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Experimental investigations of two interacting spheres were carried out in a Mach 4 flow with a static pressure of 2.666 Pa. This study was performed in the MARHy wind tunnel, an adjustable supersonic or hypersonic low-density facility. The main purpose is to estimate how the interaction between spherical debris modify the aerodynamic forces during their atmospheric entry. Indeed, around 80 km, altitude experimentally reproduced thanks to MARHy flow conditions, most debris fragment. The multiple debris, resulting from fragmentation, interact with each other's, which may impact their trajectory. The purpose of this work is to analyze the behavior of a moving sphere placed in the wake of another one. The moving sphere is suspended with two thin wires, so it can almost freely move in the flow direction and physically respond to the acting flow forces of the wake of the first one. Aerodynamic forces are then calculated from the sphere angle deflection. The qualitative analysis of the experimental results will be discriminated first with respect to the trajectory of the second sphere, and secondly with respect to the evolution of the aerodynamic forces according to the sphere.

Introduction

The number of man-made debris on Earth orbits is constantly increasing [START_REF] Esoc | Esa's annual space environment report[END_REF]. Problem is that those debris will eventually re-enter the atmosphere. Among the multitude of them, smallest debris are prone not to survive as a consequence of thermal loads [START_REF] Park | Orbit, orbital lifetime, and reentry survivability estimation for orbiting objects[END_REF]. But larger debris, depending on their shape and materials, can pass through a major part of the upper atmosphere, and eventually reach the ground. If they do so, the impact creates environmental damage and sometimes it can lead to human casualties, given the large populated area [START_REF] Ailor | Spacecraft re-entry strategies : meeting debris mitigation and ground safety requirements[END_REF]. As important debris recently re-entered Earth's atmosphere, we already have an idea of this growing problem. As an example, the impact area and time of debris from the Long March 5B rocket, which crashed on May 9th 2021, were not sufficiently accurate to prevent early enough serious consequences, if any. Indeed, space debris, which are uncontrolled structures, are not designed to re-enter the atmosphere; the knowledge of their behavior during their return to Earth is thus to be studied.

While re-entering the atmosphere, space debris evolve at hypersonic velocities. As their altitude diminish, the density of air molecules increases. Consequently, space debris will undergo four different flow regimes as they approach Earth's surface: free-molecular, transition, slip-flow, and continuum regime.

With increasing density, dynamic pressure and heat flux increase too, leading, most of the time, to debris fragmentation. This phenomenon occurs generally in transition and slip-flow regimes, at altitude ranging between 91 and 50 km [START_REF] Park | Re-entry survival analysis and ground risk assessment of space debris considering byproducts generation[END_REF][START_REF] Prevereaud | Debris aerodynamic interactions during uncontrolled atmospheric reentry[END_REF] depending on the size, shape, materials and velocity of debris. As a result of the fragmentation, one debris becomes a multitude of smaller debris, interacting with each others, at least on their first instants of existence. Depending on the scenario of their flights, some debris may stay on the wake of other ones, being preserved from the flow and consequently from ablation; or on the contrary, some can suffer thermal loads produced when surfing on the shock wave of a first one, being disintegrated before reaching the ground. Unfortunately, the real behavior of fragments, when re-entering the atmosphere, is still not well known. When debris interact with each-others, their trajectory can be modified, which adds a supplementary difficulty to calculate accurately the time and area of impact on Earth's surface [START_REF] Min | Reentry analysis and risk assessment for endof-life disposal of a multi-layer leo satellite[END_REF][START_REF] Sanson | On-ground risk estimation of reentering human-made space objects[END_REF]. Indeed, rarefied regimes, which mostly corresponds to break-up altitudes, still need to be better known. Some experimental works are still focused on the study of the flow around simple geometry [START_REF] Rembaut | Aerodynamical behavior of spherical debris in the supersonic and rarefied wind tunnel marhy[END_REF] to better characterize shock wave shapes and aerodynamic forces in order to improve the knowledge of early stage of atmospheric re-entry. Adding interaction situation to low density effects will allow to determine aerodynamic parameters at the very first moment after fragmentation, and consequently help to understand the behavior of the multiple fragments. With time, it will serve to better predict re-entry trajectory. Proximal bodies behavior is a highly studied topic. In particular, studies have been focused on the study of a sphere flying in the wake of an other one. In a continuum regime, sometimes in low density conditions, supersonic and hypersonic studies showed the importance of Edney's shock/shock interferences [START_REF] Edney | Anomalous heat transfer and pressure distributions on blunt bodies at hypersonic speeds in the presence of an impinging shock[END_REF] on pressures and heat flux distribution at the surface of a following object [START_REF] Bramlette | Simple technique for predicting type iii and iv shock interference[END_REF][START_REF] Glass | Numerical simulation of low-density shock-wave interactions[END_REF][START_REF] Pot | Fundamental study of shock/shock interference in low density flow: flowfield measurements by dlcars[END_REF]13]. The consequences on these interferences has also been studied in terms of aerodynamic coefficients [START_REF] Barri | Basic aerodynamical properties of meteoroid fragments in the terrestrial atmosphere[END_REF], [START_REF] Laurence | Proximal bodies in hypersonic flow[END_REF]. In any case, it has been shown that forces induced during a shock/shock interference strongly impact the trajectory of an object in the wake of a first one [START_REF] Laurence | Dynamical separation of spherical bodies in supersonic flow[END_REF][START_REF] Park | Experimental study of separation behavior of two bodies in hypersonic flow[END_REF][START_REF] Register | Interactions between asteroid fragments during atmospheric entry[END_REF]. In a rarefied regimes, where shock waves are thicker and more diffuse, shock/shock interferences behavior is different from the continuum regime [START_REF] Riabov | Numerical and experimental studies of shock interference in hypersonic flows near a cylinder[END_REF][START_REF] Cardona | Shock/shock interferences in a supersonic rarefied flow: experimental investigation[END_REF]. To our knowledge, very few results are found in the literature concerning the pressure and heat flux distributions [START_REF] Riabov | Numerical and experimental studies of shock interference in hypersonic flows near a cylinder[END_REF][START_REF] White | The effect of increasing rarefaction on the edney type iv shock interaction problem[END_REF] or the aerodynamic forces [START_REF] Ivanov | Statistical simulation of reactive rarefied flows-numerical approach and applications[END_REF][START_REF] Vashchenkov | Aerodynamics of fragment in spacecraft wake[END_REF] induced by these interactions in rarefied flows. In effect, the low density condition creates a flow that no longer can be described by the Navier-Stokes equations, but with the mathematical model of the Boltzmann equation. Numerically, Bird [START_REF] Bird | Molecular gas dynamics and the direct simulation of gas flows[END_REF] first integrated this model in the Direct Simulation Monte Carlo (DSMC). Slip conditions and accommodation coefficients, in particular for the estimation of aerodynamic coefficients, are points that still need to be better characterized. In order to improve the accuracy of the numerical results, it is interesting to build experimental database, in particular concerning the shock/shock interferences topic. Unfortunately, wind-tunnels able to recreate flow conditions of high altitudes in terms of pressure are not very common. Such a supersonic or hypersonic rarefied flow can be found at the Princeton University [START_REF] Vas | The princeton university high pressure hypersonic nitrogen tunnel n-3[END_REF], at the German Aerospace Center [START_REF] Koppenwallner | The hypersonic low density wind-tunnel of the aerodynamische versuchsanstalt goettingen-operational behaviour and results on vibrational relaxation[END_REF], at the Imperial College [START_REF] Harvey | The imperial college graphite heated hypersonic wind tunnel[END_REF], at the University of Oxford [START_REF] Rajasooria | An experimental investigation of the laminar near wake behind a circular cylinder in a Mach 6, rarefield air stream[END_REF], at the Institut of Theoretical and Applied Mechanics [START_REF] Dulov | Progress of aerodynamic research at the institute of theoretical and applied mechanics, siberian branch, academy of sciences of the ussr[END_REF] and at the Institut de Combustion, Aérothermique, Réactivité et Environnement, where the present work has been realized. This paper presents an experimental investigation carried out in the MARHy wind tunnel to explore the interaction of two spheres in a rarefied flow at Mach 4. The experiment consists in analyzing the behavior of a moving sphere placed in the wake of another one with the same diameter. The moving sphere is suspended with two thin wires to a movable support and displaces itself according forces it perceives. Analyzed results will be focused on how shock/shock interferences can affect the trajectory of a sphere in the wake of another.

