J Husson 
  
M Terracol 
  
S Deck 
  
ZDES OF THE FLOW PAST A THREE ELEMENT AIRFOIL : A COMPARISON BETWEEN NAVIER-STOKES AND LATTICE BOLTZMANN FRAMEWORKS

This work focuses on the numerical prediction of the flow past a three-element highlift airfoil, using the Zonal Detached Eddy Simulation (ZDES) turbulence model implemented in both the lattice Boltzmann (LBM) and Navier-Stokes (NS) frameworks. The objective is twofold: on one side it is to assess the viability of the ZDES-LBM as an accurate combination to simulate high Reynolds turbulent flows for aeroacoustic purposes, on the other side it is to present a comparison between NS and LBM. This comparison is led on the DLR F16 three-element airfoil where previous experimental and numerical studies have proven the case very challenging. It is observed that the global behavior of both ZDES is similar despite sharing a very different numerical core. An emphasis is put on the slat cove area where the mean flow and the transition from bidimensional Kelvin-Helmholtz instabilities to fully-developed turbulence are compared.

Introduction

The flow around a three-element airfoil gathers multiple physical phenomena encountered in industrial applications [START_REF] Deck | Numerical investigation of the flow dynamics past a three-element aerofoil[END_REF] and remains a challenging configuration of outstanding importance for aeroacoustic purposes. During the last decades, the lattice Boltzmann Method (LBM) has progressively emerged as a fair alternative to traditional Navier-Stokes based solvers. Its inherent low dissipation and numerical efficiency is of great interest especially in the field of acoustics. Nonetheless, for turbulent flows at high Reynolds number, an accurate resolution of turbulent boundary layers is needed in order to recover correct noise predictions. This implies to pay special attention to the turbulence modelling. As its Navier-Stokes counterpart, the resolution of the whole range of time and length scales involved in typical aeronautical flows is still out of reach for current HPC capability. As a result, turbulence modelling assumptions have to be made. The vast majority of LBM models relies on either Wall-Modelled Large Eddy Simulation (WMLES) [START_REF] Malaspinas | Consistent subgrid scale modelling for lattice Boltzmann methods[END_REF][START_REF] Krafczyk | Large-eddy simulations with a multiple-relaxation-time LBE model[END_REF]Shen, 2009;[START_REF] Coratger | Large-eddy lattice Boltzmann modelling of transonic flows[END_REF] or Eddy Viscosity Blending (EVB) [START_REF] Maeyama | Turbulent channel flow simulations using the lattice Boltzmann method with near-wall modelling on a non-body-fitted Cartesian grid[END_REF][START_REF] Sajjadi | Turbulent indoor airflow simulation using hybrid LES/RANS model utilizing Lattice Boltzmann[END_REF] which each raises open questions on their own (fluctuation generations or blending at the RANS/LES interface to name a few). Few room was left for Detached Eddy Simulation (DES) type of methods in LBM because they suffer from severe Modelled-Stress Depletion (MSD) due to the model not being able to sustain a RANS boundary layer protection for very fine isotropic cartesian grids typically imposed by LBM [START_REF] Degrigny | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF]. This phenomenon induces large skin friction underestimation that can eventually lead to Grid-Induced Separation (GIS). The recent improvements in the formulation of the mode 2 of Zonal DES (ZDES) (Deck & Renard, 2020) has alleviated this limitation by ensuring an enhanced RANS shielding of attached boundary layers no matter the grid spacing. This aspect was verified for canonical flows and opens new perspectives for turbulence modelling in LBM. In the present work, the emphasis is put on the comparison between ZDES mode 2 (2020) in LBM (ZDES-LBM) and its Navier-Stokes counterpart (ZDES-NS). The underlying intent is first to render a clear assessment of ZDES-LBM behavior compared to the more traditional ZDES-NS to ensure that the ZDES mode 2 (2020) in an LBM framework is able to provide a consistent behavior for a complex configuration. To this end, the DLR F16 three-element airfoil extensively studied experimentally during the LEISA2 program [START_REF] Manoha | LEISA2: an experimental database for the validation of numerical predictions of slat unsteady flow and noise[END_REF] has been chosen as a common test-case to assess the ZDES-LBM consistency. This flow features both attached boundary layers and spatially developing mixing layers which motivated this choice. Furthermore, a Wall-Resolved LES (WRLES) [START_REF] Terracol | Wall-resolved large-eddy simulation of a three-element high-lift airfoil[END_REF]) on a 2.6 • 10 9 points grid is used as an additional reference.

