MICRO PIN INTERACTION IN FIN VICINITY AT SUPERSONIC CONDITIONS 48 th APPLIED AERODYNAMICS SYMPOSIUM

INTRODUCTION

At supersonic flight conditions, shock waves strongly change pressure repartition on any solid surface. This fact makes it possible to imagine a way to steer flying vehicles. The main idea in this study was to use small disturbances to generate shocks. Lift forces on a body are mainly due to pressure applied on large surfaces. This is why a finned configuration was chosen for this paper.

Here are presented the results of numerical simulations and wind tunnel experiments of pin interaction with fins on the Basic Finner reference aerodynamic architecture at Mach number 2.

INTEREST OF THE STUDY

Supersonic flight addresses the future of engineering flight studies, as well for civil as for military applications. At supersonic conditions, rudder torque might make steering design quite tricky. It would be better to change pressure repartition on a surface thanks to a small additional device than moving the surface itself. As described previously, supersonic conditions lead to shock waves formation, related to high pressure changes. The goal is to use a small device dedicated to shock wave generation. This was achieved thanks to a cylindrical pin attached to the body surface. This concept was early developed by Massey and Silton [START_REF] Massey | Design and Wind Tunnel Testing of Guidance Pins for Supersonic Projectiles[END_REF], [START_REF] Silton | Integrated Numerical and Experimental Investigation of Actuator Performance for Guidance of Supersonic Projectiles[END_REF]. In order to evaluate the aeroballistic performances of the concept, it is of the highest importance to achieve a parametric study concerning the positioning, size and shape of the pin relatively to the reference model which has been chosen to be the wellknown Basic Finner (described in the following). Hereby, the observed parameter is the position of the pin. Shape, size and Mach number are fixed. In order to increase the results validity, we compared numerical simulation and wind tunnel results. Numerical results were obtained with ANSYS CFX, while wind tunnel tests were conducted with an aerodynamic balance and pressure sensitive paints (PSP).

REFERENCE MODEL

The reference model used in this study is the Basic Finner, which has been measured many times. The DRDC team completed an extensive free flight campaign [START_REF] Dupuis | Aeroballistic Range and Wind Tunnel Tests of Basic Finner Reference Projectile from Subsonic to High Supersonic Velocities[END_REF]. This finned model is of a very simple shape. Its length to calibre ratio has a value of ten, which produces a stable static margin.

Figure 1. Basic Finner

To make them comparable, wind tunnel model and numerical simulations were performed with the same size, Mach number and Reynolds number. Due to the S20 test section the model caliber has been set to 20mm.

WIND TUNNEL FACILITY

The S20 wind tunnel situated at ISL (Saint Louis, FRANCE) in which the experiments were conducted, is a blow down facility, supplied with air pressure by storage under 250 bar. The Mach number in the 20x20cm² test section, can reach a range between 1.4 and 4.4. The turbulence rate is below a few percents.

Figure 2. S20 wind tunnel

An aerodynamic balance form the Abble company was used due to its high reproducibility and its low hysteresis quality. The measurements were processed to obtain the six static aerodynamic coefficients for each configuration.

To confirm the experiments validity, a Schlieren image was also used to visualize the shock wave produced by the model tip. Those waves reflect on the wind tunnel walls, which may dramatically change the aerodynamic forces on the model. The Schlieren photography allowed confirming that the wall proximity did not influence the results and could eventually give a clue for potential unexplained phenomena, which was not the case. The S20 wind tunnel has been used at Mach number 2, with a total temperature of 300K and a generating pressure of 4.5 bar.