Experimental setup

The MARHy wind tunnel

This experimental work was carried out in the MARHy wind tunnel, anciently called SR3. MARHy, one of the three wind tunnels of the FAST platform of ICARE, CNRS (France), can reach subsonic to hypersonic velocities in a low density medium. This facility is composed of three main chambers, as shown in Figure 1. The settling chamber serves to establish stagnation conditions. At the inlet, a valve allows to regulate its static pressure. Experiments are carried out in the test chamber, where free stream conditions are set according to the stagnation conditions, the nozzle used and the pumping conditions. The third chamber is the diffuser, which is connected to the pumping group, composed with 14 Roots type pumps, and 2 primary type pumps. In the MARHy wind tunnel, the flow can reach a large range of speed and pressure thanks to its numerous nozzles. The test gas depends on the nozzle used: air for Mach numbers lower than 4, and dinitrogen in hypersonic flow for Mach number up to 20. The diameter and length of the isentropic core also depends on the nozzle used. For each one, the flow in the isentropic core is laminar and continuous, meaning that the free stream conditions are perfectly known. The powerful pumping group allows to sustain the operating conditions in continuous and stable conditions with no limitation time.

Flow conditions

The purpose of the experiment is to provide some answers concerning changes on trajectories of two debris interacting with each other, right after the fragmentation of a parent debris. According the approximate altitudes of fragmentation when a debris enter the atmosphere, it is experimentally wished to obtain a level of rarefaction equivalent to the one at concerned altitudes. This rarefaction level is characterized with the mean free path λ ∞ , estimated assuming a variable cross-section hard sphere (VHS) model that appears to be the most employed [START_REF] Bird | Monte-carlo simulation in an engineering context[END_REF]). This parameter is calculated with Equation 1, where ω ∞ , given by the viscosity power law of Sutherland, is 0.92 in this experiment.

λ ∞ = µ ∞ ρ ∞ √ 2R m T ∞ 2(7 -2ω ∞ )(5 -2ω ∞ ) 15 √ π (1) 
If working with the size of the model (where D 1 , the diameter of the first sphere), the Knudsen number Kn ∞ , as expressed in Equation 2, is a similitude parameter commonly used to define the rarefaction level.