After a short description of the Navier-Stokes and lattice Boltzmann solvers, the retained turbulence model and the wall treatment used for the LBM simulation are briefly presented. The three-element airfoil configuration is presented. Both ZDES-NS and ZDES-LBM are then compared to the available expermental and WRLES data.

Simulation approaches

Numerical methods

Navier-Stokes framework

The simulation presented in this study within the Navier-Stokes framework has been carried out using ONERA's in-house research solver FUNk. A finitevolume approach is used to solve the compressible Navier-Stokes equations:

∂ρ ∂t + ∇ • (ρu) = 0 ∂ρu ∂t + ∇ • (ρu ⊗ u) + ∇p + ∇ • σ = 0
(1)

∂ρE ∂t + ∇ • ([ρE + p] u) + ∇ • q + ∇ • (σu) = 0
where ρ, u, p, ρE, σ and q respectively refer to density, velocity vector, pressure, total energy, viscous stress tensor and heat flux vector. The underlying numerical scheme is the modified AUSM+(P) [START_REF] Mary | Large Eddy Simulation of Flow Around an Airfoil Near Stall[END_REF] which minimizes the numerical dissipation with the help of a wiggle detector. Time integration is done using a second-order implicit backward-Euler scheme with a Newton sub-iteration process performed at each time step.

Lattice Boltzmann framework

Regarding the lattice Boltzmann method (LBM) simulation, it was performed with the ProLB software 1 . The D3Q19 lattice is used to solve the discrete velocity Boltzmann equation with a collide-and-stream algorithm:

∂f i ∂t + ξ i ∇ • f i = Ω i , 0 ≤ i ≤ 18 (2)
where ξ i is one of the 19 lattice velocities, f i is the discrete distribution function associated to ξ i and Ω i is a collision operator. Macroscopic quantities such as density ρ and velocity u are recovered as velocityweighted mean of the distribution functions:

ρ = 18 i=0 f i , ρu = 18 i=0 f i ξ i (3) 
Regarding the collision operator, the Hybrid Recursive Regularized BGK (HRR-BGK) operator is used [START_REF] Jacob | A new hybrid recursive regularised Bhatnagar-Gross-Krook collision model for Lattice Boltzmann method-based large eddy simulation[END_REF] to enhance stability. The nonhydrodynamic modes are filtered out in a hybrid fashion, either by finite differences (2 %) or with a recursive formulae stemming from the RR-BGK operator (98 %) [START_REF] Malaspinas | Increasing stability and accuracy of the lattice Boltzmann scheme: recursivity and regularization[END_REF][START_REF] Coreixas | Recursive regularization step for highorder lattice Boltzmann methods[END_REF]. Through a Chapman-Enskog analysis, it can be shown that the resulting macroscopic equations solved by this algorithm correspond to the weakly compressible version of the Navier-Stokes equations (1).

Turbulence modelling

The turbulence model used in both NS and LBM simulations is based on a hybrid RANS/LES approach 1 http://www.prolb-cfd.com/ : the ZDES mode 2 (2020) (Deck & Renard, 2020). In the context of NS numerics, this model has proven to greatly enhance the RANS shielding of the whole boundary layer whatever the grid refinement and pressure gradient while providing a rapid switch to LES mode in separation areas [START_REF] Kiris | High-lift common research model: RANS, HRLES, and WMLES perspectives for CLmax prediction using LAVA[END_REF][START_REF] Lecler | Prediction of wall-pressure fluctuations for separating/reattaching flows applied to space launchers using zonal detached eddy simulation-based convolutional neural networks[END_REF]. The key of the shielding enhancement is the use of an advanced shielding function f PZDES built upon three sensor-dependent terms:

