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The transonic buffet is a complex aerodynamics phenomenon that impose severe constraints on the design of high-speed vehicles, including for aircraft and space launchers. The origin of buffet is still debated in the literature, and the control of this phenomenon remains difficult.

The present work proposes an original scenario to explain the origin of buffet, which in turns

open promising perspectives for its alleviation and attenuation. This work relies on the use of numerical simulations, with the idea to reproduce the buffet phenomenon in a transonic aileron designed for a small space launchers. Two numerical approaches are tested: Unsteady 

Reynolds

St = f × C / V ∞ t * : normalised time [-], t * = t × V ∞ / C T i : total temperature [K] V ∞ : upstream velocity [m]
x + , y + , z + : normalized coordinates (streamwise, normal and spanwise directions, respectively) 

I. INTRODUCTION

Unsteady flows, especially those related to the shock wave / boundary layer interactions (SWBLI), are of paramount importance for the design of high-speed vehicles, like aircraft or space launchers. Among SWBLI, transonic buffet is a dangerous phenomenon, inducing strong vibration on the structure, which can lead to flutter in the most critical conditions [START_REF] Livne | Aircraft Active Flutter Suppression: State of the Art and Technology Maturation Needs[END_REF]. Subsonic aircraft safety can be ensured by adapted designs and the use of operating margins to avoid the emergence of buffet [START_REF] Kenway | Buffet-onset constraints formulation for aerodynamic shape optimization[END_REF]. However, supersonic vehicles, such as space launchers, must experience a passage through the transonic regime, up to a few seconds long. This transient flight may increase the risk of buffet i nception. The first studies date back to the early 30's, and in the mid 70's, this risk was already well documented, e.g. in the framework of studies conducted on the impact of buffeting on manoeuvring combat aircraft [START_REF]The effects of buffeting and other transonic phenomena on maneuvering combat aircraft[END_REF]. The development of a new generation of space launchers, including reusable vehicles, thus requires to better understand the origin of buffet [START_REF] Piatak | Overview of the space launch system transonic buffet environment test program[END_REF][START_REF] Statnikov | Reduced-order analysis of buffet flow of space launcher[END_REF]. For example, the ailerons used to stabilise some small dimensions space launcher are particularly vulnerable to buffet and fluid-structure interactions [START_REF] Dumon | Numerical and experimental investigations of buffet on a diamond airfoil designed for space launchers applications[END_REF].

Transonic buffet is a well-known unsteady flow phenomenon, characterised by large pressure oscillations resulting from boundary layer separation and shock-wave displacement. The interaction between the shock wave and the boundary layer causes the inception of a self-sustained periodic motion of the shock wave over the surface of the airfoil. This unsteady flow phenomenon has already been extensively studied in the literature, especially for supercritical airfoils [START_REF] Giannelis | A review of recent developments in the understanding of transonic shock buffet[END_REF].

Different approaches have been used to progress on the understanding of the buffet origin, such as experimental measurements [START_REF] Jacquin | Experimental Study of Shock Oscillation over a Transonic Supercritical Profile[END_REF][START_REF] Mcdevitt | Transonic flow about a thick circular-arc airfoil[END_REF][START_REF] Jacquin | Testing in Aerodynamics Research at ONERA: the example of the Transonic Buffet[END_REF], numerical simulations based on Computational Fluid Dynamics (CFD) [START_REF] Goncalves | Turbulence model and numerical scheme assessment for buffet computations[END_REF][START_REF] Thiery | Numerical prediction of shock induced oscillations over a 2D airfoil: influence of turbulence modelling and test section walls[END_REF][START_REF] Deck | Numerical simulation of transonic buffet over a supercritical airfoil[END_REF][START_REF] Xiao | Numerical study of transonic buffet on a supercritical airfoil[END_REF] and global stability analysis [START_REF] Iorio | Direct and adjoint global stability analysis of turbulent transonic flows over a naca0012 profile[END_REF][START_REF] Crouch | Predicting the onset of flow unsteadiness based on global instability[END_REF]. This knowledge already makes possible to delay or alleviate buffet for a transonic wing [START_REF] Molton | Control of buffet phenomenon on a transonic swept wing[END_REF],

using passive (bumps) [START_REF] Mayer | Control of transonic buffet by shock control bumps on wing-body configuration[END_REF] or active control devices such as jets [START_REF] Brion | Laminar buffet and flow control[END_REF] or spark discharge [START_REF] Sidorenko | Transonic buffet control by plasma actuator with spark discharge[END_REF].

However, due to the complexity of the SWBLI [START_REF] Delery | The physics of shock wave / boundary layer interaction control: last lessons learned[END_REF] and the existence of different behaviours depending on the turbulent or laminar nature of the boundary layers [START_REF] Dandois | Large-eddy simulation of laminar transonic buffet[END_REF], the mechanisms at the origin of buffet are still debated, including the role of the trailing edge Kutta waves [START_REF] Lee | Role of Kutta waves on oscillatory shock motion on an airfoil[END_REF][START_REF] Crouch | Origin of transonic buffet in aerofoil[END_REF] or the existence of a global instability mode [START_REF] Crouch | Predicting the onset of flow unsteadiness based on global instability[END_REF]. Physical mechanisms can also be different in 3D compared to 2D configurations, w ith d ifferent characteristic value for t he normalised frequency associated to buffet [START_REF] Paladini | Analysis and comparison of transonic buffet phenomenon over several 3D wings[END_REF].

Literature review shows that most studies that deal with buffet focus on supercritical airfoils [START_REF] Giannelis | A review of recent developments in the understanding of transonic shock buffet[END_REF], adapted to subsonic civil aircraft. But the diamond airfoils, adapted to supersonic regimes, have been poorly investigated. The root mechanisms at the origin of buffet are not yet fully identified, since most of current scenarios suffer a lack of universality to predict the emergence of buffet and its associated frequency.

This work addresses two questions: 1) what is the origin of buffet in diamond airfoils? and 2) is it possible to suppress buffet in such airfoils by means of a dedicated flow-control s trategy? The first part of this paper presents the geometry and the experimental measurements that are used to support this work. Then, the second part focuses on The main advantages of this configuration lie on its geometric s implicity. The positions of the subsonic and supersonic zones are forced by the geometry, which will ease the numerical simulations as the numerical method based on the use of unsteady RANS and LES to simulate the flow in wind tunnel conditions.

