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In the present work, numerical simulations of the flow around an aircraft at several angles of attack and with a moderate drift angle are performed with the ISIS-CFD flow solver which is an incompressible unsteady Reynolds-averaged Navier-Stokes method. The turbulence modelling is performed using the linear isotropic k-ω SST model and the hybrid RANS/LES DDES-SST model. For every turbulence closure, the anisotropic adaptive grid refinement functionality is used. Aerodynamic coefficients as well as flow field data are compared with experimental measurements. The main conclusion is that the numerical simulations with the DDES-SST model are in better agreement with the experimental data than the simulations with the k-ω SST.

INTRODUCTION

High-agile high performance aircraft configurations have to cover a wide scope of performance and maneuverability requirements from an supersonic cruise to a high maneuverability at subsonic conditions [START_REF] Hitzel | Combat Aircraft Vortex Interaction -Design, Pysics & CFD-Tools[END_REF]. Hybrid-delta wings present many assets for the aerodynamic design of high agility military aircraft. The flow over such wings is dominated by multiple vortices. When the angle of attack increases, the vortices start interacting with each other enabling a more stable vortex system. For high angles of attack, the vortex breaks down resulting in an increasing pitching moment and a decrease in the gradient of lift coefficient [START_REF] Breitsamter | Unsteady flow phenomena associated with leading-edge vortices[END_REF]. An extensive synthesis of CFD simulations for the F16-XL configurations, which has a triple-deltawing configuration, has been conducted [START_REF] Luckring | a Synthesis of Hybrid RANS/LES CFD Results for F-16XL Aircraft Aerodynamics[END_REF] using hybrid RANS/LES methods which predicted correctly the vortical characteristics.

A low-aspect ratio multiple-swept wing fuselage is studied in the NATO STO AVT-316 task group on "Vortex Interaction Effects Relevant to Military Air Vehicle Performance". This collaborative research has been initiated to assess Computational Fluid Dynamics (CFD) methods to predict vortex-interaction effects and extend the understating of vortex-interaction flow physics for these problems through numerical and physical experimentation.

In this paper, we conduct a numerical simulation of the flow past the wing-fuselage combination at Mach number 0.15 for several angles of attack with a side slip angle, by means of RANS and hybrid RANS/LES simulations. A comparison will be carried out between the numerical simulations and experimental data.

TEST CASE

Figure 1 illustrates the test configurations [START_REF] Hitzel | Vortex Flow Aerodynamic Challenges in the Design Space for Future Fighter Aircraft[END_REF][START_REF] Pfnür | Leading-Edge Vortex Interactions at a Generic Multiple Swept-Wing Aircraft[END_REF]. The first one is a triple delta wing configuration, the socalled NA1-W1, see Figure 1(a), with three different consecutive wing sections featuring a varying leading-edge sweep. The inboard and outboard wing sections exhibit a medium leading-edge sweep of ϕ 1 = ϕ 3 = 52.5°and the mid-board wing section is highly swept at ϕ 2 = 75.0°. The second one is a double delta configuration, the socalled NA1-W2, see Figure 1(b), with two different consecutive wing sections of varying leading-edge sweeps characterized by a high leading-edge sweep of ϕ 2 = 75.0°i n the inboard wing section and a medium leading-edge sweep of ϕ 3 = 52.5°in the outboard wing section. Both configurations have the same total length of l tot = 1.160 m and the same root chord of c r = 0.802 m.

Experiments are conducted in the wind tunnel of Technical University of Munich (TUM) for a speed of V ∞ = 51.97 m/s, which leads to a Reynolds number, based on c r , of 2.36 × 10 6 and a Mach number of 0.15. Two side 

