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The present paper summarizes the key findings of a numerical study on the aerodynamic behavior of a generic light aircraft under flow conditions, which are typically associated with spin motions. These conditions include high angles of attack, crosswind and rotational motion. Besides investigating the limits of Reynolds-averaged Navier-Stokes simulations for this type of conditions, the simulations contribute to a better understanding of existing wind-tunnel data. Furthermore, the influence of wind-tunnel related aspects such as scaling effects are investigated. The comparison between the numerical and experimental results generally shows good agreement regarding global force coefficients and separation behavior. The characteristic behavior with regards to crosswind and rotational motion around the longitudinal wind axis is captured well by the computations. Scaling effects are considerable with the maximum vertical force coefficient increasing by up to ∆C Z,max = 0.25 at real flight Reynolds and Mach number compared to wind-tunnel conditions.

INTRODUCTION

Loss of control due to stall/spin is one of the main causes of fatal accidents in general aviation. The Aerodynamics, Aeroelasticity, Acoustics Department at ONERA, Lille investigates the spin behavior of a generic light aircraft for years. Two test campaigns in ONERA's vertical wind tunnel SV4 [START_REF] Farcy | Nouvelle mthodologie pour la prvision du dcrochage et de la vrille "un tour[END_REF][START_REF] Brunel | Essais sur balance rotative sur maquette d'avion lger[END_REF] contributed to a substantial amount of aerodynamic data, which is used for further flight dynamic evaluations. In the course of collaboration be-tween ONERA and DLR, the aerodynamic dataset was extended by results from numerical simulations based on the Reynolds-averaged Navier-Stokes equations. Traditionally, the aerodynamic behavior under spin conditions is investigated with wind-tunnel experiments [START_REF] Chambers | Summary of NASA Stall/Spin Research for General Aviation Configurations[END_REF][START_REF] Katz | Propeller Swirl Effects on Single-Engine General-Aviation Aircraft Stall-Spin Tendencies[END_REF] as the conditions are highly off-design implying complex flow phenomena. On the one hand, the aim of the simulations is to verify the numerical approach for assessing the aerodynamic behavior of light aircraft particularly at flow conditions associated with spin motions. These flow conditions typically involve high angles of attack, sideslip angles, and coupled roll and yaw motions. On the other hand, the simulations are thought to contribute to a better understanding of the wind tunnel data, as the latter provides limited information on existing flow phenomena. Moreover, the influence of wind tunnel related aspects such as scaling effects are investigated. The present paper illustrates the key findings from the numerical simulations. Numerical results for static conditions with varying angles of attack and sideslip angles, and at constant rotations around the longitudinal wind axis are compared to wind tunnel results. The influence of the model support is examined as well as transition effects. Furthermore, numerical results for free flight conditions are presented.

NUMERICAL SETUP

The computations are performed with the DLR TAU code [START_REF] Gerhold | Overview of the Hybrid RANS Code TAU[END_REF], which is based on an unstructured finite volume approach for solving the Reynolds-averaged Navier-Stokes equations. For the present investigation, the implicit LUSGS scheme is used for time stepping. A central scheme and second order Roe upwind scheme are used for the spatial discretization of the inviscid mean flow fluxes and the turbulent convective fluxes, respectively. Two turbulence models have been used. The turbulence effects are modeled with the Spalart-Allmaras turbulence model [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic-Flows[END_REF] with vortical and rotational flow correction based on the Spalart-Shur correction [START_REF] Spalart | On the sensitization of turbulence models to rotation and curvature[END_REF].

Computations were performed with fully turbulent flow, fixed transition at X/c ≈ 0.05 similar to the windtunnel test, and transition prediction. The latter was used to simulate the behavior of the model in the wind-tunnel with natural transition. For the evaluation of the transition line, only Tollmien/Schlichting wave instabilities are considered (besides flow separation). Transition is predicted based on the eN-Method with N-factors computed by the linear stability solver LiLo [START_REF] Krimmelbein | TAU Transition module (V9.30[END_REF].

In order to model the propeller effects, an actuator disk approach based on 2D blade element theory is implemented. In this way, the local load of the propeller is calculated based on a given radial distribution of force coefficients along the blades and the local flow conditions [START_REF] Raichle | A new Actuator Disk Model for the TAU Code and application to a sailplane with a folding engine[END_REF].