Numerical predictions are then compared and validated in a third part. In the fourth part, a scenario is proposed to explain the origin of buffet in this configuration. Finally, in the fifth pa rt, two methods are tested to suppress the emergence of buffet: a modification of the upstream Mach number and a modification of the wall temperature.

II. GEOMETRY AND EXPERIMENTAL METHOD

The configuration used for this work is provided by the PERSEUS research program [START_REF] Pernon | ARES rockets demonstrators of french space agency project PERSEUS[END_REF]. The PERSEUS' project The position of the 2 Kulite sensors on the mock-up can be varied from one wind tunnel run to another, amongst 15 predetermined positions (depicted as black dots on the upper aft surface of the CAD model, see Fig. 3). The pressure well as the analysis of the flow.

(
All the investigations reported in this paper consider a fixed angle of attack, α = 0 o . Experimentally, the angle of attack is set on the basis of Schlieren images until a symmetric distribution of the shock waves is obtained on both sides of the airfoil. The boundary layer transition is not tripped during the measurement campaigns.

Two facilities are used for experimental investigations (WT1 and WT2), giving access to additional investigation techniques while considering similar flow c onditions. The transonic wind tunnel WT1 has a 130 × 1 0 -3 m height by 80 × 10 -3 m width rectangular slotted test section, as shown in Fig. 2. The resulting blockage ratio of the mock-up in the test section is thus equal to 4.6%. The wind tunnel is powered by four vacuum pumps and provides Mach numbers ranging from 0.7 to 1.3. The WT1 is used to run time-resolved Schlieren visualizations thanks to a high speed Photron camera. The data are based on 512 x 272 pixels' image with an acquisition frequency of 50,000 frames per second.

Based on the shock frequency experimentally observed during buffet, for an upstream Mach number equals to 0.75, it provides approximately 100 images per period of the buffet phenomenon. 

V inf = 255 m.s -1
). It has been measured one-chord upstream of the mock-up thanks to LDV. The uniformity of the velocity field upstream of the mock-up has also been verified along a vertical profile located one-chord upstream of the mock-up leading edge. At these operating conditions, the boundary layer thicknesses on the lateral walls of the wind tunnels is estimated to be 2% of the test section height.

III. NUMERICAL METHOD

The numerical simulation of buffet remains challenging, mainly due to the presence of massively separated flows and to the large disparity of spatial and temporal scales that co-exist in the flow. The capabilities of CFD to reproduce the physical mechanisms associated to buffet is nevertheless largely documented in the literature. If a particular care is brought to the choice of grid and turbulence model, unsteady RANS is able to reproduce the buffet phenomenon [START_REF] Brunet | Computational study of buffet phenomenon with unsteady RANS equations[END_REF],

including some of the flow features related to the shock-wave / boundary layer interaction [START_REF] Gerolymos | Oblique-Shock-Wave / Boundary-Layer Interaction Using Near-Wall Reynolds-Stress Models[END_REF]. With the recent advances in computing power, numerical methods that simulate directly a part of the turbulent spectrum are also accessible to complete the URANS approach [START_REF] Frohlich | Hybrid LES/RANS Methods for the Simulation of Turbulent Flows[END_REF]. Numerical methods based on LES [START_REF] Fukushima | Wall-Modeled Large-Eddy Simulation of Transonic Airfoil Buffet at High Reynolds Number[END_REF][START_REF] Pazner | High-order wall-resolved large eddy simulation of transonic buffet on the OAT15A airfoil[END_REF] are well adapted to predict buffet and tackle with the complexity of the flow due to massive flow separations.

sensors are operated at an acquisition frequency of 20 × 10 3 Hz and the data are collected during a period of 10 s. The number of samples in a period of buffet is thus around 40 and up to 5000 buffet periods are acquired per wind tunnel run. These data are completed with non intrusive measurements, obtained with a DANTEC Dynamics LDV system, with a particular interest for the wake region. The typical size of the particles used to seed the flow is 1.2 µm, based on the D 32 mean Sauter diameter [START_REF] Wang | Particle characterization and behavior relevant to fluidized bed combustion and gasification systems[END_REF].

The main drawback of LES lies in the grid requirements to accurately describe the near wall flow, especially at high Reynolds number. The grid constraints are severe for a wall-resolved LES (WRLES), for which the boundary layer must be fully resolved, since the number of grid points scales as Re proposed by the wall-modelled LES (WMLES) approach [START_REF] Kawai | Wall-modeling in large eddy simulation: length scales, grid resolution and accuracy[END_REF], or in the boundary layer, known as the Detached Eddy Simulation (DES) [START_REF] Deck | Numerical simulation of transonic buffet over a supercritical airfoil[END_REF][START_REF] Grossi | Prediction of transonic buffet by delayed detached-eddy simulation[END_REF]. The WMLES approach appears thus as a good candidate to study the buffet in the present case. However, most wall functions are validated for high Reynolds number flows, typically higher than 10 6 , which is not the case here. This approach has been tested but despite a particular care brought to the grid close to walls (with ∆x + ≈ 30, y + < 10 and ∆z + ≈ 100) the WMLES does not successfully reproduce buffet in the present diamond airfoil geometry, so this approach has been dropped.

Two approaches are thus considered to simulate the buffet phenomenon in this paper: an unsteady RANS numerical simulation and a WRLES.

IV. UNSTEADY RANS METHOD

In an attempt to isolate 2D pattern from other more complex 3D effects on the mechanisms driving the inception of transonic buffet when the Mach number is varied, as well as to reduce the computational cost, the numerical model used in the URANS approach is two dimensional (corresponding to the mid-section of the experimental aileron).

