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Hybrid RANS-LES simulations with transition modeling are performed on the OA209 airfoil test case at two poststall angles of attack with a mesh of 1.17 • 10 8 cells. The model couples the equations of ZDES mode 2 (2020) with the Langtry-Menter correlation-based transition model. An enhancement of the shielding function is proposed and validated for the laminar and transitional region, even in the presence of a laminar separation bubble. The model is therefore able to treat these regions in a RANS manner, and the laminar-turbulent transition is adequately described by the γ -Re θ,t equations. However, the transition shielding function is not sensitive to turbulent separation, and a zonal treatment allows a recovery of the ZDES mode 2 (2020) shielding in the fully turbulent region of the suction side. This method allows the model to switch to LES when the turbulent flow separates. The model's behavior is validated regarding the inner working of the transition model, its activation in the near-wall leading edge region, and the switch to LES when the turbulent flow separates on the suction side and at the trailing edge pressure side. = functions and variables related respectively to mode 1 or 2 of the ZDES model ♣ = functions and variables as defined in the Spalart-Allmaras model ♣ [ML] = functions and variables as defined in the Menter- 

I. Nomenclature

II. Introduction

T computation of massively separated flows such as flows on stalled airfoils or off-design operating points in turbomachinery remains a challenging issue in aerodynamics. Traditional methods with relatively low cost such as RANS models have been proven insufficient to predict with accuracy the features of massively separated flow, and while Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are useful tools for this purpose, they involve computational costs that are unaffordable in a day-to-day industrial conception context. Therefore, there is a great demand for intermediary methods which aim at a higher fidelity degree than RANS, but need to be cheaper than wall turbulence-resolving methods such as LES or DNS. Such an hybrid RANS-LES approach has been proposed by Spalart et al. [START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF]. Named Detached-Eddy Simulation (DES), the method is designed to compute attached flows in a RANS manner, therefore relaxing the constraints imposed by wall turbulence resolving on the meshing process, and on the time step. However, detached flows and freestream turbulence are resolved in a LES manner, which leads to a substantial gain in accuracy. DES has been used and improved upon, notably by its original author [START_REF] Spalart | Detached-Eddy Simulation[END_REF] in the disclosing of the Delayed Detached Eddy Simulation (DDES) method, and by other parties as well. Deck et al. [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF][START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF] have developped DES into a zonal framework allowing the user to impose specific treatments, called modes, to different regions of the flow, depending on the physics which must be represented. ZDES mode 2 (2020) is one of these possible treatments. It is a fully-automatic hybrid RANS-LES model which distinguishes between RANS regions and LES regions without further user input. The original shielding function provided by DDES fails in ensuring a RANS treatment of attached turbulent boundary layers for fine meshes and/or in case of adverse pressure gradients. With ZDES mode 2 (2020), the whole boundary layer is computed with an underlying RANS model, up to the wake sublayer [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF], and this feature makes it a case-independent model which offers a general and automatic treatment of both attached and massively separated flows. On the other hand, recent industrial applications seek to benefit from the laminar-transition process. If it could be computed accurately, it would for instance allow for an important mass reduction in low-pressure turbines because of margin reductions. Once more, DNS and LES are able to reproduce the physics of transition, but the need for methods that are computationally cheaper has led to the development of many transition modeling approaches, such as linear stability studies and transition empirical criteria. However, most of these methods were not designed with modern highly parallel computations in mind, and are therefore not easily applicable to complex geometries. Therefore, a new class of models was initiated, called correlation-based transition models. These models add transport equations to the usual turbulence modeling framework to account for the effects of transition [START_REF] Dick | Transition models for turbomachinery boundary layer flows: a review[END_REF][START_REF] Coder | Enhancement of the Amplification Factor Transport transition modeling framework[END_REF]. Menter et al. [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF] have proposed such a transition model, based on two transport equations, and built for massively parallel computing environments. The model, usually named γ -Re θ,t , was initially meant to reproduce the physics of bypass transition, though its author's ambition was to create a general framework for the computation of transition which can be coupled to any turbulence model and can be completed for a wider range of applications. Several improvements have been made to the γ -Re θ,t model, introducing capabilities for the modeling of separation-induced and crossflow transition [START_REF] Langtry | Extending the γ -Re θ,t local correlation-based transition model for crossflow effects[END_REF]. However, while several RANS models are available for the computation of transition, hybrid RANS-LES methods are as of yet, mostly not suited to its representation. Some work was invested in the development of transitional hybrid RANS-LES methods, such as the studies of [START_REF] Hodara | Hybrid Reynolds-Averaged Navier-Stokes/Large-Eddy Simulation closure for separated transitional flows[END_REF] and of [START_REF] Yin | Adaptive Detached Eddy Simulation of transition under the influence of free-stream turbulence and pressure gradient[END_REF]. The objective of this study is to propose a coupling method of the γ -Re θ,t model to ZDES mode 2 (2020), and evaluate the influence of transtion modeling on the computation of massively separated flows. First, the test-case is described. Then, the numerical methods used for the computations are detailed. In a third section, the development process of the model will then be described, with a particular focus on three of its determining properties. Finally, validation results will be sketched before concluding and offering some insight into the focus of future work.