GOAL ANALYSIS

The pin steering concept was exposed by Silton and Massey [START_REF] Silton | Investigation of Actuator Performance for Guiding Supersonic Projectiles[END_REF]. In 2008, they reported drag increase between 7% and 15% at Mach 2 for the shortest pins, so that the device would only be dedicated to short range use. It was decided at ISL to study relatively smaller pins to decrease the induced drag. Indeed, the resistance forces should occur directly on the pin itself, by pressure difference between leeward and windward sides. That is why the wind projected pin surface should be as small as possible. In Eq. 1, let us define a criteria we call the device benefit ratio, based on the pin related side force ∆F s (in the vehicle frame) to the axial additional force ∆F a generated by the pin. This benefit ratio R d should be maximised under constraint of |∆F s | being enough for vehicle guidance. This ratio is interesting because it firstly can be compared to the vehicle proper lift to drag ratio (Eq. 2).

a F s F vehicle R = (2) 
Secondly considering the lateral velocity correction aimed with the system, it is time related, m being the vehicle mass and V s the lateral velocity. If we consider a constant additional side force ∆F s and axial force ∆F a during ∆t, the additional velocity compared to the vehicle proper velocity is:
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Eq. 4 means that the axial velocity loss for a targeted additional lateral velocity is directly related to the benefit ratio. From Eq. 3, one can say that only the needed time to obtain the lateral velocity correction is depending on the |∆F s |, which must thus be constrained. One goal of the study would then be to establish if a pin size decrease would increase the benefit ratio and if we can keep guidance capability.

PINNED MODEL

Basic Finner

The Basic Finner model was set to a caliber of 20mm, for a total length of 200mm. The pin is a small cylinder compared to the Basic Finner as it can be seen on Fig. 3 and4. Its length is 3mm and its diameter is 1.5mm. A set of positioning holes were drilled during the manufacturing, so that the pin can be screwed in any of them precisely. The unused holes are filled in with plaster and polished before the experiments. The Reynolds number based on vehicle length for our experiments has been calculated to be 10.9 x 10 6 .

Pin position

In the following lines, we will refer to different positions of the pin on the vehicle surface. Due to manufacturing needs, we chose a set of five lines along which the pin could be placed. As shown in fig. 5, line #1 is situated next to the vertical fin, Z being the vertical direction. Line #5 is situated next to the horizontal fin, Y being the horizontal and lateral direction. X is the vehicle axis, oriented in the flow direction. 

WIND TUNNEL RESULTS

In the Basic Finner configuration, drag is mainly due to base pressure, imposed by the wake and base flow. In the wind tunnel, the model is held by a sting which size is not negligible compared to the caliber. As a consequence, drag has been measured but will not be presented here. This section will hold a first part containing information about aerodynamic coefficient, and a second one about angular balance.

Aerodynamic coefficients

Compared to the reference body without actuator, using a pin is not far from superimposing a coefficient offset on the torque coefficients. In addition, variation of the normal force at 0° angle of attack (AoA) is small, as it can be seen in Fig. 8.

That is why fig. 9, 10 and 11 represent coefficient offset at 0° angle of attack. Roll torque offset is indeed the roll torque itself, because the reference configuration is axisymetrical. Line 3 is supposed to generate no roll torque, when the other lines should be symmetric, which is almost the case.

Angular balance

As seen before, neither Cz α has not been dramatically changed by adding a pin to the Basic Finner, nor has been the yaw and pitch coefficients Cm α and Cn α . As a consequence the vehicle tends to get an angular balance that is not 0° anymore. From a linear point of view, as far as small angles are involved, Fig. 9 and 10 can be directly converted into an angular balance. This is shown in Fig. 12 and 13.

Those two small angles can be converted into a total aerodynamic angle which is represented in Fig. 14. It can be observed that position 7-1 and 7-5 are the best positions for an angular control with an angle of 0.4°. This will be explained in the following section. 

NUMERICAL SIMULATIONS

Experimental reference results

Reference Basic Finner has been computed first. To start, we considered the reference report on Basic Finner [START_REF] Dupuis | Aeroballistic Range and Wind Tunnel Tests of Basic Finner Reference Projectile from Subsonic to High Supersonic Velocities[END_REF].

Cx 0 Cz α Cm α 0.554 11.4 -25.2

Table 1. Free flight measurement results [START_REF] Dupuis | Aeroballistic Range and Wind Tunnel Tests of Basic Finner Reference Projectile from Subsonic to High Supersonic Velocities[END_REF] at Mach 2 At Mach 2, the main aerodynamic coefficients can be found in Tab. 1. Those are the interpolated data from the free flight.

