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Experimental analysis of a retro-propulsion jet of a launcher's first stage at Mach 6

The recovery of the first stages of reusable launchers uses deceleration boost in vacuum and inside the atmosphere at hypersonic, transonic and subsonic speeds. From the point of view of the flow dynamics, these boosts create an interaction between the retro propulsive jet and the upstream flow, that determine the mechanical and thermal loads on the stage. This paper analyses the topology and unsteadiness of the flow out of a retropropulsive nozzle facing a Mach 6 flow. Three paramaters are changed : the upstream Reynolds number, the ratio between the stagnation pressure of wind tunnel and the stagnation pressure of the model's jet and the geometrical configation of base of the launcher.

INTRODUCTION

The impact of a supersonic retro-propulsive boost on a vehicle can be very different depending on the strength of the boost. A strong jet is expected to slow down the vehicle as momentum is ejected against the upstream flow. Paradoxically, a weak jet actually decreases the drag of the vehicle. The weak jet has a similar effect as a solid rod placed in front of the stagnation point of the blunt body: it pushes the detached shock further upstream and weakens the stagnation pressure drop through the shock.

These two operating regimes are associated with two different flow topologies. There are several denominations in the literature for both. In this paper, the mode associated with strong jet will be named the blunt penetration mode, and the one associated with weak jet will be named the long penetration mode.

Figure 1 illustrates the structure of the two modes. The long mode is characterized by a model jet that develops over several shock cells and significantly changes the shape of the detached shock in comparison with a no-jet configuration. The interaction between the jet and the detached shock can be highly unsteady. Conversely, the blunt mode is characterized by a single shock cell that can be highly under-expanded and therefore associated with a highly fragmented jet. This jet cell terminates in a terminal normal shock.
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In both cases, the flow is organized such that the contact surface separating the upstream flow and the flow coming from the model is in equilibrium. The upstream flow experiences a stagnation pressure loss through the bow shock. The jet can decrease its total pressure either through a terminal shock in the blunt mode or via the viscosity of the flow in the long mode [START_REF] Barber | An experimental investigation of stagnation-point injection[END_REF]. These two modes have been observed experimentally [START_REF] Adams | The effects of retrorockets on the aerodynamic characteristics of conical aeroshell planetary entry vehicles[END_REF][START_REF] Endwell O Daso | Dynamics of shock dispersion and interactions in supersonic freestreams with counterflowing jets[END_REF] and numerically [START_REF] Karl T Edquist | Development of supersonic retropropulsion for future mars entry, descent, and landing systems[END_REF][START_REF] Endwell O Daso | Dynamics of shock dispersion and interactions in supersonic freestreams with counterflowing jets[END_REF]. While it is clear that the key parameter governing the transition from one mode to the other is the stagnation pressures ratio, determining a universal bifurcation threshold appears to be out of reach because it depends on the geometry of the vehicle. Under the same upstream/vehicle conditions both modes have been observed [START_REF] Josyula | Applications of a counterflow drag reduction technique in high-speed systems[END_REF][START_REF] Shang | Jetspike bifurcation in high-speed flows[END_REF], and an hysteresis exists in the threshold between the blunt/long and long/blunt transitions.

Studies regarding the blunt pentration mode have initially focused on the deceleration of spacecraft capsules [START_REF] Ashley M Korzun | A survey of supersonic retropropulsion technology for mars entry, descent, and landing[END_REF][START_REF] David | Exploratory investigation of the effect of a forward-facing jet on the bow shock of a blunt body in a Mach number 6 free stream[END_REF][START_REF] Finley | The flow of a jet from a body opposing a supersonic free stream[END_REF][START_REF] Scott | Supersonic retropropulsion validation experiment in the nasa langley unitary plan wind tunnel[END_REF][START_REF] Adams | The effects of retrorockets on the aerodynamic characteristics of conical aeroshell planetary entry vehicles[END_REF][START_REF] Po Jarvinen | The aerodynamic characteristics of large angled cones with retrorockets[END_REF][START_REF] Ashley M Korzun | Aerodynamic and performance characterization of supersonic retropropulsion for application to planetary entry and descent[END_REF] rather than on launchers. Studies on the long penetration mode concern the reduction of drag and heat flux on slender vehicles [START_REF] Shankar Venkatachari | Long penetration mode counterflowing jets for supersonic slender configurations-a numerical study[END_REF][START_REF] Huang | A survey of drag and heat reduction in supersonic flows by a counterflowing jet and its combinations[END_REF].