The dimensions of the computational domain are the same as the wind tunnel WT1 test section with a total axial length of 30 chords. The aileron is located 10 chords downstream of the inlet of the domain. The URANS simulations are performed with the software STAR-CCM+ (v11.02). The k -ω SST turbulence model of Menter [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] is used for turbulence modelling, as this model provides accurate predictions for a variety of shock-wave / boundary layer interaction problems [START_REF] Acquaye | Validation of the Wray-Agarwal Turbulence Model for Shock-Wave Boundary Layer Interaction Flows[END_REF][START_REF] Erb | Analysis of Turbulence Model Uncertainty for Shock-Wave/Boundary-Layer Interaction Simulations[END_REF]. A simulation has been performed also with a transition model [START_REF] Menter | A Correlation-Based Transition Model Using Local Variables -Part 1: Model Formulation[END_REF] to study the influence of transition on buffeting. However, the effect of such transition model on the flow is very weak since the boundary layer transition is mainly fixed by the geometry (inflexion point located at the throat x/C = 0.5) and the shock position.

A compressible solver is used with a second order Runge-Kutta scheme for the time discretisation. The normalised

time step is set to ∆t + = ∆t × V ∞ /C = 5.1 × 10 -4
. The spatial discretisation of the convective fluxes is performed with a third-order MUSCL scheme. Regarding the grid, an unstructured polyhedral 2D mesh is used based on prism layers close to the airfoil walls and polyhedral cells in the rest of the computational domain. The prism layers are set on the aileron and wall surfaces to better capture the flow gradients inside the boundary l ayer. The size of the first layer is set to y + < 0.5 at the aileron wall, the typical cell dimension in the chordwise direction is ∆x = 2 × 10 -3 C, which corresponds to a 2D grid of 10 6 cells. Free-stream conditions are used for inlet and outlet. Walls are considered as adiabatic and a no-slip condition is imposed at the airfoil wall. A grid convergence study is performed, based on the convergence of lift and drag coefficients as well as the buffet frequency, showing that the current grid is sufficiently refined.

V. LES METHOD

LES computations are performed using the ICE3 solver, which solves the spatially filtered compressible Navier-Stokes equations with a finite volume formulation on unstructured hexahedral meshes [START_REF] Bermejo-Moreno | Solving the compressible Navier-Stokes equations on up to 1.97 million cores and 4.1 trillion grid points[END_REF]. A fourth-order central scheme is used for the computation (second order on stretched volumes as in the present study). An explicit third-order Runge-Kutta (RK3) scheme is used for time integration with the Vreman subgrid-scale (SGS) model [START_REF] Vreman | An eddy-viscosity subgrid-scale model for turbulent shear flow: Algebraic theory and applications[END_REF]. The approach relies on the combination of a low-dissipative centred numerical scheme and an essentially non-oscillatory (ENO) second-order shock-capturing scheme, with a shock sensor [START_REF] Grebert | Simulations of shock wave/turbulent boundary layer interaction with upstream micro vortex generators[END_REF]. The numerical domain reproduces the wind tunnel WT1 test section geometry with an axial dimension corresponding to 20 chords of the airfoil (the airfoil is located at the center of the domain). The spanwise dimension of the aileron is set to C/4 with periodic boundary conditions. A particular attention is brought to the grid, with y + ≈ 1, ∆x + ≈ 30 and ∆z + ≈ 20. The typical cell dimension in the chordwise direction is ∆x = 1 × 10 -3 C, leading to a 120 million cells grid. The normalised time step is set to

∆t + = ∆t × V ∞ /C = 2.6 × 10 -5 ,
corresponding to a CFL number below 2 at every time step. All statistics are collected after the convergence of the operating point (evaluated through the time-averaged drag coefficient). The data are extracted every 20 times steps. The total number of samples available to evaluate the statistics is about 20 000 for each operating point, which is sufficient to ensure the convergence of low-order statistics. For boundary conditions, total pressure P i = 101325 Pa and temperature T i = 326 K are imposed at the inlet, so the operating point is imposed through the definition of static pressure at the outlet. These conditions are chosen to ensure that the Reynolds number is the same than in the wind tunnel test facilities.

Walls are considered as adiabatic with a no-slip condition. The heat capacity ratio is set to γ = 1.4.

VI. VALIDATION OF NUMERICAL PREDICTIONS

The objective of this section is to compare both URANS and LES predictions with available experimental data, in order to verify the capability of numerical simulations to reproduce a realistic buffet phenomenon. In this section, all data are compared at a fixed upstream Mach number for which buffet is p resent: M ∞ = 0.75 (for URANS and measurements) and M ∞ = 0.76 for LES. This discrepancy of less than 1% on the Mach number is the result of the difficulty to set the upstream Mach number in the numerical simulation: since upstream total variables (P i and T i ) are fixed, the operating point depends on the total losses, which are difficult to predict a p riori. The main influence of this shift in the operating point is that the mean shock position should move downstream in the case of LES, compared to URANS and measurements.

To give a magnitude order of the influence of such a discrepancy on the operating point, the 1D inviscid momentum equation is solved considering both operating conditions (M = 0.75 and M = 0.76). The result is that the shock should to a discrepancy of 20%. For numerical simulation, the normalised frequency associated to buffet,

St B = f × C/V ∞ ,
is estimated thanks to a Fourier Transform of the lift coefficient signal shown in Fig. 5. For experimental data, the buffet frequency is computed thanks to the post-processing of Schlieren images [START_REF] Dumon | Numerical and experimental investigations of buffet on a diamond airfoil designed for space launchers applications[END_REF] or wall pressure signals provided by unsteady probes. The discrepancy on to the buffet frequency between both techniques is less than 5%. The results are compared and shown in Table 1. Both LES and URANS predictions are close to the experimental value St = 0.099, with discrepancies of 14% and 1%, respectively. The results could be compared to those typically reported in the literature for supercritical airfoils [START_REF] Brion | Laminar buffet and flow control[END_REF][START_REF] Dandois | Large-eddy simulation of laminar transonic buffet[END_REF]: St B ≈ 0.07 (turbulent boundary layer) and St B = 1.00 (laminar boundary layer). The normalised frequency of buffet for the present diamond-shape airfoil is thus close to the those already reported in the literature for other turbulent airfoils.

move downstream by 6% of the chord for M = 0.76 compared to M = 0.75 (the mean position of the shock is thus very sensitive to the upstream Mach number in this configuration).