Kn ∞ = λ ∞ D 1 (2) 
According the MSISE-90 Model presented on Figure 2, at estimated fragmentation altitudes between 91 and 50 km, pressure respectively ranges between 0.1 and 100 Pa, while the mean free path ranges between 3.10 -2 and 7.10 -5 m. Not a single ground-based facility is able to reproduce such a rarefied hypersonic flight. It is very hard to experimentally obtain simultaneously all the flight parameters of a debris at fragmentation altitudes.

Nevertheless, it is possible to study independently analogous rarefaction effects in wind tunnels. For this purpose, it is therefore necessary to obtain appropriate Mach and Reynolds numbers. In effect, rarefaction level can furthermore be characterized by the similarity number, also called viscous parameter, which only depends on those two dimensionless numbers, as seen in Equation 3.

ς = Ma ∞ √ Re ∞ (3) 
As Knudsen number is a 'static' similitude parameter only depending on gas density, the viscous parameter is a dynamic similitude parameter because it includes the Mach number and the viscosity. Space debris that enter a large part of the atmosphere and are a potential threat for life on Earth, are mostly larger than 10 cm. Considering a 1 m-diameter main fragment, Prevereaud et al. [START_REF] Prevereaud | Debris aerodynamic interactions during uncontrolled atmospheric reentry[END_REF] calculated its velocity according the fragmentation altitude, leading to the viscous parameter.

Between 78 and 70 km in altitude, it is respectively ranged between 0.293 and 0.130.

On the present investigation we wanted to reproduce similar viscous parameters. For this purpose, the nozzle used is the Mach 4 -2 Pa which flow conditions are detailed in Table 1, where subscript o and ∞ correspond respectively the nozzle stagnation and the free-stream conditions. The diameter of the isentropic core is 7.5 cm, so models larger than 5 cm-diameter cannot be properly studied. Consequently, we need to re-scale the physics of atmospheric re-entry. Our main fragment is a 16 mm-diameter sphere as described in 2.4. Free-stream conditions, for our experimental flow, gives ς = 0.233 and Kn = 0.0139. So, the chosen nozzle ensures to reach a coherent level of rarefaction with what expected at break-up altitudes.

Stagnation and free-stream conditions are respectively obtained experimentally adjusting the static pressures in the settling chamber and in the test chamber (see Figure 1). A micro-valve regulates very accurately the inlet ambient pressure in the settling chamber to stabilize the static pressure. The free-stream pressure is obtained commissioning the number of Roots type pumps, and adjusting the opening of the butterfly valve located between the diffuser and the pumping group. Pressures are monitored with MKS absolute pressure sensors which full range is in relation with the pressure values to be measured. By means of accurate set pressure control of the different sections of the wind tunnel, for the entire set of experiment, a mean Mach number of 4.008 ± 0.012 was obtained, which ensures stable flow conditions in terms of velocity and density.

Flow-field visualization

In a rarefied flow, the density does not allow to use visualization techniques commonly used in fluid dynamics experiments. The number of particles is so low that no changes in optical index can be observed. As a result, PIV, Schlieren, or other optical technique based on optical index changes do not provide any results. Nevertheless, other techniques based on ionization of particles, such as glow-discharge or electron gun, work on low density flows [START_REF] Merzkirch | Techniques of flow visualization[END_REF]. For this work, we used the glow-discharge technique generating an electrical discharge through a copper ring placed around the flow, at the outlet of the nozzle, as it can be observed in Figure 3 and Figure 4. A negative voltage of -1 kV is set on this copper ring, inducing a current of 4 mA. As the electrical power is lower than 10 W, the ionization created does not modify the nature of the flow, as shown by Coumar & Lago [32]. This ionization makes the flow visible around models. The luminous intensity varies with the local density of gas molecules. The denser the flow is, the more the luminosity is intense. As a result, since a shock wave is a compression of the medium, it is denser (and brighter) than the free-stream flow. Consequently, the luminosity allows to distinguish shock-waves. However, this method is a volumetric enlightening, so the luminous intensity of images is the result of integrated intensity values along the line of sight of the camera. So this method does not allow to obtain the local density of the flow-field along the Y-axis.

Experimental configuration

For this study, as seen in Figure 3 and Figure 4, a first sphere (S 1 ) is placed in the wind tunnel, in the plane (X; Z) at Y = 0 of the nozzle. It represents a parent debris flying in the free-stream conditions given in Table 1; while a second sphere S 2 , plays the role of a fragment following the parent debris. S 1 is held in its position with a vertical support which does not create flow obstruction. The support is held in place with a rotary system that allows the sphere to be removed from the flow for background image recording. The first sphere is not aligned in the plane Z = 0 on purpose. In effect, the core of the nozzle is 7.5 cmdiameter, so if S 1 was located on the center line of the flow, the displacement area for the second sphere (S 2 ) would be not enough to explore at least the six types of shock/shock interferences (SSI) as observed by Edney [START_REF] Edney | Anomalous heat transfer and pressure distributions on blunt bodies at hypersonic speeds in the presence of an impinging shock[END_REF]. In order to increase the displacement area of S 2 , S 1 has been positioned 30 mm above the center line of the flow. This location does not significantly modify the shock wave of the sphere as previously shown by Cardona et al. [START_REF] Cardona | Shock/shock interferences in a supersonic rarefied flow: experimental investigation[END_REF]. As S 1 won't move during the entire experiment (except when recording background images), it is chosen to set its center as the origin of the spatial coordinates system. S 2 positioning is included in the (X; Z) plane of the nozzle, as for S 1 . Its X and Z coordinates are variables discussed thereafter. Its supporting system depends on the type of experiment as explained in 2.4.1 and 2.4.2. In any case, both models used are 16 mm-diameter spheres in Polyoxymethylene, with a mass of 2.88 g. They have been colored with a thin layer of black spray paint to increase the contrast and improve the iCCD visualization. Two types of experiments have been realized to investigate the aerodynamic behavior of the secondary sphere. The first experiment consists in letting a sphere (secondary debris) swing behind a first fixed sphere (parent debris), in order to analyze aerodynamic forces that it undergoes. The second experiment allows to deepen the analysis of the first one. Indeed, during the almost free movement of the following sphere, different locations have been identified as remarkable. These positions of interference between the two spheres were reproduced, this time with two fixed spheres, allowing a better visualization of the interaction phenomena.