Pin orientation

During the numerical study, pin orientation has been changed to see roll angle influence. Fig. 17 shows four configurations in a front view. Configuration 1 is so called "roll angle 0°", configuration 2 is "roll angle 90°", configuration 3 is "roll angle 45°" and configuration 4 is "roll angle -45°".

Figure 17. Pin configurations

Simulation validation

The first simulated case is the Basic Finner without pin. Compared to the reference report on Basic Finner [START_REF] Dupuis | Aeroballistic Range and Wind Tunnel Tests of Basic Finner Reference Projectile from Subsonic to High Supersonic Velocities[END_REF], drag is over estimated: CFX results lead to Cx value of 0.59 when 0.55 were awaited. This is not surprising as far as the pressure based solver was set to a stationary RANS simulation. Numerical simulation value of Cz α reaches 11.0 and Cm α is -21.4. This last value is a bit too small, but should be compared to our wind tunnel tests in Tab. Concerning Cx increase, Fig. 18 shows that it is kept below 3%, which is awaited as far as pin size remains small relatively to the Basic Finner caliber. values. This offset applies at the rear of the body, which causes also a torque offset, as it can be seen in Fig. 21 to 23. Fig. 21 shows the roll torque coefficient is mainly an offset with a slight angle of attack influence. It seems logical that only one pin creates a roll torque. This could be minimised by using another pin having a contrary effect. 

CONCLUSION

In this study, we have shown that numerical simulation is reliable enough to investigate pin positioning and system efficiency. A total balance angle of 0.4° can be obtained by using pin 7-1. For a Cz α value of 11.0, the benefit ratio for this device is about 5.9. The benefit ratio would only be 2.95 for pin 1-5 (balance angle of 0.2°). The system shows a good efficiency for a guidance mechanism, without increasing drag too much.
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 3 Figure 3. Basic Finner wind tunnel model
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 81011 Figure 8. Relative variation of normal force (∆Cz α /Cz α )
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 14 Figure 12. Yaw angle offset
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 1 Numerical configuration ANSYS CFX solver has been used to calculate configuration 7-1. The chosen turbulence model is Shear Stress Transport (SST). Boundary conditions have been set to the ISL wind tunnel specifications. The mesh has been created with ANSYS Mesher and is unstructured. It is made of 140349 nodes and 4452328 cells. The boundary layer is taken into account with 17 refined cell layers (first one being 10µm) with a grow rate of 1.3. As displayed in Fig.15, the mesh was refined in pin, fin and tip proximity as well as in the wake in order to better capture the flow modification around the pin.

Figure 15 .

 15 Figure 15. Vertical mesh cut around Basic Finner

7. 5 .

 5 Fig. 18 to 23 represent aerodynamic coefficient change relatively to Basic Finner without pin as a function of the angle of attack. For each configuration, three angles have been considered: -3°, 0° and +3°.Concerning Cx increase, Fig.18shows that it is kept below 3%, which is awaited as far as pin size remains small relatively to the Basic Finner caliber.
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 20 Figure 18. ∆C x
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 23 Figure 21. ∆Cm x
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 25 Figure 25. Pressure simulation on the fins Fig. 26 is the result of a pressure sensitive paint experiment. The map is scaled as Fig. 25. Fig. 25 and 26 represent the pressure repartition around the pin for a roll angle of 0° and an angle of attack of 3°. It is possible to notice the overpressure in front of the pin and on the windward side of the horizontal fin. The

Figure 26 .

 26 Figure 26. PSP result @ 3° AoA

  2. 

				[3] free flight tests, velocity may have
				decreased, thus changing Cm α value.
		Cx 0	Cz α	Cm α
	DRDC	0.554	11.4	-25.2
	ISL S20	/	10.3	-22.6
	Simu	0.59	11.0	-21.4
	Table 2. Basic Finner coefficients comparison
		at Mach 2	
	Though not perfect, numerical simulation
	parameters seem to give acceptable results.
	The difference with the DRDC experimental
	value might be explained by a different
	Reynolds number of 13.7x10e6. In addition,
	Cm α decreases quickly with Mach number
	decreasing towards Mach 1. During the DRDC
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