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Introduction

The proper understanding and prediction of laminarturbulent transition is one of the current limiting factor for the development of hypersonic flight. For example, for generic (e.g. attached boundary layer) cases, the heat flux overshoots drastically in the transition region, with a transition onset highly dependent on the flight conditions, making the correct design of the thermal protection tedious. Adding to that complexity, shocks appear in the vicinity of any geometrical discontinuities presents on vehicles, such as control surface or inlets compression ramps. Those shocks interact with the boundary layer and may cause the apparition of a recirculation downstream from the interaction.

First, key parameters such as the Reynolds number [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF][START_REF] Heffner | Experimental study of transitional axisymmetric shockboundary layer interactions at mach 5[END_REF] or free-stream perturbation levels (Lugrin et al., 2021b) are known to significantly impact the topology of transitional flows. An increase of any of these parameters leads to a change in recirculating region size and heat-flux distribution. Understanding the flow behavior in this region is crucial as the recirculation region appears at the foot of critical flight apparatus. Small changes in flow topology (i.e. the position of the separation and reattachment points and the recirculation region size) may lead to drastic changes of the control surface responsiveness, or of the propulsion system efficiency. In addition, the heat-flux levels at reattachment may be more than ten times higher than in the separated region (see for instance [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Bur | Experimental study on the PRE-X vehicle focusing on the transitional shockwave/boundary-layer interactions[END_REF]). Thus, any uncertainty on the reattachment location leads to strongly over(or under)-predicted thermal loads. Previous results from [START_REF] Bur | Experimental study on the PRE-X vehicle focusing on the transitional shockwave/boundary-layer interactions[END_REF] showed how crucial is the prediction of the correct transitional heatflux in the reattachment region for real life designs such as the Pre-X vehicle.

Even if it is critical for vehicle design, the literature on the transition to turbulence through hypersonic Shockwave/Boundary Layer Interactions (SBLI) remains limited. Multiple experimental and numerical studies on hypersonic attached boundary layer point toward second mode waves being the dominant linear instability and thus being responsible for transition. High-frequency pressure signal corresponding to such instabilities have been recorded in numerous experiments [START_REF] Estorf | Surface-pressure measurements of secondmode instability in quiet hypersonic flow[END_REF][START_REF] Chynoweth | History and progress of boundary-layer transition on a Mach-6 flared cone[END_REF]. Such experiments, coupled with local linear stability analyses [START_REF] Mack | Linear stability theory and the problem of supersonic boundary-layer transition[END_REF][START_REF] Özgen | Linear stability analysis in compressible, flat-plate boundary-layers[END_REF][START_REF] Esquieu | Flow and stability analysis of a hypersonic boundarylayer over an axisymmetric cone-cylinder-flare configuration[END_REF], unveil the importance of second mode for hypersonic transition. However, Franko andLele (2013, 2014) have shown that oblique first mode instabilities may also play an important role in the transition process. The separated region may also bring new transitional mechanisms; for instance, recent experiments from [START_REF] Benitez | Instability measurements on an axisymmetric separation bubble at mach 6[END_REF] have shown that the shear layer generates new instabilities. Those three-dimensional shearlayer oblique supersonic type instabilities may become the dominant linear instability above the separated region [START_REF] Sandham | Compressible mixing layer: Linear theory and direct simulation[END_REF][START_REF] Reynolds | Three-dimensional simulations of large eddies in the compressible mixing layer[END_REF][START_REF] Kudryavtsev | Numerical Investigation of High Speed Free Shear Flow Instability and Mach Wave Radiation[END_REF][START_REF] Foysi | The compressible mixing layer: An les study[END_REF].

Since the early work of [START_REF] Ginoux | On Some Properties of Reattaching Laminar and Transitional High Speed Flows[END_REF], the presence of streaks in the reattachment region of SBLI has been reported. For instance, [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Murray | Experimental investigation of axisymmetric hypersonic shockwave/turbulent-boundary-layer interactions[END_REF] used oil-flow visualization to document the presence of steady streaks (one has to keep in mind that the oil flow may be stabilizing the streaks, forcing them to be steady [START_REF] Murray | Experimental investigation of axisymmetric hypersonic shockwave/turbulent-boundary-layer interactions[END_REF]) on the configuration studied here. Görtler-like vortices appears to be Reynolds independent [START_REF] De | Görtier-type vortices in hypersonic flows: The ramp problem[END_REF] and related to the experiment and model geometry. Indeed, [START_REF] Chuvakhov | Effect of Small Bluntness on Formation of Görtler Vortices in a Supersonic Compression Corner Flow[END_REF] showed that blunt leading edge and increase in the ramp angle leads to a decrease in the vortex intensity. The extensive work of [START_REF] Vermeulen | Parametric studies of shock wave/boundary layer interactions over 2 d compression corners at mach 6[END_REF]; Simeonides (1992); [START_REF] Simeonides | Experimental and Computational Investigations of Hypersonic Flow About Compression Ramps[END_REF] confirmed the footprints of Görtler-like vortices developing on concave walls thanks to infrared visualizations. [START_REF] Roghelia | Experimental investigation of Görtler vortices in hypersonic ramp flows behind sharp and blunt leading edges[END_REF]; [START_REF] De | Görtier-type vortices in hypersonic flows: The ramp problem[END_REF] further visualized the streaks with infrared measurements in SBLI cases. More recently, Pressure and Temperature Sensitive Paints (PSP and TSP) have also been used [START_REF] Chuvakhov | Effect of Small Bluntness on Formation of Görtler Vortices in a Supersonic Compression Corner Flow[END_REF][START_REF] Yang | Investigation of the double ramp in hypersonic flow using luminescent measurement systems[END_REF][START_REF] Gonzales | Temporally and Spatially Resolved Pressure and Temperature Maps in Hypersonic Flow[END_REF] to capture the streaks pattern in the reattachment region. Running and Juliano (2021) also reported weak wall pressure and temperature signature of quasi-steady streaks in their unsteady PSP measurements. In a preliminary study [START_REF] Running | Characterization of post-shock thermal striations on a cone/flare[END_REF] also reported information about the Stanton number signature of the streaks using IR imaging, alongside a first attempt to quantify the streaks' wavelength using spectral analysis.

The origin of streaks in SBLI is still under heavy debate; multiple mechanisms that could lead to their presence are documented in the numerical literature. [START_REF] Comte | Large-Eddy Simulations of Compressible Shear Flows[END_REF] was the first to document the presence of streamwise vortices in a LES of a turbulent compression ramp interaction that he assumed were Görtler vortices. His work was followed by the DNS of a similar configuration by [START_REF] Adams | Direct simulation of the turbulent boundary layer along a compression ramp at M = 3 and Re(θ) = 1685[END_REF] which came to the same conclusion. Latter, [START_REF] Navarro-Martinez | Numerical simulation of Görtler vortices in hypersonic compression ramps[END_REF] presented similar results for laminar interactions.