TEST CONFIGURATION

The test configuration is a general light aircraft (GLA) with low-wings and a single piston engine located in the front fuselage. The wind-tunnel model is scaled by a 1 : 5 ratio. Fig. 1 shows the model in the wind tunnel (2017 test campaign [START_REF] Brunel | Essais sur balance rotative sur maquette d'avion lger[END_REF]) and as it is used for the computations with dorsal sting. Tab. 1 depicts the basic geometric parameters of the model in wind-tunnel scale and full scale. Tab. 2 summarizes the free stream conditions for the computations at W/T scale and at full scale (real flight conditions). In case of the computations with actuator disk the thrust coefficient was set to C T = 0.04, slightly above the value necessary to balance out drag at α = 0 

RESULTS

Stall behavior

The numerical simulations were performed with two turbulence models, the SA turbulence model with rotational and curvature correction (SA-RC) and the SSG-LRR Reynolds-stress model. Both turbulence models predict a main wing stall behavior similar to the one seen in the experiment. Fig. 3 illustrates the evolution of flow separation with respect to the angle of attack for the SA-RC model in terms of skin friction (c f x )-iso-lines. At In contrast to the rather good agreement of the main wing's C p distributions between the computational results and the wind-tunnel results, the agreement of the horizontal tail plane's surface pressure data is rather poor. In particular at high angles of attack, the limited available data from the wind-tunnel experiment disagrees considerably with the C p distributions from the computations as Fig. 5 indicates for α = 18 • . Furthermore, the C p distributions of the computations with SA-RC and with SSG-LRR strongly differ from each other. In case of the SA-RC turbulence model, the suction peak is completely broken down. In contrast, the SSG-LRR model predicts a notable suction peak. gradient due to transition and the change in gradient at the rear due to reduced separation agrees well between the computations and the wind-tunnel test. Fig. 7 summarizes the evolution of the transition line on the main wing's upper surface with rising angle of attack as predicted by the computations with SA-RC. From α = 0 • to α = 12 • , the transition lines move considerably upstream. After α = 12 • , the location of the transition lines is nearly unchanged as it is influenced by the laminar separation bubble.

Fig. 8 compares the vertical force coefficients with respect to α of the computations with SA-RC to the ones from the wind-tunnel test. The results agree very well for the fixed transition (TD) up to α = 18 • . At higher angles of attack, the results begin to diverge mainly due to delayed flow separation in case of the computations. The computations as well as the experiment predict a notable increase in vertical force coefficient if transition is not fixed (TN). At α = 8 • , the computations and experiment yield an increase of ∆C Z = 0.045 and ∆C Z = 0.05, respectively. Again, at low angles of attack (α < 10 • ), the computational results agree very well with the experimental results. At α ≥ 10 • , the difference between TN and TD is notably smaller in the computations compared to the experiment. A possible explanation for the discrepancy might be the laminar separation bubble, which occurs in the computation. Despite the divergence of the results with free transition (TN), the maximum vertical force coefficient only differs by ∆C Z,max = 0.03 between the computations and the experiment.

Effect of Free Stream Conditions and Propeller Slipstream

In order to investigate the influence of real flight free stream conditions compared to wind-tunnel conditions, computations at flight Reynolds and Mach numbers were performed. Furthermore, computations with actuator disk were carried out to assess the effect of propeller slipstream on the aircraft's aerodynamic behavior. 

Behavior under Crosswind Conditions

The surface pressure distribution of the main wing is affected by crosswind in various ways. Besides the altered normal component of the free stream velocity, the main effects for the present aircraft are related to the wing's dihedral and fuselage integration. The (positive) dihedral causes an increase of the local angle of attack at the windward side and a decrease of the local angle of attack at the leeward side. In contrast, the low wing configuration leads to a decrease of the local angle of attack at the windward side and an increase at the leeward side in proximity to the fuselage. The experimental and computational results at low angles of attack reflect these characteristics by indicating higher pressure on the upper surface of the windward side compared to the leeward side in the inboard region of the main wing. In the midboard and outboard region the pressure on the upper surface of the windward side is lower compared to the leeward side. Fig. 10 compares the C p distributions of the computations and the experiment for α = 14 • . At η = 0.15 (Fig. 10(a)), the experiment and the computations indicate a higher leading edge suction peak on the windward side (RS) compared to the leeward side (LS). Furthermore, the pressure plateau at the trailing edge is significantly larger on the leeward side as demonstrated by both experiment and computations. It can be concluded that the increase in local angle of attack due to the fuselage effect on the leeward side causes stronger flow separation than it is the case on the windward side, where the fuselage effect leads to a reduction of the local angle of attack. In the midboard region at η = 0.6 (Fig. 10(b)), the C p distributions show the expected behavior with the suction peak on the windward side (RS) being slightly higher than the one on the leeward side. The effect of crosswind on the surface pressure levels agree well between the experiment and the computations.