III. Test case

The OA209 airfoil test case is used to validate the model. The airfoil is placed in poststall conditions corresponding to experiments performed in the F2 wind-tunnel at the ONERA Fauga-Mauzac test center [START_REF] Pape | Extensive wind tunnel tests measurements of dynamic stall phenomenon for the OA209 airfoil including 3D effects[END_REF]. The inlet velocity is 55 m.s -1 , the Reynolds number based on chord length is 1 • 10 6 and the Mach number 0.1617. The flow undergoes a laminar separation at the leading edge. This thin separated region is the seat of a brutal transition process which forces the flow to reattach. The non-equilibrium turbulent boundary-layer thus generated develops over roughly 10% of the chord length before separating again. The turbulent separation is massive and does not, in average, reattach before the trailing edge. It displays a strong sensitivity to the boundary-layer profile at the turbulent reattachment of the laminar separation bubble, and therefore to the boundary layer history and transitioning process. The geometry can be seen on figure 1 as well as the expected qualitative flow topology. For the development of the model and the presentation of numerical methods, the angle of attack of the airfoil is 19 deg. The validation of the model is however performed on the results of a computation at 16 deg angle of attack, in order to show its behavior when a significant region of the turbulent flow is attached (section VI).

Three structured meshes are used in this study, depending on the expected location of the turbulent separation. Both meshes used for hybrid RANS-LES computations are comprised of planes with 3.9 • 10 5 cells each. One of them is described with more details and represented on fig. 2. The attached boundary layer is discretized using a rigourously wall-normal mesh. In this region, the thickness of the first cell close to the wall ensures that ∆y + < 1 at cell centers. Further aft, the massive trailing edge separation region is meshed with cubic cells far from the wall and greater expansion ratios close to the wall than in the attached boundary layer region, allowing a transfer of the resolution power to the heart of the separation. The RANS computations are performed on a two-dimensional mesh, and the hybrid RANS-LES meshes are extruded in the spanwise direction. In the latter cases, periodic boundary conditions are used. According to similar studies found in the literature, a span greater than twice the height of the separation ensures that the solution is independent of the span, and that there is no global forcing phenomenon due to the flow's action on itself through the periodic conditions [START_REF] Richez | Zonal Detached-Eddy Simulation of separated flow around a finite-span wing[END_REF][START_REF] Laurent | DNS database of a transitional separation bubble on a flat plate and application to RANS modeling validation[END_REF]. In order to properly represent three-dimensional turbulence in the spanwise direction, a greater resolution is taken than that used by Le Pape et al. [START_REF] Pape | Zonal Detached-Eddy Simulation of an airfoil in poststall condition[END_REF] in their DDES/ZDES mode 2 (2012) study of the same airfoil on the same span : where they discretized the 1-chord span with 250 cells, 300 are used here, amounting to ∆z + ∼ 300 in the attached region. Figure 1 pictures an instantaneous spanwise component of the velocity field when the flow is massively separated, where the transverse resolution of the mesh allows high levels of fluctuations. 

