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INTRODUCTION

Aerobic propulsion systems require sufficient airflow through the engine to operate nominally. The design of the air inlet then plays a key role in the performance of the propulsion system. This is particularly true in the supersonic flight regime where the incoming flow must be decelerated before entering the core of the engine. Figure 1 (left) displays a sketch of a canonical supersonic air inlet. The supersonic flight regime implies the presence of compressible phenomena: shock waves and expansions from the ramp compression devices (supersonic diffuser) or from the inlet cowl lips. The latter can impact the boundary layers developing on the opposite walls. These shock wave/boundary layer interactions (SBLI), which vary according to the flight conditions, have direct repercussions on the performance and operation of the supersonic air inlet [START_REF] Chen | Throttling process and buzz mechanism of a supersonic inlet at overspeed mode[END_REF]. Indeed, the strong adverse pressure gradient induced by a shock wave on a boundary layer may cause a separation of this low speed zone and leads to the creation of a separation bubble. The air flow rate is then reduced, which is detrimental to the propulsion system.

One major well-known problem of these configurations is the supersonic inlet buzz [START_REF] Oswatitsch | Pressure recovery for missiles with reaction propulsion at high supersonic speeds[END_REF]) which can be a great threat to air-breathing supersonic vehicles. Usually, it is triggered by an accidental downstream pressure-or thermaldriven flow blockage, which can throw the inlet into the undesirable subcritical mode featuring the expected terminal shock standing upstream of the inlet entrance (see Figure 1 (right)). Once the buzz occurs, self-excited streamwise normal-shock oscillations are generated along with periodic duct pressure fluctuations, provoking a sharp drop in captured air flow and the consequent engine thrust penalty. Inlet buzz with intense fluid unsteadiness should thus be avoided as much as possible.

The efficient design of supersonic air inlets is still a challenge today and performing numerical simulation of such flow configurations is a difficult task due to the unsteady turbulent nature of the problem and the presence of turbulence, shocks and acoustic waves that interact with each other. One possible approach is to perform Large Eddy Simulations (LES) of this complex flow, since it can cope with the above-mentioned flow features at an affordable numerical cost. The objective of the present work is to set up such LES simulations, in order to characterise the unsteady features of supersonic air inlets and the underlying mechanisms driving the flow when a backpressure occurs and triggers the buzz phenomenon.

NUMERICAL SETUP

The present wall-resolved compressible LES were performed using our in-house IC3 solver, which solves the spatially filtered compressible Navier-Stokes equations for con-served quantities using a finite volume formulation on unstructured meshes. An explicit third-order Runge-Kutta (RK3) scheme is used for time advancement. The solver relies on [START_REF] Vreman | An eddy-viscosity subgrid-scale model for turbulent shear flow: Algebraic theory and applications[END_REF] subgrid-scale model to represent the influence of unresolved small-scale fluid motions. It also features a solution-adaptive methodology which combines a lowdissipative centered numerical scheme and a first order upwind scheme in regions of the flow where discontinuities are present. For this purpose, a DVPG shock sensor based on the values of dilatation β , vorticity ω and pressure gradient ∆P, is used to identify the presence of discontinuities in the flow: in the cells where the ratio DVPG = β ω ∆P P exceeds a threshold value to be defined, the first order scheme is applied while in the other cells, the low-dissipative scheme is kept.

The flow configuration selected in the present work follows [START_REF] Chen | Throttling process and buzz mechanism of a supersonic inlet at overspeed mode[END_REF] experiments. The geometry of the air inlet can be seen in Figure 2 and the corresponding computational domain is depicted in Figure 3 for various cases. In the experiments, the upstream flow is characterised by a Mach number of M = 2.41, a total pressure of 100.9 kPa, a total temperature of 294.1 K, and a Reynolds number, based on the upstream quantities and the height h of the final straight portion of the air inlet duct, equal to 494640. In the present work, we chose to keep the same Mach number in our simulations, but the Reynolds number has been halved by changing the viscosity in order to keep a reasonable computational time. In a first step, the spanwise extent of the computational domain has been set to L z = δ 0 , where δ 0 = 2.4 mm is the size of a turbulent boundary layer (estimated using the 1/7 th power law) developing with no pressure gradient on the bottom ramp of the inlet, up to the point where the bow shock generated by the cowl lip would impact the bottom wall in the absence of a boundary layer on the ramp (i.e. using a direct extension of the shock slope, see location IV on Figure 2). This results in a ratio of δ 0 /h = 0.05 for the thickness of the ramp boundary layer at the first interaction with the cowl-induced shock wave. In order to ensure uncorrelated turbulent fluctuations in the spanwise direction, a wider domain of size L z = 3δ 0 will be considered in the final paper. The corresponding simulations are still ongoing and we present hereafter the preliminary results obtained with a narrower domain of transverse size equal to δ 0 .

Several cases are considered as in the experiments. They differ in the back-pressure imposed at the exit in order to mimic a blockage due to the presence of a downstream engine. This is achieved by placing a plug at the exit of the air inlet duct characterised by a half-top angle of 15.5 • . The plug reduces the mass flow and leads to an increase of the backpressure which modifies the operating point of the air inlet.
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Osaka, Japan, July [19][20][21][22]2022 This procedure allows to investigate different flow regimes of the air inlet, ranging from steady configurations for the mean flow to fully unsteady behaviours featuring the buzz phenomenon. In order to quantify the downstream blockage, a throttling ratio (TR) is defined as TR = 1 -A th,plug /A exit , where A th,plug is the throat area near the plug and A exit is the cross-sectional area of the duct exit. The computational grid is refined close to the ramp and cowl walls, as well as in the core region in the vicinity of the entrance of the air intake. The size of the cells have been chosen such as ∆x + = 20, ∆y + = 1 and ∆z + = 15. This results in a mesh comprising 53•10 6 cells for the narrow domain (L z = δ 0 ) and 160 • 10 6 cells for the wide domain (L z = 3δ 0 ). All variables of the supersonic flow are specified at the inlet boundary of the domain, while a pressure outlet boundary condition is used for outlets. The ramp and cowl walls of the air inlet are set as adiabatic no-slip walls, while the plug walls are set to adiabatic slip walls when present (TR = 0). Symmetry is imposed at the upper and lower boundaries, and periodic boundary conditions are used in the spanwise direction.