Swinging sphere experiment

The set-up of the swinging sphere experiment, presented on Figure 3, allows to observe the physical response of S 2 to the flow of its parent debris. S 2 is drilled from side to side on an axis passing through its center. A thin non-elastic wire, of 0.07 mm in diameter, passes through this hole to suspend the sphere. The wire is attached on a support which is placed on a motorized system of tri-axial Cartesian translation. The lengths of the two sides of the wire are equal and the sphere cannot slide on the wire. In effect, we glued them together to avoid any displacement in Y-direction, and observe a two-dimensional movement (in the plane (X; Z)) of S 2 viewable by the camera. Concerning the location of S 2 , the only position chosen was the starting point. Once the flow was set, we positioned S 2 aligned right behind S 1 in X-direction. This position is considered as the initial position. After being placed in this position, the robot maintaining the support of S 2 is moved up (in Z-direction) with a constant velocity of 0.8 mm.s -1 . As S 2 goes up behind S 1 , it also moves following the flow direction. 

Fixed sphere experiment

Along the trajectory created during the swinging sphere experiment, coordinates of S 2 were obtained with the analysis of images. For some positions of the second sphere in relation to the first one, better quality images are needed to determine the shapes of the shock waves of the two spheres and their potential interactions. As the detection of shock waves requires a set of images with spheres in fixed position a new set-up is used to support the sphere S 2 as presented in Figure 4. The sphere S 1 is let exactly in same position than in the swinging sphere experiment, and its supporting system does not change. Concerning S 2 , it is now supported by an horizontal 2 mmdiameter threaded rod coming from the rear. This rod is maintained in a profiled vertical support and placed on the same motorized translation system than used in the swinging sphere experiment. S 2 is precisely placed, by moving the translation system in X and Z direction, in order to obtain the desired location.

Recorded images

To visualize the physical phenomena for both experiments, a Kuro CMOS camera with back-illuminated technology is used. It is equipped with a VUV objective lens (94 mm, f /4.1) giving a resolution of 163 µm.px -1 . For the swinging sphere experiment, an exposure time of 20 ms was adopted to acquire one image, and a total of 3000 images were recorded to cover the complete trajectory. The goal was to record not too much images while ensuring a good tracking of S 2 and its wires, avoiding to blur images. These images (see 5) do not allow to detect shock waves well enough, this is why the second experiment with fixed sphere was also carried out. Here, every image will be treated independently. For the second experiment, each flow-field, depending on the location of S 2 , was recorded through a set of 200 images, with an exposure time of 160 ms each. The same record has been done without any sphere in the flow, that will be used as the background images. For each studied relative position, an averaged image is calculated to reduce noise by averaging intensity matrix of all raw images (middle image of Figure 5). Such method can be used since, during the capture of each set of raw images, the flow is continuous and stable, the objects are fixed, and the ionization is constant. As the copper cathode is placed in front of the spheres, a luminous intensity gradient is created along the flow field (i.e., in X-direction). This experimental bias can be corrected by dividing average images by their average background images. These normalized images, shown in right image of Figure 5), are an improved version of raw images but do not modify the physics of the flow observed. They will be used for the detection of shock wave, discussed in 3.1.2.

Results and discussion

Image processing

Two different image processing methods have been applied, depending on the type of experiment. From the swinging sphere experiment, the X and Z coordinates of the stagnation point of S 2 are determined to obtain its trajectory, and the angle of the front wire is needed for the calculation of the forces. Whereas for the fixed sphere experiment, a specific post processing method have been developed for the detection of the thick shock waves occurring in rarefied flows. Nevertheless, the detection of the wire is much difficult because of its small diameter. First of all, it is not possible to detect the wire location with an automatic post processing method since the noise of images is too important, due to short exposure acquisition time, thus the image contrast remains weak. The solution finally considered was a manual approach. The position of the wire was manually located by determining the pixels along the wire. Note that, due to the glow discharge technique, only the front wire is visible, so the determined angle is the angle of the front wire, and this for the whole work. Then, with a simple Pythagore calculation between the center of S 2 and the pointed location of the wire, we deduced the angle of the wire. Secondly, it is important to determine the position of the sphere S 2 when no flow is on, in order to determine with certainty, the angle of the sphere when the flow is on. The angle of the wire of S 2 without any flow is supposed to be 0 • . However, it is not exactly vertical as shown on Figure 6. This means that there is bias due to a slight deviation of the camera alignment. In this figure, X is the measured longitudinal distance between the centers of S 1 and S 2 , and α is the measured angle of the wire. As it can be observed, according to the location of the S 2 in the camera field, the angle is not 0 • . To rectify this error, we calculated the deviation angle occurring when moving the sphere from the center of the camera field. Equation 4gives the relation that allows to calculate the real angle from the measured angle.