The interest in supersonic retropropulsion for launchers has increased significantly since SpaceX demonstrated this concept in flight. In Europe, the development of these technologies is being carried out, in particular, within the framework of THEMIS [START_REF] Gogdet | Launch vehicles system studies in the "future launchers preparatory programme": The reusability option for ariane evolutions[END_REF][START_REF] Préaud | Preparing the future of european space transportation: Reusable technologies and demonstrators[END_REF], RETALT [START_REF] Marwege | Aerodynamic phenomena of retro propulsion descent and landing configurations[END_REF][START_REF] Marwege | Key technologies for retro propulsive vertical descent and landing-retalt-an overview[END_REF]. Several experimental campaigns have been carried out at H2K [START_REF] Marwege | Hypersonic retro propulsion for reusable launch vehicles tested in the h2k wind tunnel[END_REF][START_REF] Gutsche | Similarity and key parameters of retropropulsion assisted deceleration in hypersonic wind tunnels[END_REF] at DLR on the geometry and flight plan of RETALT. The work mainly concerns the blunt pene- tration mode with a strong jet in order to slow down the launcher.

Plan

The objective of this paper is to study the topology of the upstream flow/ supersonic retro-jet interaction in the specific case of the geometry of a launcher at Mach 6. We will not focus on a particular flight plan, and on the contrary, the generating conditions of the wind tunnel and the model jet will be varied over a sufficiently wide range to observe both jet modes. The first part will present the R2Ch wind tunnel, the model that was made for this experimental campaign, and the test matrix, while the second part will analyze the results obtained.

EXPERIMENTAL SETUP

R2Ch blow-down wind tunnel

The experimental campaign took place inside the cold hypersonic blow-down wind tunnel R2Ch at the ONERA-Meudon center in France. A Mach 6 uniform flow was achieved using a contoured axisymmetric nozzle. Stagnation temperature was raised above the liquefaction limit using a storage heater. All tests were performed at T iR2 = 500 K. Stagnation pressure could be chosen within a wide range by using a high-pressure tank at 190 bar upstream and a vacuum sphere at 1 hPa downstream of the test section. In the present study, stagnation pressures P iW T ranged from 5 up to 40 bar. The high-pressure storage tank was also used to supply the test model. Before being stored in the tank, high-pressure air was severely dried to prevent water condensation in the test section. The test duration is set to 25 s. This time is long enough for the conditions generated by the wind tunnel and the model jet to stabilize.

Model and instrumentation

The model shown on Figure 2 represents the lower part of a first stage launcher with a diameter of 60 mm. The interior of the model is hollow to allow the pressurized air circuit to pass through and feed the central nozzle. The nozzle is a conical divergent that produces a Mach 3.3 flow with an outlet diameter of 10 mm. Stagnation conditions of the jet are measured in a small tranquilization chamber upstream of the nozzle. This air is not heated, so its stagnation temperature, T i j , is around 300 K. Stagnation pressures, P i j , ranged from 5 to 20 bar. The ratio, φ = P iW T /P i j , of stagnation pressures of the wind-tunnel and the jet was varied in the range of 0.2 to 10.

The base part of the model is equipped with two static pressure probes and two XCQ062 15PsiD Kulite sensors that can measure pressure fluctuations up to 10 kHz. These sensors are shown in the right part of Figure 2. The Kulite sensor above the nozzle stopped working during the first runs of the campaign. Therefore, only the one under the nozzle will be used in this paper.

In order to simulate different launcher geometries, the model has several configurations :

• The central nozzle, the only one that is flow-through, can emerge from either 10 or 20 mm.

• The presence or absence of a flare emerging from 7 mm.

• The presence or absence of 6 dummy nozzles around the central nozzle. The dummy nozzles also emerge • (E): Short central nozzle, flare, short dummies.

• (F): Long central nozzle, no flare, long dummies.