PRELIMINARY RESULTS

We first present in Figure 2 the global structure of the flow for the fully open exit (TR = 0%). The waves pattern obtained with LES is in good accordance with the experimental Schlieren. Compression of the incoming supersonic flow is achieved across a ramp shock (I), followed by an isentropic compression wave fan (II) and a bow shock (III) forming in front of the upper cowl lip. This bow shock impinges on the boundary layer developing on the ramp surface and triggers a flow separation (IV) similar to the one occurring in canonical SBLI. One can notice that the intersection between the ramp shock and the cowl-induced shock occurs inside the inlet entrance. It takes place below the cowl lip because the design Mach number of this air inlet equals 2, which is lower than the freestream Mach number of 2.41 studied in this work. On the upper side of the duct, a subsonic region appears downstream of the bow shock (locally a normal shock wave close to the cowl lip), and full separation from the bottom cowl surface happens due to the deceleration of the flow. Additional shock reflections on the ramp and cowl surfaces then occur further downstream inside the duct. A more comprehensive validation of the simulations will be provided in the final paper through the study of pressure distributions along the ramp and cowl surfaces. Numerical probes will also be placed in the flow in order to investigate the unsteady nature of the turbulent flow in light of previous LES results obtained in our laboratory regarding canonical impinging SBLI (see [START_REF] Grébert | Simulations of shock wave/turbulent boundary layer interaction with upstream micro vortex generators[END_REF]).

Three cases with a plug at the exit of the air inlet duct are also considered. The throttling ratio is progressively increased to level where the buzz phenomenon has been observed in the experiments. We present in Figure 3 instantaneous longitudinal velocity fields obtained for TR = 35%, TR = 45% and TR = 60%. We can observe how the increasing back-pressure affects the flow inside the duct. If this influence is limited to the downstream part of the duct for TR = 35%, where the waves pattern is similar to the unthrottled case near the entrance of the air inlet, this is no more true for the higher throttling ratios where flow disturbances move further upstream and contaminate the entire duct. For TR = 45% the intersection between the ramp and bow shock is not regular any more and a Mach stem forms below the cowl lip. Finally, for TR = 60%, the foot of the bow shock is completely expelled from the duct, displaying a flow structure characteristic of a strong buzz phenomenon. The unsteadiness of the TR = 45% case can be observed in figure 4, where six consecutive snapshots of the longitudinal velocity fields are presented. We observe a back and forth motion of waves that alternatively travel upstream until being expelled outside the duct on the external compression ramp, before being sucked again inside the duct of the air inlet. This motion of the waves greatly affects the extent of the region where the boundary layer separates from the walls, and at the most upstream position of the travelling wave, separation of the boundary layer occurs on the entire ramp surface. This cyclic phenomenon seems to be associated to a "little buzz". Deeper investigations need to be conducted using Fourier analysis or recent methods like Spectral Proper Orthogonal Decomposition (SPOD) to characterise the involved frequencies and decipher the mechanisms at play. The same unsteady phenomena are also observed in the TR = 60% case with an amplified intensity. As one can see in Figure 3 (right), the bow shock is now moving upstream on the external ramp increasing the flow spillage, as reported in configurations where the "big buzz" appears [START_REF] Chen | Buzz flows in an external-compression inlet with partially isentropic compression[END_REF]).

WORK IN PROGRESS

The preliminary results presented in this abstract have shown that our LES approach is able to accurately reproduce the behaviour of the different flow regimes occurring in the reference experiment of [START_REF] Chen | Throttling process and buzz mechanism of a supersonic inlet at overspeed mode[END_REF]. As mentioned in the previous paragraphs, a complementary LES campaign is currently running on the same operating points, but with a wider domain in order to avoid correlation of the turbulent fluctuations along the spanwise direction of the computational domain. The results of these simulations will be thoroughly investigated in the final paper. In a first step, we aim at performing a more quantitative validation of the pressure distribution along the cowl and ramp surfaces using the available wall pressure measurements in the work of [START_REF] Chen | Throttling process and buzz mechanism of a supersonic inlet at overspeed mode[END_REF]. We will then take advantage of our unsteady approach to perform a comprehensive frequential characterisation of the flow. The limits separating the appearance of the different types of instabilities will be highlighted and the physical mechanisms governing the transition phases between the different regimes will be investigated.
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Figure 1 .

 1 Figure 1. Sketch of a canonical supersonic air inlet configuration (left) ; Schlieren image of an air inlet experiencing buzz [from Chen et al. (2018)] (right).

Figure 2 .

 2 Figure 2. Schlieren image of the unthrottled air inlet (i.e. without plug, T R = 0%) from Chen et al. (2018)) (left) ; Contours of the magnitude of the density gradients from LES for the same flow configuration (right).

Figure 3 .

 3 Figure 3. Snapshots of velocity magnitude from LES for three different throttled cases (i.e. with plug). From left to right: T R = 35%, T R = 45%, T R = 60%.

Figure 4 .

 4 Figure 4. Snapshots of velocity magnitude from LES at six consecutive instants for the case T R = 45%, illustrating a buzz cycle.