However, the mechanism proposed by [START_REF] Görtler | Instabilitat laminarer Grenzschichten an konkaven Wanden gegenuber gewissen dreidimensionalen Storungen[END_REF] is not the only one that can lead to steady vortices. For instance, the numerical work of [START_REF] Sandham | Compressible mixing layer: Linear theory and direct simulation[END_REF] showed that the oblique waves present in the mixing layer could create elongated streamwise structures through strong baroclinic and dilatational effects. Recently, [START_REF] Dwivedi | Reattachment streaks in hypersonic compression ramp flow: An input-output analysis[END_REF] conducted an inputoutput analysis on a compression ramp base flow to demonstrate that the streaks could be directly caused by a convective baroclinic mechanism. Lugrin et al. (2021b) showed that the receptivity process of convective mechanisms could also be altered by non-linear interaction of boundary layer modes, similarly to what happens in boundary layers for oblique breakdown. [START_REF] Sidharth | Onset of three-dimensionality in supersonic flow over a slender double wedge[END_REF][START_REF] Hildebrand | Simulation and stability analysis of oblique shock-wave/boundary-layer interactions at Mach 5.92[END_REF] showed that a global instability growing inside the bubble could also cause striation in the reattachment region for laminar and transitional SBLI. Finally, [START_REF] Cao | Unsteady effects in a hypersonic compression ramp flow with laminar separation[END_REF] unveiled that the non-linear saturation of those global modes could also lead to striation in fully laminar cases.

The present work aims at experimentally simulating a canonical transitional SBLI configuration to document the transitional instabilities and the change in flow topology. It is a continuation of previous studies from [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Bur | Experimental study on the PRE-X vehicle focusing on the transitional shockwave/boundary-layer interactions[END_REF] which focuses on the same geometry and overall similar flow conditions. A photography of the cylinder-flare model in the R2Ch facility is presented in figure 1. The flow conditions for the runs are summarized in table 1, they range from low transitional flow at Re L = 4 × 10 5 to high transitional flow for Re L = 1.1 × 10 6 . Following the work of [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Threadgill | Transitional shock boundary layer interactions on a compression ramp at mach 4[END_REF]; Lugrin et al. (2021b,a) on transitional shockwave/boundary layer interaction, the conditions chosen for this study yield a fully laminar flow up to the separation point followed by a transitional reattachment. The interaction of shockwave with a transitional boundary layer is not documented in this article. The laminar/transitional/turbulent nature of each region of the flow is further discussed in a dedicated section ( §3.1).

Compared to the previous studies of [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Bur | Experimental study on the PRE-X vehicle focusing on the transitional shockwave/boundary-layer interactions[END_REF], new means of investigation, in particular high-speed acquisitions, allowed us to explore the complex flow dynamics. Unsteady pressure measurements have been conducted alongside high-speed Schlieren and infrared thermography. The goals of the present study are threefold: first, the impact Table 1 Mean free-stream conditions and standard deviation computed on a 2-second window during the highfrequency acquisition. The Reynolds number are computed from run 1.

of the Reynolds number on the flow topology will be documented and compared to the literature; secondly, the streaky pattern on the flare will be investigated using imaging coupled with post-processing tools such as Proper Orthogonal Decomposition (POD). Finally, unsteady pressure transducers and Schlieren imaging will be used to document the mixing layer modes present on top of the recirculation region.

Experimental setup

Facility

The R2Ch facility in the ONERA Meudon site was used for the experiments. The facility is a conventional blowdown wind tunnel (test duration between 15 and 30 seconds) equipped with a set of contoured axisymmetric nozzles covering a Mach number range from 5 to 7 (here, a 0.327m exit diameter Mach 5 nozzle is used). A schematic of the facility is presented in figure 2. The R2Ch wind tunnel is a cold hypersonic facility: the stagnation temperature is raised to a level just sufficient to prevent air liquefaction during expansion in the nozzle. Upstream air is heated to a stagnation temperature T st slightly above 500K (510K < T st < 550K) by streaming through a Joule-effect heater. The stagnation pressure may be controlled to range from lami-nar/low transitional to fully turbulent Reynolds number. In the present experiments, stagnation pressures P st are chosen in the range 1.3×10 5 Pa < P st < 4.1×10 5 Pa. This leads to Reynolds numbers which range from Re L = 4 × 10 5 to Re L = 1.14 × 10 6 ). The free-stream static pressure fluctuations of the wind tunnel have been measured to be 1.7% ± 0.1%, for all the operating conditions presented in this paper, using a 150mm long 5 • half angle sharp cone equipped with a kulite (90mm downstream of the tip of the cone) and a PCB sensor (105mm downstream of the tip of the cone). According to a previous study conducted by [START_REF] Masutti | Disturbance level characterization of a hypersonic blow-down facility[END_REF], this method should yield results similar to the more traditional pitot probe measurements.

The leading edge of the model is positioned 140 mm upstream from the nozzle exit, at 0 • angle of attack and 0 • yaw angle. This ensures that the model is entirely located inside the Mach 5 rhombus and that there is no blockage effect. The angle of attack is first set by using an inclinometer. It is then validated using the symmetry of the shock system on the lower and upper part of the model using a dedicated Schlieren setup. The final angle of attack in wind referential is α = 0 • ± 0.05 • (the final uncertainty is set by the abitility to mesure the angles from the Schlieren images). The yaw angle is measured in the nozzle referential using a depth gauge to be β = 0.004 • ± 0.0002 • . However, it may slightly depart from 0 • in the true wind referential, which can explain the weak curvature of the reattachment line visible in figure 6. While this misalignment may have an effect on the development of the instabilities studied in this article, recent results from [START_REF] Benitez | Separation bubble variation due to small angles of attack for an axisymmetric model at mach 6[END_REF] show that this impact is rather limited in conventional wind tunnel due to the presence of free-stream noise, as they reported similar streaks for angle varying from 0 to 0.3 • .

The time evolutions of the stagnation pressure and temperature during a typical run (in this case Re L = 1.14 × 10 6 ) are presented in figure 3 alongside the time were the different measurements are conducted. The high-speed unsteady data are acquired near the end of the run, when the flow is fully established and the Reynolds number almost constant. Due to constraints intrinsic to the facility, one can never achieve a fully constant stagnation temperature (as the whole system is slowly heating during the run). Yet, the Reynolds number change during the run is negligible, and the flow conditions can be considered constant over time during the high-speed acquisition. Thus, the operating conditions that are presented in table 1 are computed as an average over a 2-second window during the high-speed acquisition. Two runs are presented since two different acquisitions are needed for the infrared imaging (one at full frame, and one at reduced frame, see section 2.3). The Reynolds numbers are computed from the first run. One may see that there is an excellent reproducibility of the runs for Re L = 4 × 10 5 and Re L = 1.1 × 10 6 (at most 1.5% difference between each run), but a less good one for Re L = 7 × 10 5 (7% change in P st between run 1 and 2). The difference between the two runs at Re L = 7 × 10 5 can be attributed to the difficulty to precisely regulate the pressure level upstream of the blow-down wind tunnel. The reproducibility of the unsteady measurements between similar runs is verified by comparing kulite pressure spectrums (not shown) and is found to be very good, even for the case Re L = 7×10 5 .