FLOW SOLVER

The in-house solver ISIS-CFD developed by the authors, also available as a part of the FINE™/Marine computing suite worldwide distributed by Cadence Design Systems, is an incompressible multiphase unsteady Reynoldsaveraged Navier-Stokes (URANS) solver mainly devoted to marine hydrodynamics. It is based on a fully-unstructured (face-based) finite volume discretization with specific functionalities needed for multiphase flows and industrial applications [START_REF] Leroyer | Numerical methods for RANSE simulations of a self-propelled fish-like body[END_REF][START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF]. The method features several sophisticated turbulence models: apart from the classical two-equation k-ε and k-ω models, the anisotropic two-equation Explicit Algebraic Reynolds Stress Model (EARSM), as well as Reynolds Stress Transport Models, are available [START_REF] Cecora | Differential Reynolds-Stress Modeling for Aeronautics[END_REF][START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flow around ships[END_REF][START_REF] Duvigneau | On the role played by turbulence closures in hull ship optimization at model and full scale[END_REF]. All models are available with wall-function or low-Reynolds near wall formulations. Hybrid RANS/LES turbulence models based on Detached Eddy Simulation (DES-SST, DDES-SST, IDDES-SST) are also implemented and have been thoroughly validated on automotive flows characterized by large separations [START_REF] Guilmineau | Assessment of hybrid RANS-LES formulations for flow simulation around the Ahmed body[END_REF] and ships at steady drift [START_REF] Visonneau | Local flow around a surface combatant at various static drift conditions: The role played by turbulence closures[END_REF]. Moreover, the solver accepts sliding and overset grids and features an anisotropic adaptive grid refinement functionality [START_REF] Mozaffari | Average-based mesh adaptation for hybrid RANS/LES simulation of complexe flows[END_REF][START_REF] Wackers | Combined refinement criteria for anisotropic grid refinement in freesurface flow simulation[END_REF] applied to unstructured hexahedral meshes.

NUMERICAL SIMULATION SET-UP

For this study, only the side-slip condition β = 5°is investigated. The turbulence models used are k-ω SST 2003 for the RANS model and DDES-SST for the hybrid RANS/LES modelisation. The time step used with the k-ω SST model is ∆t = 1.5×10 -4 s and ∆t = 5×10 -5 s with the DDES-SST model. The averaging time, tU ∞ /c r , varies between 30 and 60 depending on the case.

The meshes are generated using Hexpress™, an automatic unstructured mesh generator. This software generates meshes containing only hexahedrals. For the aircraft and the sting, no-slip boundary conditions are imposed and the wall normal resolution has y + below 1.

During the simulation, the average-based mesh adaptation procedure, included in ISIS-CFD, is also used, choosing as refinement criterion the flux component Hessian. The grid is adapted every 10 time steps. As the flow depends on the turbulence model, the number of cells varies depending on the turbulence model and the angle of attack α. Thus the number of cells varies between 65M and 130M. Fig. 2 shows an example of the mesh at cross-section x/c r = 0.592 for α = 24°and β = 5°for the geometry NA1-W2. 

RESULTS

Forces and moments

Fig. 3 presents the evolution of the longitudinal aerodynamic coefficients (the drag coefficient C D , the lift coefficient C L and the pitching moment coefficient C my ) versus the angle of attack, α, for both configurations. For the NA1-W1 geometry, see Fig. 3(a), the numerical results obtained with the k-ω SST and DDES-SST turbulence models are in good agreement with the experimental data. In the experiments, the vortex breakdown occurs at α = 15°. For the NA1-W2 geometry, see Fig. 3(b), these aerodynamic coefficients are well predicted by both The lateral aerodynamic coefficients (the side-force coefficient C S , the pitching moment coefficient C mx and the yawing moment coefficient C mz ) are presented in Fig. 4. For the NA1-W1 geometry, see Fig. 4(a), the agreement between the experimental data and the numerical results is less satisfactory than that obtained for the longitudinal aerodynamic coefficients. The side-force coefficient C S and the yawing moment coefficient C mz are relatively well predicted by both turbulence models while the prediction of the rolling moment coefficient C mx is inaccurate. The k-ω SST model is unable to predict the decay and the change of the slope observed experimentally around 16°. The DDES-SST model predicts the correct negative value at α = 16°. For α = 18°, C mx increases as in experiments but for the higher angle of attack, the value decreases instead of keeping at constant value close to zero as in the experiments. For the very high value of angle of attack, α = 32°, the two turbulence models predict the positive value of C mx , while C S is hidden under C mx for DDES-SST. For the NA1-W2 geometry, see Fig. 4(b), both turbulence models predict coefficients in agreement with the experimental data for the angles of attack α below 20°. For the higher angles, α ≥ 24°, the k-ω SST model is unable to predict the monotonous decay of C mz and for the C S prediction, the value is in good agreement with the experimental data for α = 24°but it is strongly overestimated at 32°. As with the NA1-W1 wing profile, the behaviour of the rolling moment, with its change of sign around 20°, is not predicted with the k-ω SST model which predicts a decay. With the DDES-SST model, all lateral aerodynamic coefficients are well predicted and in good agreement with the experimental data, notably the change of sign of the rolling moment.

Angle of attack α = 16°F

ig. 5 shows the vortical structures for NA1-W1 and NA1-W2 geometries. The vortex developing in the front 0.592 is presented in Fig. 6 for the NA1-W1 geometry.