f PZDES = f d wall to log-layer shielding (1 -(1 -f P 2 outer-layer & mixing-layer shielding ) f R prevents mixing-layer shielding ) (4)
This shielding enhancement is particularly interesting in LBM as other DES methods have proven to fail at ensuring a RANS behavior of boundary layers on fine LBM-grids, rendering severe Modelled-Stress Depletion (MSD) [START_REF] Degrigny | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF]. It also offers a turbulence-generation-free alternative to the frequently encountered LBM-WMLES which greatly facilitates the numerical set-up.

Wall Model & Immersed Boundary Method (ZDES-LBM only)

In order to avoid the use of extremely fine grid resolution imposed by the lattice, a wall model is used in the vicinity of solid surfaces for the ZDES-LBM simulation. The boundary layers are expected to be treated in RANS mode with the Spalart-Allmaras (S-A) turbulence model. In order to stay consistent with the turbulence model, the analytical S-A wall law (Allmaras & Johnson, 2012) is retained. It provides an explicit relation between the boundary layer tangential velocity profile in wall unit u + = u t /u τ and the wall-normal direction in wall unit y + = yu τ /ν with u τ being the shear velocity. Its analytical expression is given by:

u + SA y + = B + 2 i=1 c i ln y + + a i 2 + b 2 i + 2 i=1 c i+2 atan2 y + + a i , b i (5) 
where atan2 (y, x) is the principal value, in radian, of the complex number x + iy within ]-π; π]. The constants entering the wall model expression can be found in (Allmaras & Johnson, 2012). In addition, a linearization procedure [START_REF] Tamaki | Near-wall modification of Spalart-Allmaras turbulence model for immersed boundary method[END_REF] is used to enhance compatibility between velocity gradients estimation and the grid resolution. The linearized walllaw reads:

u + SA, lin y + = u + SA y + lin -y + lin -y + ∂u + SA ∂y + y + lin (6)
where the subscript lin refers to a fixed linearization wall-distance d lin . To counterbalance the change in streamwise momentum induced by the linearization, the eddy-viscosity is maintained constant below the IP node. This is done by modifying the first S-A damping function f v1 (χ) = χ 3 / c 3 v1 + χ 3 which is replaced by (d lin /d w ) f v1 (χd lin /d w ) only below the IP node, d w being the wall-distance. This linearized analytical wall law is used within an Immersed Boundary (IB) treatment to prescribe the shear and tangential velocities at forcing nodes located in the direct vicinity of the solid boundaries (■ in Figure 1). To this end, an interpolation point (IP) is created at a fixed wall-distance such that d lin = d IP = 2.5∆ along its normal direction (× in Figure 1). The entry dataset (ρ × , u t,× ) for the IB treatment is obtained through a trilinear interpolation on the surrounding donor nodes ( in Figure 1). Once u t,× is estimated, the wall law of equation ( 6) is applied two times : first it is inverted using a Newton-Raphson algorithm to obtain the shear velocity u τ, ■ and then used again to compute the tangential velocity u t, ■ . The density ρ ■ is set to ρ × . Once those quantities are known, the distributions are reconstructed according to a Chapman-Enskog expansion:

f i,■ = f eq i (ρ ■ , u ■ ) + f neq i (ρ ■ , u ■ , ∇u ■ ) (7)
More details about the LBM wall-treatment can be found in [START_REF] Husson | Critical assessment of wall model numerical implementation in LBM[END_REF]. 

Test-case presentation

The present test-case focuses on the flow around the F16 three-element airfoil studied experimentally during the LEISA2 project [START_REF] Manoha | LEISA2: an experimental database for the validation of numerical predictions of slat unsteady flow and noise[END_REF] and used for numerical validations, including a WRLES [START_REF] Terracol | Wall-resolved large-eddy simulation of a three-element high-lift airfoil[END_REF] in the early stages of shear layers while the resolution for most other near-wall areas of the airfoil is ∆x 3 = 2.0 • 10 -4 m. The grid use for the NS computation is a multi-block structured body-fitted mesh.