α real = α measured + (X -25)/50 (4) 
Considering the error induced by the manual detection of the front wire and the estimation of the initial position, we estimate that the calculated angle is accurate to ±0.4 • .

Shock wave detection

The purpose of the second experiment is to improve the visualization of the flow field, and this for the selected cases, along the trajectory described on subsection 3.2, concerned by the interaction between S 1 and S 2 . In particular, it is wished to analyze the link between forces experienced by the sphere S 2 and its shock wave shape or the shock/shock interaction that can occur. The determination of a shock wave around a supersonic or hypersonic object can be achieved analyzing changes in the density flow field. In continuum regime, the delimitation of a shock wave is almost immediate since it is so thin that there is no doubt on its location. But this is not the case when approaching the rarefied regime which induces thick and diffuse shock waves. The delimitation of this kind of shock wave is a major question for different applications on which many researchers still work on [START_REF] Akhlaghi | Shock-wave-detection technique for high-speed rarefied-gas flows[END_REF][START_REF] Cui | Image processing techniques in shockwave detection and modeling[END_REF][START_REF] Wu | Review of shock wave detection method in cfd post-processing[END_REF]. In our case, it is easy to understand why the detection of a shock-wave location is a difficult task. As observed on the top image of Figure 7, the plot of luminous intensity increases softly when approaching the sphere, contrarily to continuum regime [START_REF] Akhlaghi | Shock-wave-detection technique for high-speed rarefied-gas flows[END_REF]. In the stagnation region, the shock appears to be thick, so the delimitation of the shock is not a thin line, but a large region. As explained in Cardona et al. [START_REF] Cardona | Shock/shock interferences in a supersonic rarefied flow: experimental investigation[END_REF], based on the intensity data, we determined the most luminous point corresponding to the denser point, and close to the sphere, we estimated it to be representative of the boundary layer. Then, the middle of shock and the foot of shock are determined, respectively by finding the maximum of the Fourier self-deconvolution and its gradient. This method allows to reduce the noise of images without misrepresenting the physics of the flow. This method, applied on each horizontal pixel line of images, allows to locate shock waves as shown on the bottom image of Figure 7.

Trajectory of the swinging sphere

The starting point of the swinging sphere experiment is when S 2 is positioned in its initial position, right behind S 1 , as explained in 2.4.1, then the support of the swinging sphere is moved up. Consequently, S 2 displaces itself, almost freely fol- The first one concerns the area below the shock wave of the first sphere. In this region the stagnation point (SP) of the S 2 remains under the shock wave of S 1 . As the sphere S 2 rises and the SP point gets closer to the shock wave of S 1 , S 2 is pushed farther away in the X-direction. The maximum longitudinal value, X, is reached when the SP of S 2 crosses the shock wave of S 1 . At this point, the tendency of the trajectory changes denoting the second behavior when the stagnation point SP of S 2 cross the thick shock wave of the first sphere S 1 . As S 2 continuous to rise, its SP gets over the shock wave, but its surface is still in contact with it. S 2 is less and less repulsed in Xdirection, which is explained by the decrease of S 1 shock wave impact. After a certain displacement in Z-direction, S 2 is not in contact with S 1 shock wave anymore. One can observed the third behavior, when the sphere S 2 is in the free stream and its trajectory seems to reach a linear path. As the suspension support of S 2 does not move in X-direction (only in Z-direction), the displacement of the sphere plays a direct role on the angle of its suspension wires. And this angle is the key to calculate forces underwent by S 2 in our swinging sphere experiment, as explained in (3.3). Regarding the shape of the trajectory, relevant positions of the swinging sphere stagnation point (SP) have been put in evidence and corresponds to inflection points of the trajectory plotted on Figure 10. One another point has been added: the intersection between the shock wave of S 1 and the trajectory of S 2 stagnation point. Those locations will be deeply studied in terms of shock interferences. 

Forces on the swinging sphere 3.3.1. Calculation

For the calculation of forces applied on the sphere S 2 , we consider the problem schematized on Figure 11. The tension of the wire and the weight of the sphere known and described as follow:

     T = -T.sin(α). x + T.cos(α). z P = -m.g. z (5) 
Since no difference was measured between the mass of the sphere with or without the wire, the weight of the wire is supposed null. Moreover, the mean free path, or the distance between two molecules of air, is 0.223 mm which is more than three times the diameter of the wires (0.07 mm). Given the low probability for a molecule to collide with the wires, it is considered that no forces are applied on the wires. Whether S 2 is positioned under or above the shock wave of S 1 , it exists transversal forces that attract the sphere in the wake of S 1 or repulsed it far outside the wake. Consequently, S 2 is submitted to drag and lift forces, as shown by Barri [14], Laurence et al. [START_REF] Laurence | Proximal bodies in hypersonic flow[END_REF] and Marwege et al. [START_REF] Marwege | Superposition method for force estimations on bodies in supersonic and hypersonic flows[END_REF] in a continuum regime. So, it is supposed that lift forces may exist in a rarefied regime too. The pendulum set-up does not allow to dissociate the drag and lift forces acting on the sphere S 2 . However, given the lowdensity values it is reasonable to assume that the lift forces will be very low. Two hypotheses have been considered to determine the forces applied on S 2 (F x and F z represent respectively axial and transversal forces):

a. the sphere is only subjected to axial force:

F = F x . x (6) 
b. the sphere is subjected to axial and transversal forces:

F = F x . x + F z . z (7) 
In any case, we assume that for each analyzed picture, S 2 is in equilibrium. By application of the fundamental principle of the dynamics ( Forces = F + T + P = 0, as presented on Figure 11), we obtain the following equations for cases a and b:

a. F x = m.g.tan(α) F z = 0 (8) b. F x = m.g.sin(α) F z = m.g.(1 -cos(α)) (9) 
The forces were calculated with the real angle α of the wire of S 2 , adjusted from the measured angle, according the bias of the camera, as explained in 3.1.1. Taking into account the accuracy of the angle calculated, forces are given with an accuracy of ±0.18 mN. The pendulum method was first applied to a single sphere with different diameters in view to determine the forces applied and their drag coefficient. The 16-mm diameter sphere and then an 8-mm diameter sphere made in brass (m = 2.2g) were suspended alone in the well-known free-stream conditions presented in Table 1. Angles were measured for a set of images and forces were calculated with both methods a and b. The drag coefficient is obtained with Equation 10, where S is the reference area (S = π.D 2 /4).

C d = F x 1 2 .ρ ∞ .U ∞ .S (10) 
For those two single spheres, values of drag forces and coefficients are given for both methods a and b in Table 2. Values of the present paper were compared to values compiled from the literature. Indeed, some experiments were carried out in the past to determine aerodynamic coefficient for a single sphere in supersonic and low-density flows. The summary of these values obtained by Aroesty [START_REF] Aroesty | Sphere drag in low density supersonic flow[END_REF], Bailey & Hiatt [START_REF] Bailey | Sphere drag measurement in aeroballistics range at high velocities and low reynolds numbers[END_REF], Kinslow & Potter [START_REF] Kinslow | The drag of spheres in rarefied hypervelocity flow[END_REF] and Wegener & Ashkenas [START_REF] Wegener | Wind tunnel measurements of sphere drag at supersonic speeds and low reynolds numbers[END_REF] are plotted on Figure 12 as a function of the similitude parameter Re as , the Reynolds number after a normal shock. As observed, our experimental results look in agreement with the previous works and particularly closer to Aroesty [START_REF] Aroesty | Sphere drag in low density supersonic flow[END_REF] results. With regards to the applied calculation methods, Figure 12 shows that values from method a, i.e., when F z is supposed inexistent, seem to be a bit high. Wegener & Ashkenas [START_REF] Wegener | Wind tunnel measurements of sphere drag at supersonic speeds and low reynolds numbers[END_REF], who also experimented a swinging sphere set-up, used method a for the calculation of his drag coefficient. Indeed, their free-stream flow is in X-direction only, and their set-up is completed by a floating stabilizer that may compensate movement in Z-direction. But, in our case, the sphere follows a pendulum movement, so the created displacement has components in X and Z directions. Therefore, both forces in X and Z directions must be taken into account, and method b seems more appropriate, even-though we do consider the Z-component. For method b, value for the 16 mm-diameter sphere is in a really good agreement with values from the literature, which is less the case for the 8 mm diameter sphere. The drag coefficient value is lightly over-estimated and is almost identical than for a. As a reminder, both methods neglect any forces that could act on the wire, in order to approximate forces acting on the sphere. Regarding the 8mm diameter sphere, not only its mass is smaller but also, the forces acting on the sphere are smaller as the surface is divided by four. Nevertheless, the length and diameter of the suspending wires remains the same for both spheres, thus the force acting on the wires are less negligible for the smaller sphere, and may induce an inaccuracy estimating drag forces. Despite these differences, results from both calculations remain coherent with previous studies, in particular, method b seems to give closer values. In order to estimate the importance of X and Z components of method b, the axial and vertical estimated forces are plotted according the image number on Figure 13 from Equation 9. The difference of X and Z components with the modulus of the force (|| F||) is quantified. For both the single sphere case (16-mm diameter) and the interfering sphere case, graphs show that the Z component represents 2 to 2.7 % of the modulus of the force. So, the axial component represents the major contribution force, and for this reason we consider the measured axial force as the drag force of the sphere.

For the entire system, composed with one fixed sphere and one swinging sphere, the axial forces were calculated with both methods a and b. The resulting graph of axial forces are shown on Figure 14 as a function of the relative position between both spheres, represented here by the image numbering. The maximum difference observed between the two ways to calculate F x is of 0.5 mN. Considering the fitted curves, the distribution of points gives an accuracy ±0.6 mN at the maximum values of axial forces. This is due to a slight oscillation of the swinging sphere around its equilibrium position. In effect, as we decided not to stop the robot in translation for the entire acquisition of images. Indeed, the time for the sphere to stop oscillating is very long (about 30 minutes), and it would be impossible to obtain as much values.

In conclusion, method b is more representative of the physics, and only the axial force (F x ) is taken into account for the calculation of the drag force.

The drag coefficient of the swinging sphere will not be determined as for this purpose we need values of speed and density of the wake flow of the fixed sphere for each position of the swinging one, and for instance we don't have these values. Nevertheless, the good results obtained with a single sphere, let us think that the general experiment give valid values of drag forces when using method b.

Drag forces analysis

For this part, and in light with the previous comments, drag forces will be analyzed considering the axial force (F x ) given in Equation 9. Figure 15 presents the evolution of the drag force of the swinging sphere along its the trajectory, and proposes a link with the shock/shock interferences types following the Edney classification. Inflection points found in 3.2 and plotted in Figure 10 are also presented, along with a series of locations that complete the trajectory. Images shown are the results of the fixed sphere experiment records, on which shock waves have been detected as described in 3.1.2.