A strioscopic system covering the region between the nozzle of the wind tunnel and the front part of the model was used. The knives are horizontal, allowing visualization of the vertical component of the density gradient. A Phantom V710 camera was used to record the strioscopic images. The field was adjusted to maximize the acquisition frequency, which was 22 kHz. For each run, 36733 images were captured corresponding to 1.7 s. Illumination was provided by a continuous mercury source. In order to reduce the volume of data, the following quantity has been considered:

K = max [|max (S) -mean (S)| , |min (S) -mean (S)|] ,
(1) with S the signal recorded by the camera, max, min and mean operators act on each image's pixel. This allowed for spatial filtering of the parts of the image that had been traversed by a shockwave throughout the entire acquisition duration. Based on this quantity, a polygonal mask was created. For certain configurations, this method made it possible to reduce the size of the images by a factor of 3.

Pressure conditions

Configuration P iW T P i j P iW T /P 

RESULTS

The analysis of the results from the 34 tests will be divided into three parts. First, the cases without the model jet. Second, the cases for configuration A. Third, the cases for other configurations with a limited range of wind tunnel and model pressures. The standard deviation of the signal obtained through the strioscopic device will be analized. In the case of a stationary aerodynamic configuration, standard deviation provides more contrasted information than the mean, while in the case of an unsteady configuration, it allows for spatial quantification of flow zones where shockwave movements occur. In order to make comparisons, the standard deviation of each case has been rescaled between 0 and 1.

Cases without the model jet

The first analysis concerns cases 7, 8, 23, 28, 33 and 34 from Table 1. These are the cases where there is no model jet. To achieve this, the compressed air supply line to the model was replaced with a plug located at the base of the model mast. Therefore, the situation is different from a dummy nozzle since there is still an internal volume within the model. For all cases, p iW T = 20 bar. Figure 3 shows the standard deviation of strioscopy of cases without the model jet. All configurations are steady except configuration B (long central nozzle, no flare, no dummies) and (slightly) configuration F. In particular, this shows that adding a flare or dummy nozzles has no effect on the steady state of the flow. The shape of the detached shock is also not modified by the addition of the flare.

However, the emergence of the central nozzle makes the flow unsteady. Configuration B in Figure 3 shows a flapping of the detached shock induced by an interaction with the launcher body's edge. This situation results from the interaction of two detached shocks, the first induced by the launcher body and the second by the emerging nozzle. As the nozzle is smaller, the associated detached shock will have a smaller radius of curvature. This radius is sufficiently small that the shock impacts the base of the launcher and reflects back upstream, interacting with the shock induced by the launcher. There is no steady situation in this shock interaction, hence the observed flapping. Apart from configuration B, there is no (or little) impact of the flow on the base of the launcher.

Cases on configuration A

The second analysis concerns cases 1 to 13 (except case 7 which is without the model jet) from Table 1. These are the cases with configuration A (short central nozzle, no flare, no dummies) for all p iW T and φ values.

Figure 4 shows the standard deviation of strioscopy of cases with φ ∈ {2/5/10} while Figure 5 cases with φ ∈ {0.2/0.5/1}.

Low pressure jet

Cases with φ = 10 and 5 are typical examples of a long penetration mode : the model jet is overexpended, for cases with phi = 5, two shock cells are visible and the detached shock is unsteady as it appears very blurry on the standard deviation map. Strong fluctuations are also visible on the base of the launcher. Upstream Reynolds, through upstream stagnation pressure, has little impact on the shock detachment distance.

Cases with φ = 2 and p iW T = 40 bar and 20 bar are example of a low pressure blunt penetration mode : the model jet is little under-expanded or nearly adaptated, a single shock cell is visible, the detached shock is steady and closer to the base of the launcher than cases with φ = 5.

Case with φ = 2 and p iW T = 10 bar shows a bifurcation between long and blunt penetration modes as both paterns are visible on the standard deviation map. According to Table p iW T = 10 bar, the measured value of φ for all three trials is within 5/100 of the desired setpoint. Therefore, the three trials for φ = 2 differ only in the upstream stagnation pressure, and thus the upstream Reynolds number. The fact that bifurcation occurs for the case with lower Reynolds number is consistent with the idea that the long penetration mode is induced by the viscosity of the flow. Increasing φ increases the size of the model jet. As a result, the terminal shock is larger but also farther away from the launcher base. The upstream detached shock also has a larger radius of curvature and is farther away from the launcher base. Increasing φ also decreases the impact of the upstream flow on the launcher base compared to cases with the long penetration mode. For φ = 0.5, only a faint trace is visible on the standard deviation map, whereas for φ = 0.2, nothing is visible at the launcher's base.