IV. Numerical methods

All computations are performed using the ONERA-Safran elsA solver [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF]. The advance in time is realized using an implicit backward second-order discretization with 6 gear subiterations. A time-step convergence study on a two-dimensional grid shows that 5 • 10 -6 s is a sufficiently low time step value to ensure flow independence to the time step. In order to ensure the stability of the computations and CFL numbers below 30 in the laminar region, a time step of 5 • 10 -7 s is chosen. The implicit operator is inverted using the LUSSOR scalar method. Convective fluxes are computed using the hybrid centered-upwind AUSM+P scheme [START_REF] Liou | A sequel to AUSM, Part II: AUSM+-up for all speeds[END_REF]. The recentering "wiggle" correction is used zonally in the separated region to recover low dissipation levels where turbulence is resolved.

V. Development of the hybrid RANS-LES model

The following section describes the hybrid RANS-LES model that was developed. First, ZDES mode 2 (2020) [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF] is presented, along with the transition framework proposed by Menter et al. [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF]. Then, three specific aspects of the development are described in detail, along with their effects on the computations. The entirety of the final model proposed after this study is given in appendix VIII.

A. Original model components

The hybrid RANS-LES model by Deck and Renard [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF] upon which this work is based, called ZDES mode 2 (2020), is based on the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] and the Delayed Detached-Eddy Simulation model [START_REF] Spalart | On the sensitization of turbulence models to rotation and curvature[END_REF][START_REF] Spalart | Detached-Eddy Simulation[END_REF]. Whenever a function of the original ZDES mode 2 (2020) model is modified in the process of creating the current transitional hybrid RANS-LES model, the original is colored as, for instance, the 2020 destruction term D ν [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF]. In the same fashion, functions and constants from the 1992 Spalart-Allmaras model which are used here and modified to obtain the curent model are, when used in their original form, colored as well, such as the 1992 destruction term D ν [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF]. This process is used to reduce the number of notations used at the same time. Therefore, the same notation with a different color refers to the same function or constant, but in a different version of the model. For instance, in eq. ( 1), only the colored terms were modified in the process of creating the final model. When no color is given, either the original was kept, or the corresponding function or constant is first introduced in this work.

In ZDES mode 2 (2020), turbulence is represented through the following transport equation for the modified eddy vicosity ν :

∂ t (ρ ν) + i ∂ x i (ρv i ν) = P ν -D ν + 1 σ i ∂ x i (µ + ρ ν) ∂ x i ν (1) 
In this equation, the switch between RANS and LES modes is controlled through the production and destruction terms :

         P ν = c b,1 ρ S ν D ν = c w,1 ρ f (II) w ν d(II) 2 , ( 2 
)
where the computation of the characteristic length scale d(II) involves the shield function:

d(II) = n -f P max 0 ; n -C DES ∆(II) , (3) 
where ∆(II) is the subgrid scale used by ZDES mode 2 (2020) and n is the wall distance. The shielding function f P is composed of three main pieces :

f P = f d (r d ) 1 -1 -f P,2 (r d , G ν ) f R (G Ω ) (4) 
• f d (r d ), inherited from DDES [START_REF] Spalart | Detached-Eddy Simulation[END_REF], shields the internal and log sublayers,

• f P,2 (r d , G ν )
shields the wake layer of the boundary layer, and

• f R (G Ω ) inhibits f P,2
in separated regions to allow the switch to LES.

A hybrid RANS-LES model aims at allowing a fast triggering of instabilities while at the same time providing a robust RANS shielding of boundary layers. To reach both of these antagonist goals, the switch between a RANS and a LES mode is necessarily steep, meaning that the shielding function is either very close to 0 (RANS mode) or to 1 (LES mode), and very seldom halfway between these extremes. For any ǫ ≤ 1, the typical spatial extent of the grey zone where ǫ 2 ≤ f P ≤ 1 -ǫ 2 needs to be very small.