First of all, this is interesting to note that, even in initial position, when one can think that S 2 is protected from the flow by S 1 , the swinging sphere is submitted to forces, of around 2 mN that pushes it away from the fixed sphere. This brings to light two points concerning: the re-circulation of the flow behind an object in this specific rarefied conditions, and the shape of the wake of the first sphere. Figure 16 shows the flow near a 16 mm-diameter sphere alone in the flow described in Table 1. The image shown is normalized and its colormap has been changed with a jet one in order to enhance contrasts. As it can be observed, the less dense area (cyan to yellow) is very close to the rear of the sphere (less than its half diameter). In initial position of the swinging sphere experiment, S 2 is located just behind S 1 . The diameter of S 2 being equal to the diameter of S 1 , the surface of the upper front part of the swinging sphere reaches the orange region. This observation, leads to the statement that part of the S 2 surface is in a region where the flow behind the first sphere, even with a very weak density and speed, may induce a pushing force. Secondly, since S 2 is pushed away from S 1 , it is very likely to deduce that there is no re-circulation behind S 1 . Or, if there is some, the re-circulation region must be small and concentrated on the close rear of S 1 , so that an object of the size of S 2 is not influenced by it. From these observations, for two spherical fragments of same size, with the second just behind the first one, the scenario that can be expected is that the following fragment will not be hidden by the first one for a long duration and both will become single objects. In a second hand, for the final position, corresponding to image number 3000, the drag force obtained is about 7.16 ±0.18 mN, almost corresponding to the force of a single sphere in the free stream of 8.002 ±0.18 mN. This means that for this position, where S 2 surface is out of S 1 shock region, but where the lower part of S 2 shock wave still crosses the upper part of S 1 shock wave, S 2 seems not to be influenced by the shock/shock interaction anymore. The slight difference in drag force values can be explained by the fact that S 2 is far from the nozzle exit in the X-direction, and close to the radial limit of the nozzle. Eventhough we have 0.85 mN of difference that can be explained by experimental limits, this final value is coherent.

Inflection points of the drag force present some specificities that depends on the position of the second sphere, shock waves shape and shocks interferences. In Figure 17, colormap of those points have been changed to jet in order to enhance contrasts and ease image analysis. For image number 301, the shock wave of S 2 just begin to penetrate shock wave of S 1 . At this point, the sphere begins to be more and more repulsed in X-direction as shock waves begin to slightly interact with each other's. Nevertheless, this interaction still cannot be considered as a type VI interference, as it is the case for the second inflection point illustrated by image number 881, for which the characteristics are described in Cardona et al. [START_REF] Cardona | Shock/shock interferences in a supersonic rarefied flow: experimental investigation[END_REF]. As the support of the swinging sphere moves up vertically, drag force continues to increase until the next inflection point: image number 1761. As observed on the graph, this location of S 2 gives the maximal drag force reached by the sphere. One can note that the next important point is image number 1841, where the stagnation point of S 2 encounters the middle of the shock wave of S 1 . Those points are linked with a type IV interference which is given as the strongest interaction in continuum regime. Indeed, Bramlette [START_REF] Bramlette | Simple technique for predicting type iii and iv shock interference[END_REF], Glass [START_REF] Glass | Numerical simulation of low-density shock-wave interactions[END_REF], Grasso et al. [START_REF] Grasso | Type iii and type iv shock/shock interferences: theoretical and experimental aspects[END_REF], Wieting & Holden [13], and others researchers described type IV interference as the one with the highest heat transfer and pressure peaks. For the rarefied regime, questions are examined concerning the existence of type IV interference and the role it plays [START_REF] Riabov | Shock interference in hypersonic rarefied-gas flows near a cylinder[END_REF][START_REF] White | The effect of increasing rarefaction on the edney type iv shock interaction problem[END_REF]. As shown with the present level of rarefaction, type IV interferences are observed. In Cardona et al. [START_REF] Cardona | Shock/shock interferences in a supersonic rarefied flow: experimental investigation[END_REF], it has not been concluded that this was the strongest interaction due to a lack of evidence. Nevertheless, the present work tends to show the type IV interaction is the most repulsive one, since the drag force reaches a maximum. Thus, it can be expected to observe more important pressure and heat transfer peaks than for the other types. Once the maximum drag force reached with a type IV shock/shock interference, the stagnation point of S 2 continues its way up above the shock wave of S 1 , and the drag force decreases. Shock/shock interference evolves rapidly to a type III and then a type II. Close to the transition between type II and I, at image number 2341, an inflection point is encountered. The drag force begins to decrease less rapidly. It may be a proof that from this distance with the shock wave of S 1 , S 2 is less and less affected by the effect of shock/shock interference. The last inflection point (image 2581) gives the end point of the evolution of the drag force. Up to this Z component, the shock/shock interference is no more impacting the flight of the swinging sphere. So S 2 is not under the influence of S 1 anymore even if shock of both spheres interferes with each other. It is to remain that the flow density of this work is very low and shocks are thick but weak, and the unknown is if this behavior occurs at any flow density. Observing the tendency of the drag force, and with regard to all location studied, we can rank shock/shock interaction according their influence on the second sphere. When the stagnation point is positioned on each side of the shock wave of S 1 , the tendency is only increasing or decreasing. The ranking seems logical: the drag force increases so the shock/shock interference is more and more acting on the sphere, and inversely. So, the ranking seems like so: type VI < V < IV and IV > III > II > I. But comparing shock/shock interferences from both sides of the shock wave of S 1 does not seem coherent. Indeed, the plateau values of drag force at the beginning and at the end are not the same, so it would be necessary to rescale both side of the curve to be effective.