The main grid parameters are summed up in Table 1 along with the WRLES grid. This comparison is ambitious since the underlying numerical ingredients are very different. Firstly, in the ZDES-LBM simulation, the near-wall dynamics is modelled with the use of a wall-law. The wall model, what is more, linearized, is still active in the slat and flap cove boundaries and may alter the shape of recirculating bubbles. Secondly and as shown above, the underlying grids are very unalike especially in the resolution of the early stages of the shear-layer and close to the wall as discussed in the next section. Unfortunatly, a Wall-Resolved ZDES-LBM is far beyond affordable for common industrial ressources, usually due to the isotropic-cartesian-grid that comes with the use of LBM.

Results & Discussions

To give a qualitative overview of the ZDES-LBM simulation, iso-surfaces of Q-criterion are displayed in Figure 3. It is observed that the model is able to retrieve typical high-lift devices physical flow phenomena : a shear layer quickly transitioning to a fully turbulent regime where eddies experience strong stretching before their impingement on the wall due to the flow acceleration in the slat and flap gaps. Its comparison with ZDES-NS clearly demonstrates a common global behavior. An instantaneous pressure fluctuation field is presented in Figure 4. It shows acoustic waves propagating towards the far-field. Three epicentres of approximately circular wave patterns can be identified at the trailing edges of the slat, main wing and flap together with pressure waves emanating from the slat mixing layer impingement. Overall, this spatial organisation of the fluctuating pressure field is in agreement with similar visualizations [START_REF] Terracol | Wall-resolved large-eddy simulation of a three-element high-lift airfoil[END_REF][START_REF] Soni | Towards Wall-Modelled LES with Lattice Boltzmann Method for Aeroacoustics: Application and Understanding[END_REF]. The overall distribution was found to be greatly influenced by the flow separation on the flap suction side. A mild separation occurs on the suction side of the flap for the ZDES-LBM that is not observed for ZDES-NS and WRLES simulations. Figure 6 displays two mean velocity-magnitude profiles in the slat cove for the ZDES-LBM, ZDES-NS, WRLES and measurements. All profiles display a consistant behavior, however the recirculation bubble size is slightly larger for the ZDES-LBM simulation which may be influenced by the wall-law and its linearization procedure. To give quantitative comparisons of the instabilities development within the slat cove, velocity fluctuations spectra of five probe points S i are plotted in Figure 7. It it seen that both ZDES simulations exhibit Kelvin-Helmholtz instabilities that progressively transition towards fully-developped turbulence downstream in the shear layer. Both ZDES spectra display a very good agreement at stations near the impingement point (S 4 and S 5 ). Nonetheless, ZDES-LBM displays a clear delay in the development of instabilities near the slat cusp as similarly observed in the literature within the frame of WMLES-LBM [START_REF] Soni | Towards Wall-Modelled LES with Lattice Boltzmann Method for Aeroacoustics: Application and Understanding[END_REF]. Further investigation has shown that the shearlayer resolution in the normal direction is very different between the two simulations. Indeed, let N NS (resp. N LBM ) denote the number of points clustered in the vorticity thickness in the NS (resp. LBM) grid. The difference in resolution is about N NS ≈ 4.5 N LBM at the slat cusp while both normal resolutions even out around station S 2 . This may not explain all the discrepancies in the first stations but it surely is a highlycontributive factor. At the two last stations, ZDES-LBM and ZDES-NS are in fair agreement despite very unalike numerical parameters. This is further seen with the pressure fluctuation spectrum at the impingement point shown in Figure 8, which corresponds to an important aeroacoustic source contribution to slat noise. Located close to the wall, both ZDES are consistent despite the immersed boundary approach used in only ZDES-LBM. 