Model and instrumentation

The model used for the experiments is a refurbished version of the model from the experiments of [START_REF] Vandomme | Contribution à l'étude de l'intéraction onde de choc couche limite transitionnelle en écoulement hypersonique à Mach 5[END_REF]. It is a hollow cylinder of outer diameter D out = 131mm, inner diameter D in = 108mm and length L = 252mm with a sharp leading edge (measured radius of 27.5 ± 1µm), followed by a 15 • flare. The total length of interest is 350mm. The flare itself is then followed by a 50-mm-long cylindrical extension to minimize the base flow influence on the interaction region, giving a total model length of 400mm. This model was designed to be able to have a separated flow in transitional conditions. The hollow geometry is a key design feature of this experiment, as it allows a large model to be used in the facility without obstructing the test section by a blockage effect, which would impact the starting phase of the facility. While both the inside and outside structures of the model are reused, the model has been reequipped and resurfaced. The model is made of Isotan, with a Nimonic leading edge, and is half painted in black for infrared imaging. The rugosity of the painted part of the model has been measured using a Marh MarSurf M 400 and is Ra < 3.2µm, while the rugosity of the bare-metal part of the model is Ra < 1.2µm. The temperature of the model was measured to vary only slightly during the runs (< 15K on the flare, < 2K on the cylinder) and a good approximation for numerical reproduction of the present experiments could be to use an isothermal wall at ∼ 290K. A view of the model, including the sensors, can be seen in figure 4.

The 52 pressure taps distributed along the model as in previous experiments [START_REF] Vandomme | Contribution à l'étude de l'intéraction onde de choc couche limite transitionnelle en écoulement hypersonique à Mach 5[END_REF][START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF] are kept and provide measurements of the mean pressure distribution along the geometry. Those pressure taps are connected to electronic pressure scanners (ESP32) via stainless-steel tubes prolonged by flexible silicon tubes. Pressure ports are addressed using the digital I/O bank of a NI PXIe 6361 which performs digitization of each sensor signal. The uncertainty on the pressure scanner measurements is estimated to be ±10%. The signals of wind tunnel parameters (P st , T st , etc.) are acquired using a NI PXI 6284 multiplexer. The main modification on the model is the presence of 7 Kulite XCQ-093 (1Psi differential range and B type screened) and 4 PCB 132A31 sensors for unsteady pressure fluctuation measurements. Positions of those sensors can be found in tables 2 and 3. The PCB sensors are conditioned by a 4-channel PCB 482C05 signal conditioner free of any amplification and filtering, the output is then digitized by a NI PXIe-6376 with a sampling frequency set to 3.3MHz. While the acquisition permits very high-frequency measurements with PCB sensors, one has to be careful when interpreting results at frequencies higher than 300kHz as resonance was observed during shock-tube calibration of those sensors (see appendix 1); this resonance is also mentioned in other studies (Butler and Laurence, 2021a;[START_REF] Grossir | Xperimental Characterization of Hypersonic Transitional Boundary Layers. In: introduction to stability and transition analysis method SSEMID[END_REF]. A special model integration technique has been used for PCB sensors and is described in appendix 1. This technique yields both a better flush mount and a thermal protection of the sensor. For the Kulites sen- 0.79 0.87 1.07 1.09 1.10 1.12 1.25

Fig. 4 3D view of the model (Kulites in red, PCB in grey)

sors, signal amplification and galvanic insulation is done through ENS E300 signal amplifier/conditioner (with a low-pass analog filter set to 100kHz), the signal is then digitized by a NI PXIe-6358 (set to a sampling frequency of 1.1MHz). The sensors are connected to a common power supply (ITI QL355) delivering a constant 10V voltage. The uncertainty on the Kulite sensors measurements after in house static calibration by the metrology lab is less than ±(15Pa+0.1%) in the calibration conditions. The PXIe-6376 and PXIe-6358 are in the same PXI rack in order to use a common reference clock. The data obtained with the chosen sampling frequencies (i.e., 1.1 and 3.3MHz) have been compared to data acquired at 40MHz using a Keysight Infiniium S-series numerical oscilloscope to ensure the absence of aliasing in the signal. The reference pressure for all the differential measurements (PSI and Kulite sensors) is maintained to a stable value using a vacuum pump connected to a DPI 510 pressure regulator maintaining a buffer tank of approximately 1 liter to the desired pressure (6kPa). The pressure fluctuation amplitude of the reference tank during trial runs has been measured to be less than 10Pa. To distinguish electronic noise from actual signal during the runs, reference measurements are recorded before each run (test section at vacuum pressure, wind-tunnel ready to run). This acquisition provides the noise floor. 

IR thermography setup and post-processing

To perform the heat flux measurements, a mid-wave (2.5 -5µm) FLIR SC7600 InSb (640 × 512 pixels) infrared (IR) camera equipped with a 25mm lens was used. The camera is installed in the wind tunnel test section inside a specific enclosure to maintain it at atmospheric pressure and to provide sufficient cooling of the device through fresh air incoming. The use of a tilted silicon window, with a surface treatment ensuring 95% of transmitivity, eliminates the Narcisse effect. The camera is looking at the model through an aluminum mirror of optical quality as seen in figure 5 due to limited space inside the test section. To account for the experimental conditions, and more particularly for the different optics in between the camera and the model, an in-situ calibration was carried out. This operation was performed by placing a thermo-regulated heating plate (coated with the same paint as the model) inside the test section and performing camera acquisitions for different temperatures along the dynamic of interest 20 -75 • C. The derived calibration law is applied to the camera digital levels for the following measurements.

The model made of Isotan is coated with a thin layer of Sacotherm paint. Isotan thermal properties are provided in 4. The paint emissivity, together with the material has been characterized by the French National Laboratory of Tests and Metrology (LNE) for different angle of observation. At normal incidence, the paint emissivity is equal to 0.85.

Image registration and heat flux computation are described in more details in Le [START_REF] Sant | An image registration method for infrared measurements[END_REF] and Le [START_REF] Sant | An overview of infrared thermography techniques used in large wind tunnels[END_REF] respectively. Therefore, only the main steps of the process will be presented in the following.

First, the model is meshed using a triangular tessellation. The camera point of view is then determined by fitting the mesh to the model contour on the image. This allows to link each pixel to a point on the model and thus to a position in space.

Secondly, camera digital levels are converted to temperature values thanks to Planck's law corrected with the emissivity value. Because each pixel can be related to its 3D coordinates on the model, the observation angle is known. The corresponding emissivity value determined by the LNE can then be applied as presented in Le [START_REF] Sant | An image registration method for infrared measurements[END_REF]. The paint emissivity not been characterized for angles greater than 60 • , it seems preferable not to consider those measurements. Consequently, the corresponding pixels are dismissed in the following.