With the conventions used in this paper, the leading edge of the airfoil is located at x/C = 0.0. In order to highlight the total amplitude of the shock displacement, the time-averaged iso-contours of the root mean square (r.m.s.) of the density fields obtained from both URANS and LES computations are presented in Fig. 4. The cumulative image obtained from the superimposition of time-resolved Schlieren images over several shock oscillation period is also provided as a basis for the validation of the computations. In all cases, the shock moves from the throat section (x/C = 0.5) to x/C ≈ 0.75. The influence of the expansion waves starting at x/C = 0.5 is visible in both URANS and LES, followed by a supersonic zone. However, the most downstream location of the shock is computed closer to the trailing edge with LES (x/C = 0.90) than with URANS (x/C = 0.75), as well as the mean position of the shock. As discussed in the previous paragraph, this difference is related to the upstream Mach number M ∞ . A qualitative comparison, between LES results and measurements, of the different phases that occur during buffet is shown in Fig. 6. The four chosen instants t 0 , t 1 , t 2 and t 3 (reported for clarity in Fig. 5) correspond to the minimum (negative) lift, the zero lift, the maximum (positive) lift and zero lift, respectively. When the shock on the lower side is located close to the trailing edge (corresponding to a shock on the upper side located close to the throat at x/C = 0.5), the lift is negative (directed towards the bottom). Both numerical simulation and measurements show that at instant t 0 , Fig. 6(a), the size of the supersonic zone on the upper side of the airfoil is greatly reduced. This mechanism plays a crucial role since at this instant a large subsonic zone exists on the upper side, so some information from the rear part of the airfoil can travel upstream, thus allowing the coupling of the flow on both sides of the a irfoil. This is confirmed by the development of upstream travelling pressure waves, starting in the vicinity of the throat, observed both on LES flow fields and Schlieren pictures.

A comparison of instantaneous and time-averaged pressure coefficients is shown in Fig. 7. The uncertainty on the airfoil angle of attack is 1%, so three different measurements campaigns have been achieved to mitigate this source of uncertainty (noted #Exp1, #Exp2 and #Exp3 on Fig. 7). The existence of such upstream travelling pressure waves is well highlighted on both URANS and LES results (and confirmed by the experimental v isualisations). When reaching the leading edge, these pressure waves modify the effective angle of attack and thus the aerodynamic conditions seen by the opposite side of the airfoil. The comparison of pressure coefficients with measurements shows that the pressure A more detailed view of the instantaneous pressure coefficient predicted with LES is shown in Fig. 8. The time series represents one cycle of the buffet phenomenon, showing that large pressure fluctuations exist in the vicinity of the throat at x/C = 0.5. For example at instant t 0 (t * = 17.5), C p,t 0 = -0.4 and at instant t 2 (t * = 23.5), C p,t 2 = -1.3. The plain lines also point out the existence of upstream travelling pressure waves: so even when the shock is located far from the throat section, a piece of information is traveling in the upstream direction inside the boundary layer. The role and the origin of these pressure waves will be investigated in details in the next section of the paper.

A quantitative comparison of URANS and LES predictions with LDV measurements is shown in the wake region in Fig. 9. The capability to accurately predict time-averaged velocity and RMS velocity in the airfoil wake is challenging for numerical simulations since all the upstream information is "integrated" at this location (boundary layers, including separation, as well as the unsteady motion of the shock). The results are compared to experimental measurements, as shown in Table 2. Both URANS and LES have the ability to reproduce the main flow features associated to buffet, including the correct magnitude order for the frequency. In the wake region, LES provides predictions that are closer to the experimental observations than URANS. The use of more adapted turbulence models could help to improve URANS predictions but this work is out of the scope of this paper. Despite some discrepancies with measurements, the accuracy of the current LES regarding the flow predictions is similar to what is reported in the literature for buffet studies [START_REF] Pazner | High-order wall-resolved large eddy simulation of transonic buffet on the OAT15A airfoil[END_REF][START_REF] Grossi | Prediction of transonic buffet by delayed detached-eddy simulation[END_REF]. As a consequence, only LES data are deeper analysed in the rest of the paper. 

VII. ANALYSIS OF RESULTS

The objective of this paper is to propose explanations about the origin of buffet in this configuration. To explain the behaviour of the shock, a very simple analytical model is first developed on the basis of the quasi 1D theory for inviscid compressible flows. The airfoil inside the wind tunnel is considered as a converging-diverging nozzle and the flow is considered in a steady state, as shown in Fig. 10. Zone A corresponds to the subsonic flow, from the leading edge (x/C = 0) to the throat (x/C = 0.5). Zone B corresponds to the supersonic flow and ranges from x/C = 0.5 down to the strong shock. Zone C corresponds to the subsonic flow behind the shock. Zone D, called the Fanno zone, is the subsonic region of the boundary layer, which ranges from the wall until the condition M = 1 in the normal direction.

The role of this region on the buffet phenomenon is discussed later in the paper. This approach can be used to evaluate the theoretical Mach number in isentropic conditions thanks to the Hugoniot equation, Eq. 1:

dA A = M 2 -1 dV V . (1) 
Considering the supersonic isentropic solution, the integration of Eq. 1 gives the 1D evolution of the Mach number Starting from the inviscid isentropic solution, the effect of two parameters on the shock position are studied: the influence of boundary layers (through its displacement thickness δ * ) and upstream total pressure losses, through a loss factor ξ = (P i,T -P i,0 )/P i,0 . The subscript T refers to a quantity evaluated at the throat section while the subscript TE refers to a quantity evaluated at the trailing edge. The method used to evaluate the displacement of the shock is the following:

• Computation of the mass flow at the throat,

Q T = ρ T V T A T ,
• Using the conservation of the mass flow, computation of the Mach number at the trailing edge of the airfoil, M T E , by solving Eq. 2,

• Computation of the total pressure at the exit P i,T E ,

• Knowing the ratio of upstream and downstream total pressures P i,T E /P i,T , computation of the shock position x S . Most pressure losses upstream the shock come from shear stress. Moreover, the wall friction is also responsible for an increase of the static temperature close to the wall, as shown in Fig. 12. The existence of a subsonic region (zone D in Fig. 10) inside the boundary layer between the wall and the supersonic zone (zone B), combined with an important wall friction, raises the question of the role of this zone in the emergence of buffet.