Conclusions

In this paper, a comparison between lattice Boltzmann Method (LBM) and Navier-Stokes (NS) simulations of a flow past a three-element airfoil based on the mode 2 (2020) of Zonal Detached Eddy Simulation (ZDES) is presented. The main objective is to assess the capability of the ZDES mode 2 (2020) in an LBM context to provide a robust combination able to accurately represent high-Reynolds turbulent flow involving boundary layers and large recirculating areas. To this end, the emphasis is put on the comparison with the tried-and-tested NS-based ZDES on a resolved body-fitted grid. The ZDES-LBM recovers the main flow topologies of high-lift devices featuring Kelvin-Helmholtz instabilities, transition to fully developed turbulence, elongated hairpin vortices and turbulent wakes. The mean flow is in good agreement with its NS counterpart and references data. This underlines the robustness of ZDES mode 2 (2020) regarding numerical schemes, which is a good omen for ZDES-LBM as an efficient combination to simulate high-Reynolds turbulent wall-bounded flows. For the present grid, the ZDES-LBM exhibits a delay in the formation of instabilities at the slat cusp compared to the body-fitted ZDES-NS, which was also observed in the LBM-literature on this airfoil. Is it important to identify the origins of this delay. Current investigations highly suggest that the resolution near the slat cusp is too coarse to accurately capture the early stages of the shear-layer. Nonetheless, further grid refinement would lower the already-low time step, hence a better understanding of the mechanism at stake is needed. Future work will focus on ZDES-LBM and ZDES-NS comparison on the same mesh, with as close as possible wall-treatment to quantify the differences in shear-layer instabilities development.
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 1 Figure 1: Schematic illustration of Immersed Boundary Method within the LBM solver. Forcing nodes are represented by ■ symbol, interpolation points by ×, blue nodes correspond to the donor nodes that constitute the interpolation stencil.

  . The flow main parameters are u ∞ = 61.5 m.s -1 corresponding to a Mach number Ma = 0.178. The Reynolds number based on the retracted chord c = 0.3 m is Re c ≈ 1.23 • 10 6 . The angle of attack of the airfoil is α = 6.15 o . Periodic boundary conditions are applied in the spanwise direction. An overview of the grids used in both NS and LBM frameworks is depicted in Figure 2. For the LBM grid generation, the finer mesh size ∆x min = 5.0 • 10 -5 m is only used

Figure 2 :

 2 Figure 2: Close-up view of the computation grids within the slat cove for the NS simulation (left) and the LBM simulation (right).

Figure 3 :

 3 Figure 3: Isosurfaces of Q-criterion Q • c 2 /u 2 ∞ = 5000 colored by velocity magnitude for ZDES-LBM (top) and ZDES-NS (bottom).

Figure 4 :

 4 Figure 4: Instantaneous pressure fluctuation field (-30 Pa to 30 Pa) around the three-element airfoil for the ZDES-LBM simulation.

Figure 5 :

 5 Figure 5: Evolution of the pressure coefficient along the three-element airfoil for ZDES-NS and ZDES-LBM simulations compared to WRLES and Experiments.

Figure 6 :

 6 Figure 6: Comparison of two mean velocity-magnitude profiles along rakes located within the slat cove. The position of the rakes are indicated by a dashed line.

Figure 7 :

 7 Figure 7: Power Spectral Densities (PSD) of velocity fluctuations in dB/Hz (with a reference velocity of 1 m.s -1 ) located within the shear layer for probe points S1, S2 (+5 dB), S3 (+10 dB), S4 (+15 dB) and S5 (+20 dB)

Figure 8 :

 8 Figure 8: Comparison of Power Spectral Densities (PSD) of pressure fluctuations in dB/Hz at the impingement point (with reference pressure of 2 • 10 5 Pa) for ZDES-NS and ZDES-LBM simulations.

Table 1 :

 1 Numerical main parameters for each simulation.

		∆t(µs) N xy	N xyz	L z /c
	ZDES-LBM	0.084	1.3M	88M	0.17
	ZDES-NS	0.2	0.5M	65M	0.16
	WRLES	0.2	1.3M 2600M 0.25
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