Then, the heat flux is computed using the temperature history and the FLUX1D approach (Le [START_REF] Sant | An overview of infrared thermography techniques used in large wind tunnels[END_REF]. This method solves the one-dimensional heat equation taking into account the thickness of the model, its thermal properties depending on the temperature and the thin layer of paint, which acts as a thermal resistance. The ability to take into account the model thickness is crucial in this experiment as the thermal signal depth penetration ( √ αt = 11.7mm, with α the thermal diffusivity of the material) is greater than the model thickness (7 mm) during a run. To do so, we consider a zero flux condition on the opposite face of the model. The impact of the curvature has been evaluated to be below 1% and consequently this effect has not been taken into account in the heat flux processing. The non-dimensional Stanton number is then computed following the relation:

S t = Φ ρ ∞ V ∞ C p (T aw -T wall ) . ( 1 
)
Where Φ is the heat flux determined from IR measurements, ρ ∞ is the free-stream static density, V ∞ stands for the free-stream velocity, C p represents the specific heat at constant pressure, T aw represents the instantaneous adiabatic wall temperature and T wall is the model temperature measured by the IR camera. Here, the adiabatic wall temperature is inferred from static temperature T ∞ (deduced from the stagnation temperature T st ) and using a turbulent recovery factor r ∼ P r 1/3 ∼ 0.89, which introduce a bias of 4.5% in laminar regions where r ∼ P r 1/2 ∼ 0.85, using the following relation:

T aw = T ∞ (1 + r γ -1 2 M 2 ).
(2)

Since we investigate the instantaneous Stanton number evolution in the following, free-stream quantities are computed using the free-stream Mach number and the instantaneous stagnation pressure and temperature measured in the wind tunnel.

Finally, Stanton number distribution maps are reprojected on the 3D model thanks to the image mapping technique. An example of the resulting image is presented in figure 6. This image represents the spatial distribution of the mean Stanton number on the model. The red dots correspond to the PCB sensors. Streaky patterns are particularly visible in the reattachment region on the flare. To better recognize this striation pattern, the reader is invited to watch the movie captured by the IR camera provided in the supplementary material. From our analysis, the whole heat flux assessment uncertainties are driven by the uncertainties on the thermal properties of the material and the estimation of the paint factor.The uncertainty on the paint thermal resistivity introduces a random error of ±2.5% and the one on the thermal properties of the model induce a bias (±4%), both of those uncertainties are common to all the runs and therefore doe not affect the analysis from run to run. The total uncertainty on the IR measurements is estimated to be ±6.5%. The uncertainty on the recovery factor lead to an estimated uncertainty on the Stanton number of +11% -6.5%. Unless specified otherwise, no spatial nor temporal averaging or filtering of the IR data is conducted.

Figure 6 indicates the two valid areas seen by the IR camera: the IR image represents the low-frequency acquisition (50Hz) which covers both the cylinder part of the model and the full flare; in red, the high-frequency acquisition (972Hz) which focuses on a reduced region at the beginning of the flare In both cases, the corresponding spatial resolution provided by the camera is 0.4mm/pixel. IR acquisitions were triggered manually to record the full temperature history during the wind tunnel blow-down as indicated in figure 3.

A cylindrical coordinate system will be used, as it allows to better represent the axisymmetrical geometry and flow. The cylindrical coordinate system is derived from the Cartesian presented in figure 6, x is kept the same with an origin at the leading edge of the model. The radius r is defined as r = y 2 + z 2 (y and z origin are located on the symmetry axis of the model) and the angle θ as θ = tan -1 ( z y ) + 90, θ is defined in degrees. To extract information about the azimuthal striation from the IR images, an azimuthal decomposition consisting of the following steps is used. First, the N i images are interpolated on a regular (x, θ) grid. Then, a Discrete Fourier Transform (DFT) is applied in the az- where k is the image number and m the azimuthal wavenumber of the mode. It is important to note here that the DFT cannot be computed at the longitudinal location of the PCB sensor due to their presence in the IR images. Due to the spectral transformation in the azimuthal direction, the vectors Ŝk (m) correspond to mono-dimensional vectors of pixels: they contain complex values associated with the pixel intensity at each point (x) from the mesh. For a given wavenumber (m) of interest, the Fourier modes of all the images are then stacked in a matrix Xm , which reads

Xm = Ŝ0 (m), Ŝ1 (m), • • • , ŜNi-1 (m) .
(

) 3 
This matrix is then processed similarly to a snapshot matrix in a classical POD decomposition: the i-th POD mode ϕ i (m) can be computed from the i-th left singular vector of Xm , which may be computed by solving the eigenproblem associated with the cross-spectral density matrix

Xm X⋆ m ψ i (m) = λ (m) i ψ i (m) , (4) 
For each wavenumber (m), the associated POD modes are ordered with respect to their contribution to the global dynamics, i.e. λ

(m) 0 > λ (m) 1 > λ (m) 2
> . . . . In practice, the eigenmodes are computed by using the snapshots method of [START_REF] Sirovich | Turbulence and the dynamics of coherent structures. III. Dynamics and scaling[END_REF] which is a less costly but equivalent decomposition based on X⋆ m Xm rather than (4). This provides the right singular vectors of Xm , from which one can easily retrieve the POD modes (see for instance [START_REF] Towne | Spectral proper orthogonal decomposition and its relationship to dynamic mode decomposition and resolvent analysis[END_REF] for details). While for traditional POD, multiple modes are needed to describe the data, here the POD comes after a DFT, giving a different set of modes per wavenumber of interest. In this article, the POD is mainly used to discriminate the correlated physical information at a given frequency from the uncorrelated noise coming from the environment or the acquisition. As such, only the leading mode will be presented and discussed for the wavenumber of interest.

Schlieren setup and images treatment

Flow visualizations were realized thanks to the classical Z-type Schlieren setup presented in figure 7. Due to environmental constraints, the reception side has been folded using a large plane mirror. In conjunction with a HBO arc-lamp, a Phantom V2640 high-speed camera was employed to investigate the recirculation region close to the flare junction. The camera was operated at 140kHz, on a reduced region of 752×128 pixels depicted in figure 6. The knife edge was set horizontally to visualize vertical density variations in the shear layer.

A typical image recorded with the high-speed camera setup is presented in figure 8. While it clearly displays the density gradient of the mixing layer, it is harder to identify structures linked with unsteady features of the flow in this image. One may nonetheless note the presence of alternating zones of low/high density gradient within the shear layer. The reader is invited to watch the movie provided in the supplementary material to better distinguish those structures. No spatial nor temporal averaging or filtering of the Schlieren data is conducted. To extract information on those potentially spatiotemporally correlated structures, Spectral Proper Orthogonal Decomposition (SPOD) is used. This variant of the classical Proper Orthogonal Decomposition (POD) was first introduced by [START_REF] Lumley | Stochastic tools in turbulence[END_REF] and has been widely used by the turbulence community since then (see for instance [START_REF] Gudmundsson | Instability wave models for the near-field fluctuations of turbulent jets[END_REF]). It has been recently studied from a mathematical point of view by [START_REF] Towne | Spectral proper orthogonal decomposition and its relationship to dynamic mode decomposition and resolvent analysis[END_REF], who showed that it is by construction the optimal decomposition to identify spatio-temporally correlated structures within statistically stationary flow. Recently, it has been used with great success to post-process high-speed Schlieren images in hypersonic wind tunnel experiments (Butler and Laurence, 2021a,b).