Q T = P T E M T E A T E γ rT i × 1 + γ -1 2 M 2 T E (2 
The flow in the subsonic zone D starts at the throat x/C = 0.5 and extends down to the normal shock. The flow in To solve Eq. 2, it is only necessary to fix the value of the static pressure at the outlet since the total temperature T i is constant (evaluated at the throat) and A T E is known (fixed by the geometry and the displacement thickness, considered as a parameter).

The results are shown in Fig. 11. As a general manner, the "pressure gap" is the main driven parameter for the shock strength and thus position. As expected, an increase of the boundary layer displacement thickness reduces the aerodynamic section, so the shock adapts by moving upstream until its new equilibrium position. Similarly, an increase of upstream losses produces the same effect. For example, a combination of δ * /C = 3% with ξ = 1% (typical value computed from the numerical simulation) results in a displacement of the shock from the trailing edge x/C = 1.0 up to

x/C = 0.6 (so the axial extension of the supersonic zone is reduced by 80%). This conclusion is important to explain the double role of the boundary layer: it produces a deviation of the flow from the real geometry and it produces pressure losses. the region is modelled by considering the flow as a 1D adiabatic flow, only submitted to wall friction (so the influence of the pressure gradient is neglected). Such a flow is known as a Fanno flow [START_REF] Ockendon | The Fanno model for turbulent compressible flow[END_REF], for which the axial evolution of the Mach number M is given by the following equation (based on the conservation of mass and momentum):

dM 2 M 2 = γM 2 1 -M 2 1 + γ -1 2 M 2 4 f D h dx (3) 
with M the local Mach number, f : the Fanning friction parameter f = 2τ/(ρV 2 b ), D h the hydraulic diameter and V b the bulk velocity of the flow. In the present case, the hydraulic diameter D h can be approximated as D h = 4A/P ≈ 2δ F , with A and P the cross section and the perimeter of the Fanno zone, respectively, and δ F the thickness of the Fanno zone.

The evolution of the temperature T with respect to the entropy S is represented schematically in Fig. 13 to highlight the evolution of the Mach number with wall friction in a Fanno flow. When the Mach number is subsonic (branch "M < 1" in Fig. 13), momentum losses result in an increase of the Mach number, until it reaches sonic conditions. At this very specific point, when the mass flow is choked, an additional increase of the momentum losses will induce an adaptation of upstream conditions: the operating point thus moves to a new Fanno line. This adaptation is done through a modification of the mass flow rate at the inlet of the Fanno zone [4 6]. This physical phenomenon is at the basis of the scenario proposed in this paper to explain the capability of compression waves to travel upstream in the "supersonic region" and explains the origin of buffet.

To check the validity of this hypothesis, it is necessary to evaluate the distance necessary to choke the flow, knowing the wall friction coefficient (i.e. the Fanning parameter). For a constant value of the Fanning parameter and hydraulic diameter, the theoretical distance at which the mass flow is choked L * is given by

L * = D h 4 f ×        1 -M 2 γM 2 + γ + 1 2γ ln M 2 2 γ+1 1 + γ-1 2 M 2        . ( 4 
)
To take advantage of the knowledge of wall friction at all instants of time (provided by numerical predictions), the integration of Eq. 3 is preferred, with a spatial step set to dx = 5 × 10 no heat transfer), as well as the difficulty to accurately estimate the thickness of the Fanno zone δ F (x) and the Fanning parameter f (x, t) (due to the unsteady nature of the flow), reduce the capability of this model to accurately predict the location at which choked conditions appear. As a consequence, the information provided by this approach should be taken only as a guide to explore the capability of the Fanno flow analogy to explain the possibility for pressure waves to travel upstream and trigger a buffet cycle, but not as a predictive method (a more complex mathematical development of the model, out of the scope of this paper, is required to achieve this objective).

For a given Mach number at the inlet of the Fanno zone M 0 , when the shock is located at its most upstream position (close to the throat), the value of L * /C is at its maximum value, meaning that choked conditions are achieved close to the trailing edge (L * /C → 1.0). When the shock is moving at its most downstream position (close to the trailing edge), the value of L * /C is at its minimum value, so the choked condition is more likely to occur closer to the throat (L * /C → 0.5). In the present case, at M ∞ = 0.76, the mean Mach number at the entrance of the Fanno zone (i.e. at

x/C = 0.5) is M 0 ≈ 0.58 (this value is computed directly from the LES data in the thin layer of the subsonic region close to the wall). This value is represented with a dotted line in Fig. 14. This value of the Mach number at the inlet of the Fanno zone corresponds to a position where choked conditions are achieved in the vicinity of x/C ≈ [0.8; 0.9] depending on the time. This result compares very well with the tabulated data reported in [START_REF] Bar-Meir | Fundamentals of compressible fluid mechanics[END_REF] that give L * /C = 0.76, by considering D h = 5 × 10 -3 C, f = 1.80 × 10 -3 (average value) and M = 0.58. The interest of this model is to prove that, in the present configuration and with the considered operating conditions, choked conditions can actually occur in the subsonic part of the boundary layer due to the flow acceleration related to momentum losses.

As a consequence, at these conditions, the adaptation of upstream conditions can theoretically occur due to wall friction. The adaptation of upstream conditions is done through the emission of pressure waves traveling upstream, called Fanno waves (FW) in the rest of the paper. These pressure waves increase the displacement thickness δ * of the boundary layers, resulting in a displacement of the shock in the upstream direction.

To observe such Fanno waves, the instantaneous mass flow i s c omputed i n t he F anno z one a s Q The scenario proposed to describe a full cycle of the buffet phenomenon is shown in Fig. 16: • a compression wave is emitted in the vicinity of x/C = 0.75 (Fanno wave), travelling upstream up to the throat (x/C = 0.5), at a speed u f w-= 0.14a S (with a S the sound speed),

F ( t) = ∬ η F 0 ρ(t)V(t)
• the boundary layer displacement thickness is increased as a response to this pressure wave, so the shock moves upstream to adapt to the new flow conditions,

• in the vicinity of the throat, the displacement thickness is sufficiently important to create a new aerodynamic throat downstream the geometric throat), resulting in the emission of an acoustic wave (AW), Fig. 6, that travels upstream up to the leading edge at speed u aw-= 0.12a S ,

• at the leading edge, the acoustic wave is transmitted on the opposite side of the airfoil up to x/C = 0.75 at speed

u aw+ = 1.88a S ,
• then, the wave "returns" by the same mechanism until its initial position.