High pressure jet

The different geometric configurations of the launcher are expected to modify the flow near the launcher base. Tests on configuration A show that for low values of φ , there is no impact in this region of the flow. Therefore, configurations B to F will not be tested with low values of φ because it is expected that this will have no impact.

The upstream stagnation pressure, and hence the upstream Reynolds number, has no influence for a given φ on the shape of the model jet and the detached shock. The area where the detached shock is located during a given run changes but no clear trend emerges.

Conclusions on configuration A

Testing configuration A over a wide range of upstream total pressure and pressure ratio φ has shown that this parameter controls the flow topology. The Reynolds number has no influence except for the bifurcation of long/blunt penetration modes.

The launcher base is mainly affected for high values of φ . Therefore, the tests on geometric variations of configurations will only focus on this type of cases.

Comparison of configuration A to E

The third analysis concerns cases 14 to 32 from Table 1 except cases 18, 23 and 28 which are without the model jet. These cases correspond to configurations A to E with φ ∈ {10/5/2/1}. Figures 6, 7, 8 and 9 correspond to the cases where φ = 1, 2, 5 and 10 respectively.

Cases where φ = 1 (Figure 6) are not strongly dependent on the geometric configuration. The detached shock of configuration B is slightly further away from the launcher base due to the emergence of the central nozzle, and weak amplitude attached shocks are visible on the dummy nozzles.

Cases with φ = 2 (Figure 7) show that the presence of a flare (with or without dummy nozzles) generating a shallow cavity at the base of the launcher allows transforming a blunt penetration mode into a long penetration mode. Thus, the situation changes from a stationary state with little upstream flow impact on the launcher base to an unsteady state with a strong upstream flow impact on Pressure conditions P iW T /P i j P iW T 0.2 0. Table 3: Inverse mean stagnation pressures at the base of the launcher for configuration A the launcher base. These cases are typical of the difference in supersonic retropropulsion between a blunt capsule and a descending launcher stage.

Cases where φ = 5 (Figure 8) are not strongly dependent on the geometric configuration as they all are of the long penetration mode type. The detached shock of configuration C is slightly closer to the launcher body. Table 2 shows that for this case, φ is slightly stronger than for the other cases. Therefore, it is likely that the position of the shock is due to this variation in φ rather than to the presence of the flare, as configuration E with a flare and dummy nozzles is similar to the other configurations.

The differences between the geometric configurations of the launcher for the φ = 10 cases (Figure 9) mainly concern the shape of the upstream detached shock. Using configuration A as a reference, it can be observed that, for the configuration with the more emerging central nozzle, the shock is sharper, whereas in the presence of the flare, the shock's radius of curvature is larger, whether or not dummy nozzles are present. Finally, configuration C with dummy nozzles and without a flare presents a complex system of shocks induced by the dummy nozzles, which strongly impact the base of the launcher.

Stagnation pressure at the base of the launcher

Strioscopy allows for the qualitative sorting of the cases where the upstream flow has an impact on the base of the launcher. In order to obtain quantitative information, static pressure measurements will be utilized. Tables 3 and4 present the average of two static pressure readings for configuration A and for comparison between different geometric configurations, respectively. Tables 3 and4 present the stagnation pressure obtained behind a normal shock at Mach 6 normalized by the mean static pressure at the launcher's base. By taking the case without the model jet on configuration A as a reference, it can be observed that the pressure level at the base of the launcher corresponds to the stagnation pressure obtained behind a normal shock wave. For all tested ratios φ , the pressure at the base of the launcher in the presence of a model jet is lower than that obtained in the absence of a jet. This pressure increases with the φ ratio and is relatively independent of the upstream stag- The comparison of different geometrical configurations shows that for all the tested values of φ and therefore for both modes of jet penetration, configuration B with the central emerging nozzle had the lowest pressure while configuration C with the flare and without dummy nozzles had the highest pressure. Thus, this configuration is the most likely to produce an effective deceleration of a stage of a launcher (for the same thrust induced by the mdel jet).