In the experiments, for the NA1-W1 geometry on the leeward side, the IBV and MBV vortices have the characteristics of a jet-type vortex with a high axial velocity in the core of these vortices. On the windward side, the MBV vortex is also a jet-type vortex while the IBV has the characteristics of a wake-type vortex. For the numerical simulations, at windward side, the DDES-SST model predicts the low level of axial velocity and thus the wake-type vortex. It is not the case with the k-ω SST model. At leeward side, no turbulence model is able to predict the correct level of axial velocity in the IBV core. Both turbulence closures show two vortices very close to each other with opposite axial velocity. This feature is not observed in the experiments. Fig. 7 presents the dimensionless axial velocity distribution at x/c r = 0.592 for the NA1-W2 geometry. For this geometry, the experiments show more symmetric vortices on each wings contrary to the NA1-W1 geometry. All vortices on the leeward side and the windward side have the jet-type characteristics. The k-ω SST model predicts a symmetric solution as in the experiments. However, the velocity in the IBV and MBV vortex core are lower than that obtained in the experiments. With the DDES-SST model, the level of axial velocity in the IBV vortex core at the leeward side is in agreement with the experimental data but at the windward side, the level is lower than the experiments. Thus the DDES-SST model predicts a asymmetric behaviour.

Fig. 8 shows the dimensionless axial velocity in the IBV and MBV vortices on the leeward side. In the experiments for the NA1-W1 geometry, the IBV vortex has the characteristics of a jet-type vortex with a plateau of high velocity in the vortex core over the total length of the wing. The k-ω SST model predicts this plateau but the level is twice as small as the experimental value. With the DDES-SST model, the velocity starts with a value around 2.0 and then decreases until x/c r ∼ 0.6 to reach a value around 0.5. For the geometry NA1-W2, the IBV vortex is again characterised by a plateau with an unchanged level of core velocity. Both numerical simulations predict a plateau but for this geometry, the DDES-SST model is able to predict the correct level of velocity, contrary to the k-ω SST model. Fig. 9 shows the dimensionless axial velocity in the IBV and MBV vortices on the windward side. For the NA1-W1 geometry, until x/c r ∼ 0.6, the experiments depict a decay of the IBV core velocity and then a slow increase until the trailing edge of the wing. The DDES-SST model predicts very well the behaviour of the IBV core velocity. The k-ω SST does not correctly predict this decrease. For the NA1-W2 geometry, the experiments reveal again a plateau with a high core velocity. Both numerical simulations are not able to predict this plateau. Instead, a decrease of the core velocity is predicted. 

Angle of attack α = 24°F

ig. 10 shows the vortical structures for both geometries, NA1-W1 and NA1-W2, at 24°. For the geometry NA1-W1, the DDES-SST model predicts more intense vortical structures on both leeward and windward wings. For this angle of attack, a flow reversal is observed in the inboard vortex, all along its trajectory on the windward wing while flow reversal occurs only close to the trailing edge of the leeward wing for both turbulence closures.

For the geometry NA1-W2, the DDES-SST model predicts a more intense and stable IBV vortex on the leeward wing, leading to a more asymmetric vortical structures. Fig. 11 depicts the dimensionless axial velocity distribution at x/c r = 0.592 for the NA1-W1 wing configuration. For the NA1-W1 configuration, the TUM experiments reveal an asymmetry of the vortices developing on each wing. On the leeward side, both IBV and MBV are clearly jet-type vortices with a strong axial velocity in the core of these vortices. The IBV vortex is similar between both numerical simulations but the jet-type vortex is not captured. Both turbulence closures predict the existence of two zones very close to each other corresponding to two co-rotating vortices, the upper one with a velocity overshoot and the lower one with a velocity undershoot. Only the DDES-SST model is able to reproduce the behaviour of the MBV vortex. On the windward side, the IBV vortex observed experimentally is a wake-type vortex while the MBV vortex is a jet-type vortex. Both turbulence closures are able to capture the strong decrease of the axial velocity in the core of the IBV vortex. Moreover, both numerical simulations slightly overpredict the core velocity in the MBV vortex.

Fig. 12 presents the dimensionless axial velocity distribution at x/c r = 0.592 for the NA1-W2 wing configuration. As for the NA1 W1 geometry, the TUM experiments show an asymmetric situation characterised for the IBV vortex by a jet-type vortex on the leeward side and a wake-type vortex on the windward side while the MBV vortices keep their jet-type configuration. For the numerical simulations, at windward side, the level of the axial velocity in the IBV, obtained the k-ω SST model, is not in agreement with the experiments. Moreover, this model predicts an IBV vortex surrounded by a high axial velocity. With the DDES-SST model, the area of the low velocity in the IBV is lower than that obtained in the experiments. At the leeward side, the IBV vortex is under-estimated with the k-ω SST model. The DDES-SST model captures the right asymmetry of the flow even if the area of the high velocity is lower than that observed experimentally.