The flow separation observed in the inboard region of the main wing has a notable impact on the flow conditions at the VTP as seen in Fig. 11. At α = 0 • (Fig. 11(a)), the oncoming flow at the VTP is undisturbed, indicated by the homogeneous Mach number of the streamlines. At α = 12 • (Fig. 11(b)), the separated flow, identifiable by the streamlines with low Mach number, is transported along the fuselage towards the VTP. Here, the reduced flow velocity, caused by flow separation at the main wing and increased losses within the fuselage boundary layer lead to a notably reduced flow velocity along the suction side of the VTP at its root. As a result, the VTP side force is reduced. At α = 18 • (Fig. 11(c)), the flow separation at the main wing is further increased, resulting in a larger region of reduced flow velocity at the VTP. Moreover, the main wing wake flow reaches the VTP at a higher position due to the increased angle of attack. The main wing wake flow now leads to strong flow separation in the midboard region of the VTP and thus reduces its effectivity significantly. 

Rotation

Similar to the procedure in the experiment, steady simulations of a rotational motion around the streamwise axis (roll axis in the aerodynamic coordinate system) at constant angular rate were performed. The computations were carried out with fixed transition. Fig. 13 compares the surface pressure distributions and skin friction lines between the case without motion and the one at a dimensionless angular rate of ω • c/V = 0.05215 for α = 0 • . Without rotational motion (Fig. 13(a)), the flow is fully attached to the main wing as it is indicated by the C f x = 0iso-lines (purple lines). The red color at the leading edge indicates the stagnation line. With rotational motion (Fig. 13(b)), the distribution of the surface pressure coefficient changes as expected in case of a positive roll rate. On the port side, the rotation reduces the local angle of attack with the magnitude of the change in α loc depending on the spanwise position. As a result, the stagnation line moves on the upper surface, as indicated by the red color, and reduces the lift. Since the induced angle of attack due to the roll motion is increasing towards the wing tip, the stagnation line moves further downstream with increasing |η|. In contrast, the local angle of attack is increased on the starboard side causing stronger suction on the upper surface and thus higher lift. In the midboard region, a small region of flow separation can be observed at the trailing edge. Even though, the angle of attack induced by the roll motion is highest at the wing tip, the wing tip region is also influenced the most by 3D effects which induce a negative angle of attack. As a result, the local angle of attack, which is the combination of global angle of attack, geometric angle of attack, induced angle of attack due to 3D effects, and induced angle of attack due to roll motion, reaches its maximum at η ≈ 0.6 and thus flow separation occurs first, here. At α = 15 • , the flow is already partially separated from the main wing in case of no rotational motion (Fig. 14(a)). Due to the rotational motion, the flow separation is reduced on the port side and increased at the starboard side (Fig. 14(b)). Despite the change in flow separation, the suction peak is reduced on the port side and increased on the starboard side of the main wing. However, the extend of the low pressure zone on the starboard-sided main wing is limited by flow separation.

At α = 25 • , the flow separation on the main wing has expanded upstream to the leading edge in case of no rotation (Fig. 15(a)). Due to the rotation (Fig. 15(b)), the region of flow separation is notably reduced on the port side. In contrast to α = 15 • , the suction peak increases on the port side. On the starboard side, the flow is entirely separated from the wing. As a result, the suction peak on the starboard side vanishes.

The phenomena illustrated in Fig. 13 -15 have a no- 

CONCLUSION

A numerical study on the aerodynamic behavior of a generic light aircraft was performed. Simulations at symmetric conditions as well as under crosswind conditions and with roll motion were carried out. Results of computations at wind-tunnel model conditions were compared to experimental results. The influence of transition was investigated. Furthermore, simulations under flight conditions, including transition prediction and propeller effects, were performed.