The actual treatment is done following a procedure that is close to the one used for the IR post-processing but includes a temporal Fourier transform instead of a spatial one : First, the instantaneous images are regrouped in N r overlapping realizations of the flow. Each realization contains a temporal sequence of vectors representing the images (s t0 , s t0+∆t , . . . ), where the components of s t are the intensity of the pixels of the 2D image at the time t. A Discrete Fourier Transform (DFT) is then applied in the temporal direction, giving Fourier mode vectors Ŝk (ω), where k is the realization number, ω the temporal frequency. For a given frequency ω of interest, the Fourier modes of all realizations are then stacked in a matrix Xω , which is then treated following the same procedure described here-before for Xm in the case of the IR post-processing (the matrix is decomposed by POD). Due to the prior temporal DFT, this processing yields a set of oscillating mode structures for each temporal frequency. The numerical parameters such as the number of images, the realization size and the number of realizations are presented in table 5. Again, only the leading SPOD mode (and its energetic content) will be presented and discussed for each frequency of interest. 

Results

Flow topology

Let us first document the impact of the Reynolds number on the topology of the flow, and particularly on the recirculation region size. Figure 9 presents a schematic of the flow topology showing the separation shock, the recirculation region, the reattachment and an illustration of the typical pressure and Stanton number evolution through those regions. As the flow on this exact setup is already described in depth by [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF], only the information relevant to the present study will be presented in this section. Figure 10 ing the Reynolds number. The impact of the Reynolds number on the recirculation region size was also documented by [START_REF] Heffner | Experimental study of transitional axisymmetric shockboundary layer interactions at mach 5[END_REF] on a similar configuration. This reduction happens with both a downstream displacement of the separation point and an upstream displacement of the reattachment point. The upstream displacement of the separation point is well illustrated by figure 10(a) as the pressure rise caused by the separation happens sooner for lower Reynolds number. The downstream displacement of the reattachment point can be inferred from figure 10(c) and previous observation from Heffner et al. (1993), which have shown that the reattachment point position is located near the peak heat-flux position in transitional SBLI (according to [START_REF] Running | Characterization of post-shock thermal striations on a cone/flare[END_REF] it is actually just upstream of the peak). The peak heat flux position is very clearly displaced downstream by a decrease in Reynolds number in the present experiments. Similar behavior of the separated region has also been documented numerically, albeit for increasing free-stream perturbations instead of Reynolds number, both for incompressible separated region [START_REF] Marxen | Mean flow deformation in a laminar separation bubble: Separation and stability characteristics[END_REF] and hypersonic SBLI separated region (Lugrin et al., 2021b), showing that the transitional instabilities play an important role in the definition of the recirculation region size. Here, the same mechanisms could be at play, with transitional instabilities strengthened by the increase in Reynolds number instead of the increase in amplitude of the injected perturbations.

For all the cases presented here, the heat-flux peaks at a higher value than in the turbulent regime, which is typical of transitional flows. The transitional peak Stanton values on the flare, in the 10 -25% higher than the turbulent Stanton value range, compares well with other experimental and numerical results (see for instance [START_REF] Heffner | Experimental study of transitional axisymmetric shockboundary layer interactions at mach 5[END_REF]; [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; [START_REF] Navarro-Martinez | Numerical simulation of Görtler vortices in hypersonic compression ramps[END_REF]; [START_REF] Vermeulen | Parametric studies of shock wave/boundary layer interactions over 2 d compression corners at mach 6[END_REF]). The peak Stanton value of St ∼ 5 × 10 -3 is also coherent with the previous results of [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]. The displacement of the reattachment point and thus of the maximal heat-flux location is also illustrated by the heat-flux maps presented in figure 11.

The evolution of state of the boundary layer on the flare for each case can be deduced from the results of figure 10; For the Re L = 4 × 10 5 case, at the end of the flare, the Stanton peak caused by transition is not over, meaning that the flow does not reach a fully turbulent state on the flare, and as such, the transition process is not fully over. For the two other cases, the Stanton number decreases after the transitional peak and reaches a steadily decreasing plateau on the flare, sign that the flow reaches a fully turbulent state.

It is worth to mention here that no clear evidence of SBLI unsteadiness was found in the present experiment, neither on full frame Schlieren imaging nor on the spectrums of pressure transducers located inside the bubble. Either there is not any low-frequency separated region motion or a very low amplitude one. The SBLI unsteadiness is also known to have a negligible impact on the transition process in noisy environment (Lugrin et al., 2021a).

The next sections focus on the streaky pattern in the reattachment and the shear layer modes, on which the literature is more sparse.

Streaks analysis

As stated in the introduction, heat-flux striation is common in the reattachment region of SBLI and the origin of this phenomenon is under debate.

The first interesting information to extract from the infrared images is the wavenumbers associated with the streaks and how it depends on the Reynolds number. Looking at figure 11 already provides qualitative information on the dominant wavenumbers of the streaks. The overall wavelength of the streaks seems to be decreasing along the intensity of the striation with an increase in the Reynolds number. A similar trend was already described for laminar hypersonic SWBLI by [START_REF] De | Görtier-type vortices in hypersonic flows: The ramp problem[END_REF] as they noted a shift from high-amplitude/low-wavelength toward moderate amplitude and wavelength patterns with an increase in the Reynolds number. This trend was also observed by [START_REF] Running | Characterization of post-shock thermal striations on a cone/flare[END_REF]. Then, similarly to what was reported by [START_REF] Running | Characterization of post-shock thermal striations on a cone/flare[END_REF], some peaks and valleys are amplified more than others, which may suggest that there is either an uneven receptivity of the streaks or that multiple modes at different wavenumber may be superposed. As the streaks break down and the flow become turbulent on the flare, the heatflux striation become less visible on the mean Stanton map and is replaced by a uniform heat-flux distribution. Because of that, the length of the clearly striated region is Reynolds-number-dependent: for the low Reynolds number case, the transition process is not over at the end of the ramp, and thus the streaks are clearly visible from the reattachment point to the end of the model. For the higher Reynolds number cases, the streaks breakdown to turbulence quickly and cause striation to be clearly visible only on a small axial part of the model near the reattachment point. A similar behavior was also observed for transitional cases by Vermeulen and Simeonides (1992) and by [START_REF] Roghelia | Experimental investigation of Görtler vortices in hypersonic ramp flows behind sharp and blunt leading edges[END_REF] for increasing ramp angle. As postulated by Vermeulen and Simeonides (1992) this suggests that the streaks are involved in the transition process. It is important to mention here that the absence of striation on the flare is not a good indicator of the turbulent state of the boundary layer in that region, given that laminar reattachment with no striation has also been documented [START_REF] Benitez | Separation bubble variation due to small angles of attack for an axisymmetric model at mach 6[END_REF].