Fig. 13 shows the dimensionless axial velocity in the cores of the IBV vortex and MBV vortex on the leeward side. For the NA1-W1 geometry, both numerical simulations are not able to predict the high velocity during the IBV progression until x/c r ∼ 0.6. At the end of the wing, the DDES-SST model provides a lower core axial velocity close to zero. For the NA1-W2 geometry, the IBV vortex is a jet-type vortex in the experiments and the numerical simulations reproduce this feature. However the k-ω SST model underestimates the axial core velocity and this plateau is maintained up to x/c r = 0.6, and downstream, the velocity decreases. With the DDES-SST model, the velocity in the core of the IBV vortex is overestimated close to the onset of the wing. However, the high velocity plateau is maintained up to the trailing edge of wing and it is in very good agreement with the experimental data.

The dimensionless axial velocity in the cores of the IBV vortex and MBV vortex on the windward side is presented in Fig. 14. For the NA1-W1 geometry, the experiments show a flow reversal occurring in the core of the IBV vortex. This behaviour is well captured by the two numerical simulations. The MBV core velocity is overestimated by both turbulence closures. For the NA1-W2 geometry, the vortex breakdown of the IBV in the exper- iments occurs for x/c r around 0.5 and it is followed by a region of negative velocity up to the trailing edge of the wing. The k-ω SST model underestimates the axial velocity until the vortex breakdown which is somewhat smeared, compared to the experiments. The DDES-SST model provides a globally better prediction of the axial velocity in the IBV vortex even if the velocity is not negative after the vortex breakdown.

Angle of attack α = 32°F

ig. 15 shows the vortical structures for both geometries and both turbulence closures. For the NA1-W1 geometry, a massive separation at the windward side is predicted by both turbulence models. However, this separation appears more intense with the DDES-SST model. At the leeward side, the result depends on the turbulence closure used. With the DDES-SST model, the flow reversal in the IBV vortex starts at mid-wing while with the k-ω SST, it starts close to the onset of the wing. For the NA1-W2 geometry, the two numerical simulations provide a different solution. At the windward side, the DDES-SST model predicts a massive separation as for the NA1-W1 geometry while the k-ω SST model predicts a longitudinal vortex with a zone of flow reversal. On the leeward wing, both numerical simulations predict longitudinal vortices as for the previous angle of attack and the vortices ob- The dimensionless axial velocity in the cores of the IBV vortex and MBV vortex on the leeward side is presented in Fig. 18. For the NA1-W1 geometry, the experiments show a high velocity at the onset of the wing which decreases drastically until x/c r around 0.3 reaching zero. After this position the velocity keeps a negative value. Both numerical simulations are not able to predict this high velocity at the onset. However, the DDES-SST model predicts very well the plateau with a zero or slightly negative velocity in the vortex core while the model k-ω SST predicts a value that oscillates between 0.5 and 1.0. For the NA1-W2 geometry and the IBV vortex, the experiments show a plateau with a high core velocity until x/c r ∼ 0.7 before a slow decay until the trailing edge of the wing. The DDES-SST model predicts the same behaviour but the core velocity is overestimated. With the k-ω SST model, a plateau is predicted but the core velocity is underestimated and the decay starts at x/c r ∼ = 0.55 to reach a velocity 0.5 while in the experiments, the measured value is 2.0. 