CONCLUSION

This paper presents an experimental study of a supersonic retro-propulsive jet in a Mach 6 wind tunnel. In comparison to other studies in the literature, this one specifically examines the case of retro-propulsion of a first-stage launcher and the different geometric configurations that can be found (number of nozzles, nozzle emergence, and presence of a flare).

It is demonstrated that a more emerged nozzle, in the absence of a model jet, could render the configuration unsteady, and that the presence of a flare could change the topology of the interaction, transitioning from a blunt penetration mode to a long penetration mode. Finally, it is shown that the configuration with a flare and no dummy nozzles was the most effective at producing efficient deceleration, while the configuration with a more emerged nozzle is the least effective.

Future work on this aerodynamic configuration will focus on a more detailed analysis of the results obtained during this first campaign. In particular, the dynamics of the most unsteady cases will be analyzed using SPOD in order to highlight the mechanisms involved.

The model will be reused in a new experimental campaign at R2Ch where Background Oriented Schlieren (BOS) will be implemented. This optical technique makes it possible to determine the volumetric mass density field after solving an inverse problem. It will provide a better description of the aerodynamic phenomena and enable a more accurate comparison between numerical and experimental results than with only strioscopy.
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 1 Figure 1: (a) Long and (b) Blunt penetration jets from Zhou and Ji [21]
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 534 Figure5shows typical examples of blunt pentration mode : underexpanded jets with a single shock cell and a large blunt detached shocks. They are not as steady as cases φ = 2 but they are not as blurry as long penetration modes. They are rather flapping shocks than completely
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 56789 Figure 5: Standard deviation of strioscopy of configuration A at high stagnation pressure of the model, cases 4, 8, 9, 11, 12 and 13 from table 1. First line φ = 1, second line φ = 0.5 and third line φ = 0.2. First column p iW T = 20 bar, second column p iW T = 10 bar and third column p iW T = 5 bar

  

  

  

Table 1 :

 1 Complete test program

			i j	A	B	C	D	E	F
		20	2	1			
	40	8	5	2			
		4	10	3 14 19 24 29
		20	1	4 15 20 25 30
	20	10 4	2 5	5 16 21 26 31 6 17 22 27 32
		0	X	7 18 23 28 33 34
		20	0.5	8			
	10	10	1	9			
		5	2	10			
		25	0.2	11			
	5	10	0.5	12			
		5	1	13			
	2.3 Test program				
	The complete testing program comprises 34 different
	tests and can be broken down into two series. The first
	series of 13 tests is dedicated to configuration A (short
	nozzle, no flare, no dummies) and covers the full ranges
	of wind tunnel and model pressure. Based on the findings
	from this first series, a second series of 21 tests on other
	geometrical configurations of the base was conducted.
	The operating conditions for these 34 tests are provided
	in						

Table 1 .

 1 The real conditions obtained during the runs are provided in Table2. Apart from cases with φ = 5 and 20 bar, wind tunnel and model the conditions are in fair accordance with the planned test program.

	Nominal conditions		Measured conditions
	P iW T P i j P iW T /P i j	A	B	C	D	E
		20	2	2.0			
	40	8	5	5.1			
		4	10	10	9.9	10	9.9	10
		20	1	0.97 0.98 1.0 0.95 1.0
	20	10 4	2 5	2.0 4.5	1.9 2.0 2.0 2.0 4.7 4.9 4.8 4.7
		0	X	X	X	X	X	X
		20	0.5	0.49			
	10	10	1	1.0			
		5	2	2.0			
		25	0.2	0.20			
	5	10	0.5	0.49			
		5	1	0.94			

Table 2 :

 2 Actual stagnation pressure ratio φ obtained during the experimental runs

Table 4 :

 4 Inverse mean stagnation pressures at the base of the launcher for all configurations nation pressure and therefore of the upstream Reynolds number.

	Pressure conditions			Configuration
	P iW T P i j P iW T /P i j	A	B	C	D	E	F
		20	1	7.2 8.4 4.7 7.5 4.6
	20	10	2	5.1 6.4 4.2 4.6 6.1
		4	5	3.2 3.8 1.5 3.2 2.3
	40	4	10	1.4 1.9 1.0 1.5 1.2
	20	0	X	1.0 1.5 1.0 1.1 0.96 1.2
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