The time needed to achieve this journey (round-trip) is T bu f f et :

Page 19 of 29 Based on this understanding of the buffet phenomenon, the influence on buffet of two approaches is i nvestigated: an increase of the upstream Mach number (to modify the wall friction coefficient) and an airfoil wall cooling (to replace the Fanno flow by a Rayleigh flow [START_REF] Zucker | Fundamentals of Gas Dynamics, chapter 10. Rayleigh flow[END_REF]).

VIII. INFLUENCE OF THE MACH NUMBER

The question is now to explain how a small increase of the upstream Mach number could result in a suppression/modification of the buffet p henomenon. The main influence of an increase of the Mach number is to shift the shock towards the trailing edge, but it can also shift the abscissa at which the flow is choked in zone D through a modification of the local skin f riction. To do so, the upstream Mach number is moderately increased from M ∞ = 0.76 to M ∞ = 0.78. The expected effect is that the supersonic zone should extend on a larger part of the airfoil chord after the throat, resulting in a stronger positive gradient. This will have a stabilising effect on the boundary layer, keeping it laminar on a larger distance, and thus reducing locally the skin friction.

The evolution of the time-averaged wall friction coefficients is shown in Fig. 17 buffet is still present with large oscillations of the lift coefficient, meaning the shocks displacements are still in opposite phases. The causality link is difficult to establish between the buffet frequency, the Mach number and the wall friction.

An explanation could lie in the nature of the boundary layers. As discussed in [START_REF] Dandois | Large-eddy simulation of laminar transonic buffet[END_REF], laminar buffet is usually associated layer profile is lower than in a turbulent boundary layer, so the Fanno waves should travel upstream at a higher speed in a laminar boundary layer (corresponding to a higher buffet frequency). This hypothesis should be more investigated in a future work. 

dM 2 M 2 = 1 + γM 2 1 -M 2 1 + γ -1 2 M 2 dT T , (5) 
with M the local Mach number, T the local temperature and dT the temperature gradient between the wall and the flow (i.e. a heat flux per unit of mass such as q = C p dT). By imposing a wall cooling (dT < 0), without wall friction, the Mach number should decrease in the subsonic case. In the present case, the idea is thus to define a wall temperature that will counter-balance the effect of wall friction. To determine this theoretical wall temperature, Eq. 3 and Eq. 5 are combined with the objective to ensure dM = 0 (i.e. the wall cooling effect must compensate exactly the wall friction effect to keep a constant Mach number in zone D). Indeed the local temperature correction dT C at wall is determined as

dT C T = - γM 2 1 + γM 2 4 f D h dx. (6) 
As a first approximation, only a "magnitude order" is desired for the control temperature T C , so Eq. 6 is integrated from the throat x/C = 0.5 to the trailing edge x/C = 1.0 considering mean values for the parameters. The Fanning parameter is set to f = 1.8 × 10 -3 , the temperature is chosen as T = T i,∞ , the Mach number at the throat is M 0 = 0.58 and D h = 5.0 × 10 -3 C. To cool the flow, it is only necessary to ensure that the wall temperature is lower than the adiabatic temperature, as suggested by [START_REF] Echert | Analysis of heat and mass transfer[END_REF]. The adiabatic temperature is estimated as

T ad ≈ T ∞ × 1 + (γ-1) 2 M 2 ∞ = T i,∞ = 326K,
considering a temperature recovery factor of 1.0 (this is formally true for a Prandtl number equals to 1). The integration of Eq. 6 gives ∆T C ≈ -0.12 × T ad ≈ -40 K, corresponding to a control temperature at wall T C = 326 -40 = 286 K

IX. WALL TEMPERATURE BASED CONTROL

The suppression of buffet could be achieved by suppressing choked conditions in the Fanno zone. To do so, it is mandatory to counter-balance the flow acceleration due to skin friction in the boundary l ayer. The proposed control strategy is thus based on a cooling of the airfoil wall. Previous investigations have been reported in the literature to explain the influence of wall cooling on boundary layers [START_REF] Redford | Numerical simulations of turbulent spots in supersonic boundary layers: effects of Mach number and wall temperature[END_REF][START_REF] Lynch | A theoretical and experimental study of non-adiabatic wall effects on transonic shock/boundary layer interaction[END_REF], with a particular interest for drag reduction in transonic and supersonic regimes. Buffet control based on wall cooling is also discussed in the literature [START_REF] Raghunathan | Effect of model cooling on periodic transonic flow[END_REF][START_REF] Tulita | Drag reduction and buffeting alleviation in transonic periodic flow over biconvex aerofoils[END_REF][START_REF] Raghunathan | Periodic transonic flow and control[END_REF],

showing a decrease of the amplitude of the shock-wave / boundary layer interaction. However the physical mechanisms associated to this effect on buffet are not yet fully identified in previous studies.

By cooling the wall, the assumption of adiabatic flow used for the Fanno flow model is no longer va lid. Such a flow is better described by the Rayleigh flow model (that considers a flow with heat transfer at wall, but without wall friction).

The influence of heat transfer on the flow is described in Fig. 13 : in the subsonic (upper) branch, wall cooling will decrease the Mach number in the subsonic zone, which in turns should delay the emergence of choked conditions in the boundary layers. The idea is to counter-balance the effect of wall friction by cooling the wall to ensure a mean Mach number in zone D below 1.0. The evolution of the Mach number in a Rayleigh flow is given by [START_REF] Zucker | Fundamentals of Gas Dynamics, chapter 10. Rayleigh flow[END_REF]: This method based on wall cooling thus successfully damps buffet for the present case. The reason for this buffet alleviation is that wall cooling is shifting downstream the distance at which the mass flow in the Fanno zone is choked, avoiding the emission of upstream travelling compression waves, so no information is now travelling upstream, decoupling the flow on both sides of the a irfoil. To go further, the present control could be optimized, to minimise the quantity of energy necessary to control buffet. For example, the optimal temperature for wall cooling should be chosen to increase the distance to choke the flow L * beyond the trailing edge of the airfoil (and not to maintain the mean Mach number constant in the "Fanno zone"). Moreover, the effect of the pressure gradient should also be considered in a future work.