In this study, the ZDES mode 2 (2020) model is coupled to the γ -Re θ,t Menter-Langtry transition model through the production and destruction terms of the ν variable. The transported variable γ is based on the intermittency factor by [START_REF] Emmons | The laminar-turbulent transition in the boundary layer -Part I[END_REF] [START_REF] Emmons | The laminar-turbulent transition in the boundary layer -Part I[END_REF]. In the Menter-Langtry model, it is mostly a mathematical factor that regulates the production and destruction terms of the underlying turbulence model. In the original version of the model, the γ -Re θ,t framework was applied to the kω SST [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] model. Here, it is used in conjunction with a Spalart-Allmaras-based class of models. The second variable of the transition framework, Re θ,t represents the Reynolds number based on the boundary layer momentum thickness at the start of transition. It quantifies and transports the boundary layer history downstream. The equations for γ and Re θ,t are the same as in the article by Langtry and Menter disclosing the full set of correlations [START_REF] Langtry | Correlation-based transition modeling for unstructured parallelized computational fluid dynamics codes[END_REF]. Only the f turb correction proposed V.B.3 modifies the RANS transition model and this correction is invalidated. The final RANS transition model given in appendix VIII uses the correlations by Langtry and Menter [START_REF] Langtry | Correlation-based transition modeling for unstructured parallelized computational fluid dynamics codes[END_REF] with an imposed turbulence intensity of 0 01%. The coupling method to the underlying turbulence model differs from the RANS approach in [START_REF] Bouchard | Validation of correlations-based transition modeling strategies applied to the Spalart-Allmaras turbulence model for the computation of separation-induced transition[END_REF], however, as is described in V.B.2.

B. Development of the hybrid RANS-LES transition modeling capability

Modification of the shielding function

From the beginning of this work, the decision was taken to introduce transition in the ZDES mode 2 (2020) model through the RANS branch. Therefore, the first step is to ensure that the laminar and transitional regions are well covered by the shielding function. The original function f P is expected to fail to protect the laminar part of the boundary layer. Indeed, both f d and f P,2 rely on the fact that in turbulent boundary layers, ν is significantly high. Therefore, a new piece is needed in order to ensure a RANS treatment of the laminar and transitional parts of the boundary layer. Two sensors are presented here. Figures 3 and4 present the results obtained using a computation of the OA209 test-case at 19 deg angle of attack using the RANS transitional model alone [START_REF] Bouchard | Validation of correlations-based transition modeling strategies applied to the Spalart-Allmaras turbulence model for the computation of separation-induced transition[END_REF]. In both cases, several fields are plotted to measure the ability of the sensor to protect the laminar and transitional zones. The axes are set in Frénet-coordinates : s is the curvilinear abscissa along the profile, starting from the pressure side trailing edge (therefore s ∼ c at the leading edge and s ∼ 2c at the trailing edge), and n is the wall-normal distance. The field of the original shielding function is plotted (blue lines), as well as vorticity contours in log scale (red dash-dotted lines). In the background and in grey scale, the sensor field is presented. * The natural sensor for the detection of laminar boundary-layers is of course the transported intermittency variable γ. Figure 3 pictures its behavior at the leading edge of the airfoil. It is expected to equal 0 in these regions and 1 everywhere else, which is exactly what is needed. In fact, in this case, the behavior of the Menter-Langtry model which sets γ = 1 in the farfield plays along with the modeling effort. Unfortunately, there exists a small region, inside the dark blue contour lines, inside the red dash-dotted lines and in the white colored zone, where f P ∼ 1, where the vorticity levels are significant and where γ ∼ 1 : at the heart of the laminar separation bubble where transition starts, with s c ∈ [1.027, 1.033] and n c ∼ 7 • 10 -4 . This means that this region is not already protected by the original f P , but that γ cannot be used as a shield of this region, because it behaves in the same way as in a fully-turbulent boundary layer.

The shielding function is therefore completed using another sensor. It is the first component of the f θ,t function used by Menter and Langtry [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF]. Its definition is :

f θ,t,1 = 1 -exp - ρU 2 C 5 µΩRe θ,t 4 , (5) 
with C 5 = 375. This function, plotted on figure 4, shows a complete coverage of the laminar and transitional zones. The whole width of the region with non-negligible vorticity (where the production terms of the turbulence model are apt to activate) is well-protected, making f θ,t,1 a good candidate for the correction of the shielding function. Therefore, the new shielding function used in the hybrid RANS-LES simulations presented here is :