CONCLUSIONS

In this paper, a study of the flow around two different wing configurations, the so-called NA1-W1 and NA1-W2 geometries, for several angles of attack with a drift angle, has been presented. Two turbulence closures were used: the k-ω SST 2003 and the hybrid RANS/LES DDES-SST models. Numerical simulations were run using flow-adapted grids to capture automatically the vortical structures during their evolution. This functionality is a very precious specificity of the flow solver ISIS-CFD for this category of compoutations. Comparisons of aerodynamic coefficients, local flow details and vortex core analysis were conducted with the TUM experiments. The main conclusion is that the NA1-W2 geometry appears easier to simulate than the NA1-W1 geometry with the available turbulence closures, numerical simulations being in better agreement with the experiments and DDES-SST model being the most reliable turbulence closure. The change of sign of the rolling moment is indeed a challenge for turbulence models. For the NA1-W2 geometry, the DDES-SST model is the only one able to predict this change of sign around the angle of attack α = 20°. This change of sign of the rolling moment is due to an asymmetric behaviour of longitudinal vortices on the leeward and windward sides. For the NA1-W1 geometry, the rolling moment change of sign is not satisfactorily predicted by both turbulence closures. This incorrect prediction is probably due to the early interaction between the fuselage vortex and the IBV vortex, not far from the onset of the wing. Finally, while the use of hybrid RANS/LES models is the only viable option to accurately predict the change of rolling stability, the computations should obligatorily be performed with anisotropic adaptive mesh refinement, since this is the only possibility to maintain the fine grid density in the core of the various interacting vortices and keep the computational effort for industrial studies within high but reasonable limits. 
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  (a) Model NA1-W1. (b) Model NA1-W2.
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 1 Figure 1: Wing planforms.

  (a) k-ω SST. (b) DDES-SST.
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 2 Figure 2: NA1-W2: α = 24°, β = 5°-View of the flow adapted grids at the cross-section x/c r = 0.592.

  (a) NA1-W1 geometry. (b) NA1-W2 geometry.
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 3 Figure 3: Longitudinal aerodynamics coefficients versus the angle of attack α for both geometries.

  (a) NA1-W1 geometry. (b) NA1-W2 geometry.
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 4 Figure 4: Lateral aerodynamics coefficients versus the angle of attack α for both geometries.

  (a) NA1-W1: k-ω SST. (b) NA1-W1: DDES-SST. (c) NA1-W2: k-ω SST. (d) NA1-W2: DDES-SST.
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 5 Figure 5: α = 16°-Vortical structures for the NA-W1 and NA1-W2 configurations.
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 6 Figure 6: NA1-W1: α = 16°, β = 5°-Axial component of the velocity at x/c r = 0.592.
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 7 Figure 7: NA1-W2: α = 16°, β = 5°-Axial component of the velocity at x/c r = 0.592.

  (a) NA1-W1 geometry. (b) NA1 W2 geometry.
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 8 Figure 8: Leeward wing: α = 16°, β = 5°-Dimensionless axial velocity for the IBV and MBV of the NA1-W1 and NA1-W2 configurations.

  (a) NA1-W1 geometry. (b) NA1 W2 geometry.

Figure 9 :

 9 Figure 9: Windward wing: α = 16°, β = 5°-Dimensionless axial velocity for the IBV and MBV of the NA1-W1 and NA1-W2 configurations.

  (a) NA1-W1: k-ω SST. (b) NA1-W1: DDES-SST. (c) NA1-W2: k-ω SST. (d) NA1-W2: DDES-SST.
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 10 Figure 10: α = 24°-Vortical structures for the NA-W1 and NA1-W2 configurations.

  (a) k-ω SST. (b) DDES-SST. (c) TUM Experiments.
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 11 Figure 11: NA1-W1: α = 24°, β = 5°-Axial component of the velocity at x/c r = 0.592.

  (a) k-ω SST. (b) DDES-SST. (c) TUM Experiments.
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 12 Figure 12: NA1-W2: α = 24°, β = 5°-Axial component of the velocity at x/c r = 0.592.

  (a) NA1-W1 geometry. (b) NA1 W2 geometry.

Figure 13 :

 13 Figure 13: Leeward wing: α = 24°, β = 5°-Dimensionless axial velocity for the IBV and MBV of the NA1-W1 and NA1-W2 configurations.

  (a) NA1-W1 geometry. (b) NA1 W2 geometry.

Figure 14 :

 14 Figure 14: Windward wing: α = 24°, β = 5°-Dimensionless axial velocity for the IBV and MBV of the NA1-W1 and NA1-W2 configurations.

  (a) NA1-W1: k-ω SST. (b) NA1-W1: DDES-SST. (c) NA1-W2: k-ω SST. (d) NA1-W2: DDES-SST.

Figure 15 :

 15 Figure 15: α = 32°-Vortical structures for the NA-W1 and NA1-W2 configurations.
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 16 Figure 16: NA1-W1: α = 32°, β = 5°-Axial component of the velocity at x/c r = 0.592.
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 17 Figure 17: NA1-W2: α = 32°, β = 5°-Axial component of the velocity at x/c r = 0.592.

Figure 18 :

 18 Figure 18: Leeward wing: α = 32°, β = 5°-Dimensionless axial velocity for the IBV and MBV of the NA1-W1 and NA1-W2 configurations.