(corresponding to T C /T i = 0.88).

Starting from the numerical solution at M = 0.78 (where buffet is still present), the numerical simulation is pursued simply by replacing the adiabatic condition at the wall by an isothermal condition with T C = 286 K. The effect of wall cooling on the lift coefficient is shown in Fig. 18. The instant at which temperature cooling is activated is indicated as "activation of wall cooling" (corresponding to t * = 69). After less than two buffet cycles, for t * > 75, the amplitude of the lift coefficient is reduced from C L = ±0.15 to C L = ±0.01. The Fourier Transform of the lift signal, shown in Fig. 19, confirms that the frequency peaks, associated to buffet, are well s uppressed. The reason for this drastic reduction of the flow unsteadiness is that the shocks on both sides of the airfoil now establish at a stabilised and symmetric position, demonstrating that the physical mechanism at the origin of buffet has well been suppressed.

X. DISCUSSION

Some of the lessons learned from the work presented in this paper are summarised below:

• The displacement of the shock results in the periodic increase of the boundary layer displacement thickness (so the shock displacement is a consequence not the primary root),

• The periodic growing of the displacement thickness is related to the emission of compression waves (in the subsonic part of the boundary layers), explained through a Fanno flow analogy [START_REF] Novikovs | Numerical solutions of the unsteady Fanno model for compressible pipe flow[END_REF],

• The increase of the Mach number until choked conditions in the Fanno zone is proportional to the wall friction divided by the hydraulic diameter f /D h , so the control of buffet requires to reduce the wall friction or to increase the thickness of the Fanno zone,

• An important lesson learned from Eq. 6 is that the temperature control will be more difficult to achieve when the Mach number at the entrance of the Fanno zone is high, since the term γM 2 1+γM 2 is growing with the Mach number M.

• As a general manner, the flow control will be more effective if the Mach number at the entrance of the Fanno zone is low, so it is more more appropriate to act at the very beginning of the supersonic region (and not latter in the vicinity of the shock for example),

• The use of an isothermal condition to mimic a Rayleigh-like flow is criticisable since the isothermal condition could also modifies the near wall acoustics, so a heat flux condition should be better adapted (provision for a future work).

• The accurate prediction of the Fanno zone thickness D h = O(10 -4 )C at the throat, which is a driven parameter for the emergence of buffet, is very challenging for numerical simulations, and it could explains the difficulty to predict buffet with a wall modelled LES approach (even the present wall-resolved LES contains less than ten grid cells in this zone in the vicinity of the throat).
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XI. CONCLUSION

This paper reports a set of numerical investigations, supported by experimental measurements, about the physical mechanisms associated to buffet in a transonic diamond airfoil, at null incidence. Both URANS and LES successfully reproduce buffet in this configuration for a Mach number close to M = 0 .75. While some discrepancies are observed about local details of the flow between LES and URANS, especially in the vicinity of the airfoil wake, both URANS and LES predict a buffet frequency close to the experimental one (St ≈ 0.10). This value for the normalised frequency is classically associated to buffet in turbulent flow regime.

A particular effort has been done to investigate the role of the thin subsonic zone in the boundary layer, located between the wall and the supersonic region. The flow in this region could be studied by using the so-called Fanno flow model (adiabatic flow submitted to wall friction). This analogy shows that wall friction is responsible for an increase of the Mach number in the subsonic part of the boundary layer, until choked conditions are achieved. At this point, the upstream flow must adapt through the emission of backward travelling pressure waves. These waves travel upstream at a low speed (about M ≈ 0.10) until the subsonic region located at the airfoil throat. These waves then propagate upstream, in the subsonic flow, until the airfoil leading edge, resulting in a modification of the angle of attack of the flow. This mechanism, in this configuration, explains the coupling between both sides of the airfoil and thus the emergence of buffet.

Then, the role of the upstream Mach number has been investigated, showing that a modification of the local skin friction can modify the buffet frequency, without suppressing it. Finally, a control strategy has been proposed, based on the cooling of the airfoil wall, with the idea to counter-balance the effect of wall friction. A method to estimate the temperature needed to counter-balance the influence of wall friction has been proposed on the basis of the Rayleigh flow model. This control strategy successfully suppress buffet in the present case, reducing the the oscillation of the lift coefficient by one order of magnitude.

  Averaged Navier-Stokes (URANS) and Large-Eddy Simulation (LES). The numerical predictions are first v alidated a gainst available e xperimental d ata, b efore t o b e a nalysed in details to identify the origin of buffet on the studied configuration. A complementary numerical study is then conducted to assess the possibility to delay the onset of buffet. The buffet control strategy is based on wall cooling. By adequately choosing the wall temperature, this work shows that it is feasible to delay the emergence of buffet. More precisely, this paper highlights the crucial role of the subsonic flow inside the boundary layer, showing the existence of upstream traveling pressure waves that are responsible for the flow coupling between both sides of the airfoil, at the origin of the buffet phenomenon. Transonic buffet of a space launcher aileron: Reynolds number [-], Re = ν × V ∞ × C q: heat flux per unit of mass [J/kg] RMS: root mean square of x [-], x RM S = (x 2 /x St: normalised frequency [-],

  δ F : thickness of the Fanno zone [m] η: normal distance to the wall [m] γ: heat capacity ratio [-] ν: kinematic viscosity [m 2 /s]

Fig. 1

 1 Fig. 1 Overview of the SERA space launcher: (a) embedded within the EOLE demonstrator [27] and (b) positioned on its launchpad [28].

Fig. 2 Fig. 3 .