≤ 0 | 0 =0.4 P = d d ( ̃ ) 1 -1 -d [ d ( ̃ )] d[ d ( ̃ )] d  ̃ R  Ω Ω-Ω min Ω max -
f P = 1 -f θ,t,1 f d (r d ) 1 -1 -f P,2 (r d , G ν ) f R (G Ω ) , (6) 
It can also be seen on the second subfigure of figure 4 that this sensor presents a complication at the trailing edge : it is insensitive to the transitional aspect of the separation, and where the original f P deactivates to allow the switch to LES, f θ,t,1 does not. Therefore, the correction introduces an overshielding of the turbulent separated regions which is undesirable. In order to perform the computations and validate the workings of the model on the upstream half of the airfoil, a zonal definition of the model is used and plotted on figure 5. The pressure side and the leading edge, as far as the expected turbulent reattachment of the laminar separation bubble, are treated with the new shielding function presented above in eq. ( 6), and in red on the figure, but everywhere else, the original f P is used (in blue on the figure).

The modification of the shielding function is propagated to the tests used in ZDES mode 2 (2020) :

T ∆ = 1 f d (r d )> f d,0 • 1 f θ,t,1[ 1-(1-f P,2 (r d , G ν )) f R (G Ω )]> f d,0 T w = 1 f d (r d )>1-f d,0 • 1 f θ,t,1[ 1-(1-f P,2 (r d , G ν )) f R (G Ω )]>1-f d,0 (7) 
The modification of these tests, in turn, modify the value of ∆ (II) , f

(II) v,i i ∈ 1,2
and f

(II)

w . The expressions of these variables are however not otherwise explicitely changed. Using these modified versions of f P , T ∆ and T w , the new hybrid RANS-LES source terms P ν and D ν are obtained. By this point, the shielding function has been strengthened, but the modelled turbulence does not take transition effects into account.

Preservation of the production-dissipation balance

The coupling method used for RANS models between the γ and Re θ,t equations with the underlying turbulence model [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF][START_REF] Medida | Application of the correlation-based γ-Re θt transition model to the Spalart-Allmaras turbulence model[END_REF][START_REF] Minot | Adapting the γ-R θ t model to a k-l turbulence modeling framework[END_REF] is not entirely applicable here. Indeed, this method can drastically modify the balance between production and destruction of turbulence, which is undesirable in the LES branch of the model. For instance, in a separated region where the shielding function is inactive ( f P = 1), using the same procedure as in [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF] and letting the new source terms be :

,t P = d d ( ̃ ) 1 -1 -d [ d ( ̃ )] d[ d ( ̃ )] d  ̃ R  Ω Ω-Ω min Ω max -
Pν = γ eff P ν Dν = min {max {γ ; γ inf } ; 1} D ν (8)
with γ inf = 0.5 would produce the following balance between production and destruction of eddy-viscosity, because T ∆ = 1, T w = 1 and n > C DES ∆ :

γ eff νΩ ∝ min {max {γ ; γ inf } ; 1} c w,1 c b,1 ν C DES ∆ 2 . ( 9 
)
In such a region, ν is dissipated, and the f turb function enables the relaminarization process of the Menter-Langtry model. While said relaminarization is not a problem (the transition model does not play a determining role in this region) in itself, in eq. ( 9), γ eff = γ, and γ is small, which brings min {max {γ ; γ inf } ; 1} = γ inf . The balance between production and destruction therefore becomes :

νΩ ∝ γ inf γ c w,1 c b,1 ν C DES ∆ 2 . ( 10 
)
In short, the transition model's influence on near-wall separated regions that are treated in a LES manner can be summarized as a modification of the local subgrid scale :

C DES ← γ γ inf C DES . (11) 
This impact can be dramatic because the lower bound for γ γ inf is 1 c e,2 γ inf = 4 • 10 -2 . The coupling method must therefore slightly differ from the RANS one. In order to exactly preserve the behavior of the transition model in protected regions, a superposition solution is adopted :

Pν = (1 -f P ) γ eff P ν + f P P ν Dν = (1 -f P ) min {max {γ ; γ inf } ; 1} D ν + f P D ν , ( 12 
)
where the original Spalart-Allmaras [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] source terms are also colored to prevent confusion with those of the current model, such as the original production term P ν = c b,1 ρ ν S. By definition, in unprotected regions, the original balance between production and destruction of turbulence is recovered, and in protected ones, the transition model is exactly the one used in [START_REF] Bouchard | Validation of correlations-based transition modeling strategies applied to the Spalart-Allmaras turbulence model for the computation of separation-induced transition[END_REF].