The main wing C p distributions of the computations with dorsal sting, particularly the ones with SA-RC, and the C p distributions of the experiment generally agree well in longitudinal motion. Computations and experiment indicate a similar separation behavior. However, the separation evolution in the computations, especially in case of the SSG/LRR turbulence model, is slightly delayed compared to the experiment. Significant differences can be found in the C p distributions of the HTP in particular at high angles of attack when the flow conditions at the HTP are affected by inboard separation on the main wing.

The influence of transition based on the computations with transition prediction agrees well at low and moderate angles of attack. At higher angles of attack, the lateral force and moment coefficients yield larger differences to the experimental results. A possible explanation for the discrepancy is the laminar separation bubble, which occurs in the computation.

The computations at flight conditions show a notable increase in C Z,max . In case of fully turbulent flow, the maximum vertical force coefficient increases by ∆C Z,max = 0.14 compared to the case at model conditions with sting. The increase in C Z,max is mainly caused by the delayed trailing edge separation at flight conditions due to the thinning of the boundary layer. The maximum vertical force coefficient is further raised when laminar flow is considered by transition prediction. In this case, the maximum vertical force coefficient is raised by ∆C Z,max = 0.29 compared to the case at real flight conditions and fully turbulent flow and by ∆C Z,max = 0.25 compared to wind-tunnel conditions and transition prediction. Applying thrust increases the maximum vertical force coefficient by ∆C Z,max = 0.075.

The simulations with crosswind under wind-tunnel conditions yield a similar behavior as the experiment does. With rising angle of attack, a negative rolling moment builds up due to the asymmetric evolution of flow separation on the main wing. Furthermore, the stabilizing yawing moment decreases with rising angle of attack due to main wing wake-VTP interaction. While the trends of the lateral moments are similar for the experimental and computational results, the data show an offset in the lateral moment coefficients between the experiment and the computations as it is also seen for zero crosswind.

The results of the simulations of a motion around the aerodynamic X-axis agree very well with the results from the experiment. At low angles of attack, the rolling and yawing moment coefficients decrease linearly with rising angular rate. With increasing flow separation, the behavior becomes non-linear as the motion influences the separation evolution. The region of separated flow is increased on the side where the main wing is moving down and decreased on the side where it is moving up. As a result, the additional vertical force on the side, which is moving down, and the reduction of the vertical force on the side, which is moving up, are decreased. At even higher angles of attack, the motion leads to a change in sign of the lateral moments, since the motion leads to a complete lift break down on the side, which is moving down.

W

  Reference area 0.4912 m 2 12.28 m 2

Figure 1 :

 1 Figure 1: Geometry of generic light aircraft with wind tunnel mounting
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 2 Figure 2: Surface mesh of the model in wind tunnel scale with dorsal sting
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 364 Figure 3: Evolution of flow separation based on TAU computations
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 5 Figure 5: C p distributions at η HT P = 0.5 of the horizontal tail plane for α = 18 •
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 6678 Figure 6: Influence of transition on C p distribution of the main wing at η = 0.6
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 9 Figure 9: Influence of free stream conditions and propeller slipstream on vertical force coefficient with respect to the angle of attack
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 12610 Fig.12demonstrates the impact of the asymmetric flow separation on the main wing and its interaction with the VTP on the lateral moments. At α = 0 • and β = 10 •
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 11 Figure 11: Influence of flow separation at the main wing root on the flow conditions at the VTP for β = 10 • (based on TAU computations without mounting)

  Figure 12: Comparison of lateral moment coefficients with respect to angle of attack at β = 10 •

  Figure 13: Influence of rotational motion on surface pressure distribution and skin friction lines at α = 0 •
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 1415 Figure 14: Influence of rotational motion on surface pressure distribution and skin friction lines at α = 15 •

Table 1 :

 1 Geometric parameters of the CAD model for computations

Table 2 :

 2 Free stream conditions for model scale and full scale computations

		W/T scale full scale
	Mach number	0.1469	0.2374
	Reynolds number	834701	5211441
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The hybrid CFD meshes were built with the semi-