To get quantitative information on the dominant wavelength of the streaks, one can follow the procedure described in section 2.3 to post-process the instantaneous IR images (see the movie in the supplementary materials).

Figure 12 presents the energy of the leading POD mode as a function of the azimuthal wavenumber m for each Reynolds number. The interpretation of the absolute value of λ 0 presented in this figure is subject to caution. The azimuthal decomposition cannot be computed in regions where discontinuities are present. Consequently, azimuthal slices of the images containing PCB sensors have to be masked (see figure 13 for instance), leading to an underestimation of the total energy of the mode. As the reattachment region position depends on the Reynolds number, the missing energy from the masked part will not be the same for all Reynolds numbers (for instance, the maximum peak heat flux may be masked for the high Reynolds number case and not for the others).

First, there are multiple peaks in the spectra, highlighting that there may be multiple different mechanisms leading to the apparition of streaks. This is consistent with the previous observation of uneven striation on the flare, which may be due to the superposition of different modes. The first peak, at m = 21 is only present (and dominant) in the low Reynolds number flow. This peak disappears when the Reynolds number increases. Another highly energetic peak is present at m = 53 for all the studied cases. The wavenumber of this peak is completely independent of the Reynolds number (and thus of the size of the separated region). Finally, a third energetic zone appears with the increase of the Reynolds number for a large range of wavenumbers around m = 81, which becomes more and more significant when the Reynolds number increases.

Thus, three different peaks have been identified in figure 12 and should be studied. Those peaks may be linked with different physical mechanisms. Figures 13,14, and 15 present the azimuthally reconstructed leading POD mode (ψ i (m) e imθ ) at the dominant wavenumbers for each Reynolds number, which provide information on the spatial organisation of the modes.

First, the striation pattern at m = 21 is displayed in figure 13 (a) as it is only present for the lowest Reynolds number case. It displays a streamwise change in the heat flux sign in addition to the obvious azimuthal one. The region of positive heat flux variation at reattachment is followed by a region of negative variation on the edge of the flare. [START_REF] Hildebrand | Simulation and stability analysis of oblique shock-wave/boundary-layer interactions at Mach 5.92[END_REF]; Lugrin et al. (2021a) showed in their numerical work that global unstable modes in the recirculation region of transitional hypersonic SBLI could lead to such an alternate pattern in the streamwise direction. Neither Görtler instabilities nor other convective mechanisms such as unveiled by [START_REF] Dwivedi | Reattachment streaks in hypersonic compression ramp flow: An input-output analysis[END_REF] display such streamwise pattern. Therefore, it is possible that the mode at m = 21 is caused by such a global mode and it appears unlikely that those streaks are caused by convective mechanisms.

For the m = 53 pattern, which is presented in figures 13 (b), 14 and 15 (a) (as it is present for all Reynolds number), the streamwise pattern completely disappears, hinting that this mode may not be linked with the same physics. striation pattern appears similar to the one presented by [START_REF] Dwivedi | Reattachment streaks in hypersonic compression ramp flow: An input-output analysis[END_REF] and Lugrin et al. (2021b). As such the mode at m = 53 could be linked to convective mechanisms. However, [START_REF] Cao | Unsteady effects in a hypersonic compression ramp flow with laminar separation[END_REF] proved that non-linear saturation of unstable global modes could also lead to streaks which do not display any alternate pattern past reattachment. While both of those mechanisms could lead to a similar striation pat-tern, they should be impacted by a change in Reynolds number and are thus unlikely to be at the origin of this striation. The hypothesis that they could be caused by a centrifugal mechanism such as initially proposed by [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF] is the most relevant in that case, as Görtler vortices can be extremely receptive to leading edge geometrical imperfection [START_REF] Vermeulen | Parametric studies of shock wave/boundary layer interactions over 2 d compression corners at mach 6[END_REF][START_REF] Roghelia | Experimental investigation of Görtler vortices in hypersonic ramp flows behind sharp and blunt leading edges[END_REF] which could explain why the wavenumber is not Re L -dependent.

For the third amplification at high wavenumber (m ∼ 81), the dominant mode at m = 81 for Re L = 1.1 × 10 5 is presented in figure 15 (b); Again, it does not display any longitudinal pattern. There are two hints that point toward a purely convective mode such as described by [START_REF] Dwivedi | Reattachment streaks in hypersonic compression ramp flow: An input-output analysis[END_REF]: first, it displays energetic content over a wide range of wavenumber (which is often the case for convective modes that act as noise amplifiers [START_REF] Sipp | Characterization of noise amplifiers with global singular modes: The case of the leading-edge flat-plate boundary layer[END_REF]) and second, it seems to be more and more dominant when increasing the Reynolds number.

Traces of the m = 53 and m = 81 modes are still visible even in the fully turbulent region on the flare even if their amplitude in that region is way less than in the transitional region (which may explain why they were not visible on the mean Stanton number map presented in figure 11). This result is reminiscent of previous numerical results (Lugrin et al., 2021b) which have shown that such coherent structures are indeed still present even in fully developed turbulence past the transitional reattachment point. Now that the dominant modes linked with streaks are identified, their temporal behavior can be characterized. To get that information, IR imaging was conducted on a reduced part of the model at higher sampling frequencies (972Hz, see section 2.3). Figure 16 presents the temporal evolution of the flux along an azimuthal line located at the streamwise location associated with the peak mean heat-flux for all 3 runs. Following the work of [START_REF] Running | Characterization of post-shock thermal striations on a cone/flare[END_REF], a detrending is conducted by subtracting a linear best-fit of the data (in the azimuthal direction). This allows to get rid of both the mean and potential very-low wavenumber signal that would complicate the detection of the streaks' centerlines. For each figure, the signature of the dominant streaks (m = 53) is visible (the centerline of high-heat flux streaks are indicated by a dashed line, the waveangle of around 7 • correspond to a wavenumber of 360 7 ∼ 51 very close to 53), this signature is not constant in time but seems to be meandering. While the time resolution is not sufficient to accurately describe the full motion of the streaks, one may already draw interesting conclusions from that. First, the streaks are not steady. However, their unsteadiness is somewhat limited, as they seem to be moving only slightly around their mean position. They are neither rotating nor entirely changing position. This leads to similar (but improved) conclusions compared to those obtained by [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF]; while they were right about the presence of quasi-steady streaky pattern on the flare, their oil flow visualization technique was unable to reveal the small unsteadiness around the mean position measured here. [START_REF] Running | Global measurements of hypersonic shock-wave/boundary-layer interactions with pressure-sensitive paint[END_REF] To summarize, this study has unveiled the presence of different types of striation patterns on the flare. It points towards multiple mechanisms at play in the creation of streaks. Some evidences seem to indicate that at least one of the mechanism is linked with a global unstable mode. There are also signs of the presence of convective amplification mechanisms and Görtler vortices.

