness centreplane, the counter-rotating vortex pair breaks down and the turbulent structures are found farther away from the wall of the forebody. This is due to to lift-up of low momentum fluid away from the wall. Farther downstream, the three different turbulent wedges merge to form a wider turbulent wedge as for case I8.

Figure 6 . 33 :

 633 Figure 6.33: Visualization of the roughness-induced turbulent wedge(s) after breakdown to turbulence. Isosurfaces of Q criterion Q = 1 × 10 5 coloured by distance from the wall.

6. 3

 3 Effect of roughness geometry on transition 153 shoe vortex system is wider in the case of the higher roughness. The sharp rise in C f indicating the onset of transition occurs earlier near x = 0.19 m with the I12 roughness than with the I8 roughness, near x = 0.215 m.
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 634635664641 Figure 6.34: Instantaneous surface heat flux in W/m 2 .

Figure 6 . 36 :

 636 Figure 6.36: Contours of rms of pressure fluctuations p rms in a streamwise yz-plane at x = 95 mm.

Figure 6 . 37 :

 637 Figure 6.37: PSD of pressure fluctuations averaged in a streamwise yz-plane at x = 95 mm.

Figure 6 . 38 :

 638 Figure 6.38: Real part of the Fourier transformed streamwise velocity at x = 95 mm.
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 6639 Figure 6.39: Isolated roughness I12 with acoustic disturbances -Visualization of instantaneous temperature in a wall-parallel plane 0.8 mm away from the wall.

Figure 6 . 40 :

 640 Figure 6.40: Streamwise velocity of the time-averaged flow obtained from unsteady simulations induced by the isolated roughness I12 with acoustic disturbances.
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 4 Receptivity to freestream acoustic disturbances for an isolated roughness of height 1.2 mm 157

( a )Figure 6 . 41 :

 a641 Figure 6.41: Visualization of the roughness-induced turbulent wedge(s) after breakdown to turbulence. Isosurfaces of Q criterion Q = 1 × 10 5 coloured by distance from the wall.

Figure 6 . 42 :Figure 6 . 43 :

 642643 Figure 6.42: Instantaneous surface heat flux in W/m 2 .

6. 4

 4 Receptivity to freestream acoustic disturbances for an isolated roughness of height 1.2 mm 159 Direct numerical simulations have been performed on a realistic configuration of a hypersonic vehicle forebody to investigate the laminar-turbulent transition induced by a diamond-shaped roughness element. The study focused on the linear instability induced by an isolated roughness and by a trip array. The main contributions of this chapter are the analysis of the linear instability of the wake generated by a diamond-shaped roughness element immersed in a spaninhomogeneous base flow and the cross-validation of Navier-Stokes and spatial LST-2D simulations.
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	Shape	x tr	A max st	σ 100<x<140
	Cylinder (O)	187.4 0.585	0.111
	Diamond ( )	179.9 0.561	0.106
	Square ( )	201.1 0.546	0.101
	Ramp-up (∆)	215.6 0.548	0.092
	Ramp-down (∇)	-	0.437	0.048
	Bump (⊗)	-	0.315	0.045

Table 3 . 1 :

 31 Grid and domain sizes used for the transitional case. Values of ∆x are the grid spacing upstream, near and downstream of the roughness.

Table 3 .

 3 

2: Numerical parameters for each code used in this study

Table 4 . 1 :

 41 Freestream conditions for each Reynolds number and roughness parameters. µ * is the non-dimensional freestream viscosity. p ∞ and T ∞ are dimensional freestream conditions.

	Re k	Re kw

Table 5 . 1 :

 51 Location of the experimental PCB sensors.

  2. 

	Case k (mm)	k/δ	Re kk
	I8	0.8	0.69	1609
	I12	1.2	1.03	8135
	R8	0.8	[0.23,1.02] [183,6200]

Table 5 .

 5 

2: Roughness parameters used for the simulated cases.

Table 5 . 3 :

 53 Grid sizes for each element of the overlapping grid system

		Forebody Isolated trip	Trip array	Refined domain
	Number of cells (×10 6 )	50	35	70	255
	[∆x min , ∆x max ](mm)	[0.03, 1.0] [0.001, 0.02] [0.001, 0.035]	[0.07, 0.08]
	[∆y min , ∆y max ](mm)	[0.03, 0.5] [0.001, 0.02] [0.001, 0.031]	[0.04, 0.05]
	[∆z min , ∆z max ](mm)	[0.001, 1.0] [0.001, 0.01] [0.001, 0.018]	[0.001, 0.06]

(a) Symmetric (b) Anti-symmetric

(a) f = 0.048, λ 1 = 43% ∑ λ i (b) f = 0.146, λ 1 = 62% ∑ λ i (c) f = 0.22, λ 1 = 47% ∑ λ iFigure 4.33: 3D reconstruction (isosurface of equal positive and negative w-velocity fluctuations) of the dominant SPOD mode with λ 1 = 43% ∑ λ i at f = 0.048.

(a) (b)
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The response to a perturbation impulse showed the presence of a convective instability in the roughness wake, where a varicose mode and a sinuous mode are most unstable at Re = 28, 000 and Re = 40, 000 respectively. Bi-local stability analyses (LST-2D) of the roughness wake will now be used to characterize the convective instability at Re = 28, 000.

4.3

Bi-local stability analysis of the roughness wake at Re = 28, 000

Set up of the LST-2D computations

The grid used in the LST-2D computations is shown in fig 4.17. It is made of cosine distributions suitable fore discretization with Chebyshev polynomials. The computational domain is split into 4 subdomains to allow for refinement of the grid in regions of interest. The grid lines are clustered towards the wall and at the subdomain junctions. This prevents the eigenmodes from oscillating between the fine subdomain and the coarser ones. This also enables the use of a fine grid near the bottom wall and the roughness centreline where the strongest base flow gradients are encountered.

The boundary conditions are also shown in fig 4.17. No-slip wall conditions are applied at the top and bottom boundaries by setting the velocity perturbations to zero by means of a homogeneous Dirichlet condition. At the spanwise boundaries, the symmetry of the problem is used in order to reduce the computational effort. A symmetry condition is used for the left-hand side boundary which is placed far enough to have no influence on the eigenmodes. On the right-hand side boundary, which corresponds to the symmetry plane of the DNS, symmetric or anti-symmetric conditions are applied so as to The objective of this chapter is to set up a direct numerical simulation to study roughness-induced transition on a realistic three-dimensional hypersonic forebody and to validate the strategy by comparing the results with Purdue's BAM6QT experiments. The experimental data obtained by Durant et al. [START_REF] Durant | Mach 6 quiet tunnel laminar to turbulent investigation of a generic hypersonic forebody[END_REF] was first analyzed so as to determine the configurations to be reproduced with DNS: two cases with an isolated roughness of height 0.8 mm and 1.2 mm and a case with an array of roughness elements of height 0.8 mm. Steady simulations around the smooth forebody without roughness element were carried out to determine the background grid to be used for roughness-induced transitional cases. Unsteady simulations were then carried out by using the chimera method. They were validated against the experimental data.