Conclusion

This experimental study aims to understand the impact of shock/shock interferences on the aerodynamics of a fragment debris flying behind its parent debris. This work focuses on shock/shock interferences occuring in a supersonic rarefied flow when two identical spheres interact with each others. Experiments were carried out in a Mach 4 steady flow, presenting a static pressure of 2.666Pa, generated in MARHy wind tunnel. The size of both models allow to work in a rarefied regime, with a Knudsen number of 0.0139. The study consisted in one fixed sphere, and a second sphere suspended in the wake of the first one. As the support of the second sphere was moved up, the second sphere moved in the flow, responding to forces endured, and calculated thanks to the angle made by the suspension wires. The trajectory described by the second sphere, as its support was moved up, was also studied in terms of shock/shock interferences. It has been shown that the swinging sphere techniques gives drag coefficient in accordance with the literature for one sphere. For two spheres, the quantitative analysis of drag forces showed that, in our case, no recirculation has been seen, and the second sphere cannot be protected by the first sphere from the flow. So, both spheres will eventually stop interacting with each other, whatever their initial positioning. Looking at the value of drag forces and their correspondence in terms of shock/shock interferences, type IV interference happens to be the strongest one in terms of axial repulsion. Comparing interference types in terms of axial repulsion, the following ranking has been proposed : type VI < V < IV and IV > III > II > I. This study will be completed by an equivalent work for the measure of aerodynamic forces obtained with a another device. It would be interesting to try and calculate the induced drag coefficient in order to add data to the one already existing.
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Figure 1 :

 1 Figure 1: Schematic of MARHy wind tunnel

Figure 2 :

 2 Figure 2: MSISE-90 Model of Earth's upper atmosphere: pressure and mean free path according the altitude.

Figure 3 :

 3 Figure 3: Picture of the swinging sphere set-up

Figure 4 :

 4 Figure 4: Schematics of the fixed sphere set-up

Figure 5 :

 5 Figure 5: From left to right : single image of the swinging sphere experiment ; average image of a position studied during the fixed sphere experiment ; and its normalized image.
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 11 Determination of the angle of the wire Images obtained during the swinging sphere experiments are similar to the one observed in the left picture of Figure 5. The contour and center of the moving sphere are easily detected with a circle function of Matlab. By means of this tool, the stagnation point of the second sphere is determined with an accuracy of ±1 px = ±0.163 mm.

Figure 6 :

 6 Figure 6: Pictures of different positions of the sphere for the calculation of the camera deviation angle associated with the measured position of S 2 according S 1 (X) and the measured angle of the front wire (α).

Figure 7 :

 7 Figure 7: Detection of the shock wave shape of a sphere by Fourier selfdeconvolution (FSD) method. Top image : explanation of the process of detection. Bottom image : result of shock detection.

Figure 8 :

 8 Figure 8: Trajectory of the swinging sphere according the positioning of its stagnation point.

Figure 9 :

 9 Figure 9: Coordinates of S 2 stagnation point according image number. From top to bottom: X-coordinate and Z-coordinate.

Figure 10 :

 10 Figure 10: Location of inflection point on the trajectory of S 2 stagnation point.

Figure 11 :

 11 Figure 11: Schematics for the calculation of forces.

Figure 12 :

 12 Figure 12: Experimental drag coefficient according the Reynolds number after normal shock.

Figure 13 :

 13 Figure 13: Plot of the forces measured with method b. Top graph: forces of one single sphere in the flow. Bottom graph: forces of a sphere behind another one.

Figure 14 :

 14 Figure 14: Drag forces according the position of S 2 given with the image number. From left to right, cases a. (calculated considering only axial force) and b. (calculated considering axial and transversal forces).

Figure 15 :

 15 Figure 15: Drag forces according the position of S 2 given with the image number. Superposed images are the result of the fixed sphere experiment identified by shock/shock interferences type.

Figure 16 :

 16 Figure 16: Normalized image of a single sphere with jet colormap.

  

  

Table 1 :

 1 Flow conditions of the Mach 4 -2.666 Pa nozzle

	Stagnation conditions	Free-stream conditions
	gas ambient air	gas ambient air
	p o (Pa) 404.792	p ∞ (Pa) 2.666
	T e o (K) 293.15	T e ∞ (K) 69.798
	ρ o (kg.m -3 ) 4.810 × 10 -3	ρ ∞ (kg.m -3 ) 1.331 × 10 -4
		µ ∞ (Pa.s) 4.843 × 10 -6
		U ∞ (m.s -1 ) 669.919
		Re ∞ (m -1 ) 1.84 × 10 -2
		Ma ∞ 4.0
		λ ∞ (m) 2.23 × 10 -4

Table 2 :

 2 Drag forces and coefficient for a single sphere

		Calculation method a	Calculation method b
	Sphere diameter (mm)	F x (mN)	C d	F x (mN)	C d
	8	2.331 ±0.09 1.554 ±0.06 2.319 ±0.09 1.546 ±0.06
	16	8.344 ±0.18 1.390 ±0.04 8.002 ±0.18 1.334 ±0.04