Shear-layer oblique modes

The last important features of the flow under study are the structures in the shear layer which are visible in the Schlieren images presented in figure 17 and the movie provided in the supplementary materials. The images are hard to interpret directly, since the weak density of the flow leads to very low contrast. However, one may still see what looks like travelling structures in the shear layer, which could be studied using SPOD. Note that compared to two-dimensional studies, the present axisymmetric model minimizes the integration effect of the Schlieren measurement and thus the spatial averaging of shear layer structures. Figure 18 shows the premultiplied energy content of the SPOD leading mode against frequency. The noise floor of the camera (which is constant with frequency) is displayed as a dotted line for each run. It shows that the increase in energy in the last part of the pre-multiplied spectrums is only due to this constant noise floor. This information allows us to conclude that no physics can be captured with those settings at a frequency higher than 70kHz (the motion blur caused by the 1µs exposure time acts as a low pass filters) and that the spectrums are free of aliasing. The spectrums display broad bumps that span over more than ∼ 10kHz, with frequencies increasing with the Reynolds number.

The leading modes associated with the maximum energy of those bumps are presented in figure 19. For every case, the leading mode displays alternating structures located in the shear layer on top of the bubble. When the Reynolds number increases, and as the frequency increases too, the longitudinal wavelength of the mode decreases. From the SPOD results, one can make several hypotheses about the physics of this mode. First, the broad bump in the spectrums indicates that they originate from a convective mechanism and are subject to receptivity. From there, and given their localization in the shear layer they may be compressible oblique supersonic shear-layer instabilities, which are well documented in the numerical literature [START_REF] Sandham | Compressible mixing layer: Linear theory and direct simulation[END_REF][START_REF] Kudryavtsev | Numerical Investigation of High Speed Free Shear Flow Instability and Mach Wave Radiation[END_REF][START_REF] Foysi | The compressible mixing layer: An les study[END_REF]. The frequency range of those instabilities is consistent with the numerical results from Lugrin et al. (2021b) who documented such shear layer oblique convective modes in a similar flow configuration.

The leading mode also displays close to no signature in the near-wall region. So, one could expect that the pressure transducers will not be able to properly capture the dynamics of the mode.

Figure 20 shows the pre-multiplied pressure power spectral densities measured by a Kulite and a PCB sensor located at the reattachment. First, the bandwidth of the Kulite sensor is very limited. The energetic content of fluctuations measured with the Kulite sensors starts to decrease before 10kHz while the one measured by the PCB is still increasing.

The PCB spectrums are broadening towards highfrequencies with increasing Reynolds number. For the Re L = 4 × 10 5 case, the spectrum display very low level of energy in the f > 50kHz region (the signal in that region is mostly electronic noise), which is a sign that the flow is not turbulent at the location of the sensor. Meanwhile, for the two higher Reynolds number cases, the spectrums display an increasing level of energy in that frequency region, which is a sign that the flow is becoming turbulent. This result is consistent with the conclusion of section 3.1.

For the lowest Reynolds numbers, a large peak is visible at approximately 20kHz. It is also visible in the spectrums of the intermediate Reynolds number at a slightly higher frequency. Even if this frequency is higher than that of the oblique mode in the shear layer, this peak could be a trace of those structures as the frequency may increase at reattachment were the boundary layer is compressed (a decrease in thickness leading to an increase in frequency).

Figure 21 presents the pre-multiplied pressure power spectral density measured by a Kulite pressure transducer located inside the recirculation bubble. Given the already-discussed limited bandwidth of this sensor and the fact that the waves are traveling in the shear layer and not in the near wall region of the bubble, the interpretation of those spectrums is subject to caution. It is still interesting to note that there is a broad peak in the 1 -10kHz range, with a frequency increasing with the Reynolds number.

The comparison with the SPOD results is not straightforward as the SPOD gives a global spectrum of the integrated energy while the sensor is more localized. Pixels near the sensors located in the bubble (the one at reattachment is not visible on the images) could have been used to compute a localized version of the Schlieren spectrums to give a good comparison. Unfortunately, the signal-to-noise ratio is extremely low in that region and the resulting spectrums are impossible to interpret. Keeping those limitations in mind, this study nonetheless reveals the similarity between the Schlieren and pressure transducers spectra; the peak is in a similar frequency range and the frequency increases with Reynolds number with both techniques.

To conclude, shear layer modes were identified using Schlieren imaging. They seem to be the dominant instability in the shear layer on top of the bubble. Pressure transducers on the surface of the model appear unable to further characterize those modes, probably because the modes do not cause strong fluctuations in the near wall region. 

Conclusion

Experiments were conducted in the R2Ch blowdown facility to study the transitional shockwave/boundary layer interaction on the hollow cylinder flare geometry of [START_REF] Benay | Shock wave/transitional boundarylayer interactions in hypersonic flow[END_REF] at a Mach number of 5. Means of investigation are infra-red thermography, high-speed Schlieren visualisation and pressure transducers along the model. The IR imaging showed the presence of streaks in the reattachment region at different wavenumbers. The in-depth study of those streaks and comparison with numerical results from the literature brought evidence that they are likely to originate from different physical mechanisms, either linked with global or convective linear mechanisms. To the authors' knowledge, it is the first time that a Fourier decomposition coupled with POD is conducted on IR data and that different mechanisms causing striation in the reattachment region of SBLI are identified and clearly distinguished.

Oblique shear layer modes were identified using Schlieren imaging as the dominant instability in the shear layer above the recirculation region. Those modes have a very low-pressure signature at the wall, making their identification via wall-measurements complex. The role played by streaks and shear layer modes in the transition process is still an open question, but the present study tends to show that either one of them or a combination of both may be at the origin of the transition. Precise numerical reproduction of those experiments would be necessary to accurately describe the transition process and to assess whether the constant-wavenumber streaks are due to the leading edge geometry or to a physical mechanism that is fully independent of the Reynolds number. 25, which shows that the epoxy layer is only slightly shifting the resonance frequency toward lower frequencies. The amplitude of the resonance is also increased. Apart from that, no clear difference can be found between the transfer functions with and without epoxy. The resonance of the sensor visible in those results has also been documented in several other studies [START_REF] Grossir | Xperimental Characterization of Hypersonic Transitional Boundary Layers. In: introduction to stability and transition analysis method SSEMID[END_REF]Butler and Laurence, 2021a).