Wake sublayer correction

In order to prevent a possible interaction between the LES and the transitional branches of the model, another correction is envisioned. Indeed, in LES regions, modelled turbulence is greatly dissipated, and ν ∼ 0. Given the coupling procedure described in appendix VIII and in [START_REF] Bouchard | Validation of correlations-based transition modeling strategies applied to the Spalart-Allmaras turbulence model for the computation of separation-induced transition[END_REF][START_REF] Medida | Application of the correlation-based γ-Re θt transition model to the Spalart-Allmaras turbulence model[END_REF], this means that as soon as some vorticity appears, for instance at the leading edge, γ starts to decrease. This drop is due to the f turb function of the Menter-Langtry model which scales the destruction of γ:

f turb = exp - r t 4 4 , ( 13 
)
where r t is the eddy-to-molecular viscosity ratio.

To prevent an early relaminarization, the Menter-Langtry f turb function is multiplied by the shielding correction described above. This modification allows the model to begin destroying γ only if the shielding function is active, i.e. if a RANS region is detected ( f P = 0). f turb is then defined by :

f turb = 1 -f θ,t,1 f [ML] turb , (14) 
where f [ML] turb is the original Menter-Langtry function. Figure 6 provides the qualitative effect of this correction on the flow topology at the end of the transient computation. The correction is responsible for an unphysical resilience of the boundary layer to separation, and the airfoil is not stalled at an angle of attack of 19 deg, while the experimental stall occurs around 15 deg. To the contrary, when the correction is not applied, the leading edge separation is not a bubble, it is opened and directly degenerates into resolved three-dimensional turbulence. In order to understand the reason for the previously observed resilience of the boundary layer to strong adverse pressure gradients when f turb is modified, the behavior of the transition model at the leading edge is examined using a short-term computation : starting from the same initial RANS field, transitional ZDES mode 2 computations are realized using both versions of f turb for a very short physical time of 5 • 10 -4 seconds (1000 iterations) and a span reduced to 32 cells and c

5 . The results are plotted on figure 7. The wall-normal profile of the intermittency variable is drawn for two stations : the first, (a), in the middle of the average separation bubble, and the second (b) at the reattachment location. The profiles obtained show that the correction is, as can be expected, responsible for a decrease in the destruction of γ, which keeps higher values in the wake zone. This overestimation of γ creates an overproduction of turbulence in these regions which tends to make the boundary layer resilient to separation. Notably, this effect is entirely located in the external zone of the boundary layer. These observations emphasize the paramount importance of the wake layer modeling for the prediction of turbulent separation. Given that the desirable behavior is when the airfoil is massively stalled at 19 deg, the correction proposed here was not retained in the final model. The authors believe however that the current study can provide useful insight into the modeling of the boundary layer when transitional effects are to be taken into account.

VI. Model validation

The model is validated regarding its main components : proper working of the transition model, proper shielding of attached boundary layers, whether they are fully turbulent or not, and proper switch to LES in separated regions. Three regions are deemed worthy of interest and represented on figure 8 along with an instantaneous wall-tangential velocity field v s of a computation at 16 deg angle of attack with the beforehand built hybrid RANS-LES model. Figure 9 presents the topology of the flow (left) and the intermittency field (right) at midspan and in the leading edge region of the previous instantaneous field (region I in 8). The laminar separation is present, and the flow reattaches, forming a separation bubble. The Menter-Langtry model is seen to perform well : transition occurs in the separation quite abruptly. The separation correction γ sep is active, and γ quickly reaches its turbulent value of 1, exactly in the same fashion as in RANS computations. The computation is performed using the RANS branch of the model. Accordingly, the high levels of shear encountered in this area due to the strong rotation around the leading edge and to the velocity difference between the recirculating part of the laminar separation bubble and the external flow do not create resolved three-dimensional eddies. The possible undesirable interaction between the transition model and the LES branch of ZDES mode 2 (2020) that was the object of the f turb correction (V.B.3) does not appear. Therefore, the transition modeling goal given at the start of this study -to introduce transition through the RANS branch of the model -is fulfilled. As far as the switch to LES in the turbulent separation is concerned in part II of figure 8, two specific features of the model are evaluated : the switch must occur, and therefore the shielding function must deactivate, and the instabilities that must appear in a strongly sheared flow must do so immediately, without delay. The former aspect is validated using figure 10 : while the leading edge going-around boundary-layer is shielded until the reattachment of the laminar separation bubble, the model switches to a LES behavior when the turbulent flow separates. This switch demonstrates the adequacy of the ZDES mode 2 (2020) inhibition function f R for the detection of separations. Furthermore, the free sheared layer which results from the separation quickly degenerates into resolved three-dimensional turbulence without delay, as is visible on figure 11. The model is therefore also able to destroy modeled turbulence quickly enough for the instabilities to immediately form, given that the mesh is fine enough.