 23 Fig. 2 Overview of the wind tunnel WT1 and investigated geometry.

Fig. 3

 3 Fig. 3 Overview of the wind tunnel WT2 and investigated geometry. The position of Kulite probes is shown on the right.
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 7 [START_REF] Choi | Grid-point requirements for large eddy simulation: Chapman'sestimates revisited[END_REF]. To overcome this limitation and reduce the cost of the simulation, it is possible to model the turbulence close to the wall (inner boundary layer), as

Fig. 4

 4 Fig. 4 Comparison of time-averaged flow field coloured with the RMS of the density (numerical simulation): (a) URANS, (b) LES and (c) superimposition of time-resolved Schlieren images over several shock oscillation periods.

Fig. 5

 5 Fig. 5 Lift and drag coefficients C L and C D with respect to the normalized time t * : (a) URANS data and (b) LES data.

Fig. 6

 6 Fig. 6 Comparison of instantaneous flow fi elds be tween me asurements (S chlieren me thod, le ft) an d LES (density gradient, right): (a) t 0 /T B = 0, (b) t 1 /T B = 1/4, (c) t 2 /T B = 2/4 and (d) t 3 /T B = 3/4, with T B the period of buffet.

Fig. 7 Fig. 8

 78 Fig. 7 Comparison of pressure coefficients with measurements (note: the measurements are repeated three times): instantaneous (grey lines) and time-averaged (black bold lines) for (a) URANS and (b) LES data.

Fig. 9

 9 Fig. 9 Comparison of time-averaged velocity and RMS velocity predictions with measurements in the airfoil wake: (a) URANS velocity, (b) URANS RMS velocity, (c) LES velocity and (d) LES RMS velocity.

Fig. 10

 10 Fig. 10 Sketch of the problem considered for the analysis and evolution of the theoretical Mach number in the converging-diverging section. The zone D is a thin layer that contains a subsonic flow. Since the problem considered is symmetric, only half of the airfoil is shown for clarity

)

  Page 14 of 29 in this configuration, as shown in Fig. 1 0. Starting from the wind tunnel conditions (total pressure and temperature), and considering the flow is following exactly the airfoil shape (absence of boundary layers), the isentropic conditions are achieved for a Mach number at the leading edge M = 0.78 and at the exit M = 1.26.

Fig. 11

 11 Fig. 11 Evolution of the shock position x S /C with respect to the boundary layer displacement thickness δ * and the upstream loss coefficient ξ (x/C = 1.0 corresponds to the trailing edge and x/C = 0.5 corresponds to the throat).

Fig. 12

 12 Fig. 12 Instantaneous flow field of Q-criterion coloured with the normalised static temperature T S /T S,∞ , showing the development of a "hot" zone close to the wall due to wall friction.

Fig. 13

 13 Fig. 13 Representation of the temperature with respect to the entropy for Fanno and Rayleigh flows. The arrow gives the evolution of the Mach number for an increase of wall friction (Fanno) or wall temperature (Rayleigh).
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 3 . The Fanning parameter f (x, t) and the time-average thickness of the Fanno zone δ F (x) are computed directly from LES data (typically D h = 2 × δ F ranges between 10 -4 × C at x/C = 0.5 and 10 -2 × C at x/C = 0.75). The result of the integration is shown in Fig.14that represents the evolution of the normalised distance needed to chock the mass flow L * /C, depending on the time and the Mach number at the inlet of the Fanno zone M 0 . The strong hypothesis associated to the Fanno model (1D steady flow,

Fig. 14

 14 Fig. 14 Evolution of the distance needed to achieve choked conditions L * /C in zone D (Fig. 10) with respect to the time and the Mach number at the inlet of the Fanno zone M 0 . The dashed line indicates the value of the Mach number M 0 predicted with LES at M ∞ = 0.76. Note: the Fanno zone starts at x/C = 0.5, but the distance L * is then converted in the reference frame of the airfoil, so formally L * = L * + 0.5C.

Fig. 15

 15 Fig. 15 Normalized mass flow Q F /Q T (with Q T the mass flow at the throat) in the boundary layer region between the wall (M = 0) and the line M = 1.

  from x/C = 0.5 to x/C = 1.0 with respect to the time. The previous theoretical results are well observed in the numerical simulation: the Fanno waves are highlighted in the region between x/C = 0.5 and x/C = 0.75. The mass flow waves are initiated in the vicinity of x /C ≈ 0.75 (for example at t * = 23) and then travels upstream at a Mach number M f w-≈ 0.11.

Fig. 16

 16 Fig. 16 Scenario proposed to describe a buffet cycle in the present configuration.

Fig. 17

 17 Fig. 17 Influence of the upstream Mach number on the time-averaged wall friction coefficient (LES data).

  to a normalised frequency close to St = 1.0. For a fixed external velocity, the mean Mach number in a laminar boundary I edge until the throat. However, it has an influence on the location of the separation point ( C f ≈ 0) after the throat as shown in Fig.17: it is located at x/C = 0.57 for M ∞ = 0.76 and x/C = 0.66 for M ∞ = 0.78. For M ∞ = 0.76, the wall friction coefficient reaches a plateau at C f ≈ 10 -3 for 0.6 < x/C < 0.8. At M ∞ = 0.78, this plateau is shifted to 0.8 < x/C < 1.0. While the value of the wall friction coefficient, averaged along the chord, is very close in both cases, C f = 1.80 × 10 -3 , the reduction of the local skin friction between the throat and the shock in the case M ∞ = 0.78 should reduce the flow acceleration in the Fanno zone.

Fig. 18

 18 Fig. 18 Evolution of the lift coefficient with respect to the time (LES data at M = 0.78).

Fig. 19 Power

 19 Fig. 19 Power Spectral Density, computed from the lift signal C L = f (t) (LES data).

Fig. 20

 20 Fig. 20 Instantaneous flow field coloured with the Mach number and evolution of the Mach number extracted at η/C = 0.1: (a) adiabatic wall and (b) isothermal wall.

  

Table 1

 1 Normalised buffet frequency St B

	URANS 0.100
	LES	0.085
	Exp.	0.099

Table 2 Flow predictions in the wake (compared to measurements)

 2 

		Min. velocity	Max. RMS velocity
	x/C URANS LES URANS	LES
	1.1	-40%	-15%	+60%	+23%
	1.3	-16%	-1%	+40%	+9%
	1.5	-12%	-1%	+19%	-10%