While the shock-tube calibration brings confidence toward the good behavior of the PCB with epoxy, a last effort was made to ensure the quality of the results. A comparison of the spectrum produced by a PCB sensor in the turbulent region of the flare was compared to the one produced by a numerical simulation reproducing the experiment. While the numerical-experimental comparison is out of the scope of this study, figure 26 confirms that the behavior of the PCB with epoxy is excellent in the turbulent region. 
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 1 Fig. 1 Model in the R2Ch blowdown facility M∞ 5 5 5 ReL 4 × 10 5 7 × 10 5 1.1 × 10 6 Run 1 Tst(K) 504 ± 0.6 524 ± 0.6 547 ± 0.9 Pst(P a) 1.27 × 10 5 ± 480 2.41 × 10 5 ± 762 4.14 × 10 5 ± 1157 Run 2 Tst(K) 503 ± 0.6 525 ± 0.7 553 ± 0.8 Pst(P a) 1.29 × 10 5 ± 459 2.25 × 10 5 ± 657 4.08 × 10 5 ± 1266

FilterFig. 3

 3 Fig. 2 Schematic of the R2Ch facility

Fig. 5

 5 Fig. 5 Infrared imaging setup in the R2Ch facility showing the camera enclosure, the mirror and the optical path.

Fig. 6

 6 Fig. 6 Part of the model filmed by the infrared camera in the 50Hz 640 × 512 full frame case (a mean Stanton number map is displayed as an example) and 972Hz 208 × 88 reduced frame case (red line). The green box represents the area filmed by the Schlieren imaging setup (see next section).

Fig. 7

 7 Fig. 7 Schematic of the Schlieren setup.

Fig. 8

 8 Fig. 8 Example of instantaneous Schlieren images from the dataset used for the SPOD.

Fig. 9

 9 Fig. 9 Schematic of a strongly separated SBLI on the compression ramp under study (top) of the typical wall pressure distribution along the geometry (middle) and Stanton number distribution (bottom).

Fig. 10

 10 Fig.10Topology of the flow described by the mean (averaged on 2-second windows during the high-speed acquisition) wall pressure distributions (a) and normalized (P ∞ is the freestream static pressure) pressure distribution (b) the small dots are measurements from the pressure scanner while the big triangles are from Kulites sensors. Mean Stanton number evolution computed as the temporal (averaged on 2-second windows during the high-speed acquisition) and azimuthal average of the Stanton number (c).

  Fig. 11 Mean (time average of the images) Stanton number distribution from infrared imaging for (a) Re L = 4 × 10 5 , (b) Re L = 7×10 5 , (c) Re L = 1.1×10 6 . To improve the rendering of the 3D geometry, the Tecplot lighting effect is used.

Fig. 12

 12 Fig.12Energetic content of the streaky pattern against wavenumber for each Reynolds number. Computed from the azimuthal Fourier decomposition of infrared images followed by POD (see 2.3).

  Fig. 13 Reconstructed POD mode from the most energetic modes at Re L = 4 × 10 5 (a) m = 21 and (b) m = 53. The masked bands correspond to region where the presence of PCB sensors makes the computation of the azimuthal Fourier decomposition impossible. The amplitude of the mode is arbitrary. To improve the rendering of the 3D geometry, the Tecplot lighting effect is used.

Fig. 14

 14 Fig. 14 Reconstructed POD mode from the most energetic mods at Re L = 7 × 10 5 (m = 53). The masked bands correspond to region where the presence of PCB sensors makes the computation of the azimuthal Fourier decomposition impossible. The amplitude of the mode is arbitrary. To improve the rendering of the 3D geometry, the Tecplot lighting effect is used.

  Fig. 15 Reconstructed POD mode from the most energetic modes at Re L = 1.1 × 10 6 (a) m = 53 and (b) m = 81. The masked bands correspond to region where the presence of PCB sensors makes the computation of the azimuthal Fourier decomposition impossible. To improve the rendering of the 3D geometry, the Tecplot lighting effect is used.

Fig. 16

 16 Fig. 16 Time evolution of azimuthal Stanton number distribution measured with the infrared camera at 972Hz at Re L = 4 × 10 5 (a), Re L = 7 × 10 5 (b) and Re L = 1.1 × 10 6 (c). The dashed lines represent the centerline of high-heat flux streaks. The t = 0 time correspond to an arbitrary time reference once the flow is fully started.

Fig. 17

 17 Fig. 17 Instantaneous Schlieren images.

  also came to the same conclusion from unsteady PSP data. Another interesting information brought by the comparison of figure 16 (a), (b) and (c) is that the centerline of the m = 53 streaks is run and Re L -independent, which can only reinforce the hypothesis that they are linked with receptivity of geometrical imperfection of the model.

Fig. 18

 18 Fig.18Pre-multiplied energy level λ 0 of the leading SPOD mode against frequency for all the Reynolds numbers. The dashed lines correspond to the noise floor of the camera.

Fig. 19

 19 Fig. 19 Most energetic leading SPOD mode linked with oblique shear layer modes for all the studied Reynolds number.

Fig. 20

 20 Fig. 20 Pre-multiplied pressure power spectral density from Kulite 3 sensor (dotted) and the PCB 1 sensor (line) on the flare for all the Reynolds numbers, showing the limited bandwidth of the Kulite sensors.

Fig. 21

 21 Fig. 21 Pre-multiplied pressure power spectral density from the Kulite 2 sensor (line) and pre-run noise level (dashed) inside the recirculation region for all the Reynolds numbers.

Fig. 22

 22 Fig. 22 Schematic of the integration problem

Fig. 23

 23 Fig. 23 PCB sensor with an added epoxy layer

Fig

  Fig. 24 PCB sensor mounted on the model

Fig. 26

 26 Fig.26Turbulent flow validation against computational results, the computation used here is overall very similar to the one presented inLugrin et al. (2021b).

Table 2

 2 PCB132A31 sensors position. Measurement origin is the leading edge of the model.

	PCB	1	2	3	4
	X L	1.07 1.09 1.10 1.12

Table 3

 3 Kulite sensors position. Measurement origin is the leading edge of the model.

	Kulite	1	2	3	4	5	6	7
	X							
	L							

Table 4

 4 Isotan thermal characteristics evaluated by the LNE.

	T	Diffusivity	Conductivity	Effusivity
	(K)	(10 -6 .m 2 .s -1 )	(W.m -1 .K -1 )	(W.m -2 .K -1 .s 0.5 )
	296 6.00 ± 0.3	21.7 ± 1.3	8846 ± 619
	323 6.22 ± 0.3	23.2 ± 1.4	9287 ± 650
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Appendix 1 : PCB sensors integration

This appendix describes the integration technique used to be able to flush-mount PCB sensors on the model and to protect them from thermal effects. As presented in figure 22, the integration of a flat sensor on a curved surface leads to the apparition of discontinuities at the sensor/model junction. While this step may be tolerable for models such as the one used here, it may become extremely problematic for models like cones, where the radius of curvature can be small. To solve this problem (and to protect the sensor from thermal effects), an epoxy layer has been added on top of the sensor such as presented in figure 23, this layer can be surfaced once mounted on the model to be as flush as possible (see figure 24). The steps between the sensors surface and the model surfaces have been measured using the Mahr MarSurf M 400 to be less than 40µm.

However, this added layer of epoxy might change significantly the response of the sensor. To quantify the change in transfer function caused by the modification, shock-tube calibrations of the same sensor with and