The last validation performed here is to check that LES contents appear at the trailing edge. To that effect, a transverse velocity map is drawn on figure 12 using the same instantaneous field as before, in part III of figure 8. The Kelvin-Helmholtz instability due to the strong velocity gradient between pressure and suction side at the trailing edge is not impinged upon by the model. Indeed, since f θ,t,1 is not sensitive to turbulent separations, it could have delayed the appearance of resolved turbulence in this region. However, this is not the case, and the wake of the airfoil is resolved in a LES manner as soon as the flow separates from the pressure side. 

VII. Conclusion and perspectives

RANS and zonal hybrid RANS-LES simulations were performed to compute the flow around an airfoil near stall at M = 0.1617 and Re = 1 • 10 6 . A transition model was used to represent the physics of the leading edge laminar separation bubble in which transition takes place. A modification of the original ZDES mode 2 (2020) shielding function was proposed and validated to ensure a RANS treatment of the transitional zone. Furthermore, a coupling method between ZDES mode 2 (2020) and the Menter-Langtry framework was developed. The shielding is found sufficient for the transition mechanisms to stabilize in a RANS region at the leading edge, allowing the transition model to quantitatively behave in the same fashion as in RANS computations. The proposed shielding function, like the transition model, are however not Galilean invariant. It is hypothesized that the model should allow a computation to recover from a situation where the leading edge separation is opened and rebuild a closed laminar separation bubble, and vice-versa, thereby displaying an interesting robustness to radical transient modifications of the flow topology. The documentation of that hypothesis is an on-going work. The new shielding function is not sensitive to turbulent separation, contrary to the original shielding function by Deck and Renard [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF] which deactivates when a separation of the boundary layer is detected. Therefore, a zonal treatment is used to recover a proper LES working of the model in separated regions : the transitional correction of the shielding function is only used on the pressure side and at the leading edge. In a general application context, this zonal treatment induces a need for the user to have prior knowledge of the flow being computed. With the goal of recovering the fully automatic switch between RANS and LES which is one of the desirable features of the original ZDES mode 2 (2020), future work will be dedicated to finding a way to deactivate the transitional shielding correction when the boundary layer separation happens in a fully turbulent region. In order to evaluate the possibility of early relaminarization due to an interaction between the transition model and the farfield LES behavior of the model, the destruction switch f turb was strengthened in the transition model. This function was found responsible for the presence of a thin sublayer in the wake region of the boundary layer, where γ is allowed to remain well below its fully turbulent value of 1. It has been proven that this sublayer plays a determining role in the very sensitive process of leading-edge stall. The average turbulent separation might happen much closer to the leading edge in computations where it is present than in computations where it is not, going so far as to generate an open leading edge separation instead of a short laminar separation bubble. After this development and validation step, the model will be used to study the static stall of the OA209 airfoil, and more specifically the stall hysteresis and formation of reattachment cells when the airfoil is completely stalled. Future work will also be devoted to understanding the low-frequency dynamics of the flow around the airfoil.

VIII. Appendix : final model description

Keeping in mind that the underlying turbulence model is based on a transport equation for the modified eddyviscosity ν, let us first present the system of equations of the transition model, because its action on the ν equation is much stronger than the reverse.

A. Local correlations-based transition model

Menter et al. ( 2006) [START_REF] Menter | A correlation-based transition model using local variables -Part I : Model formulation[END_REF] proposed a local correlations-based transition model (LCTM) designed to be coupled to an existing turbulence model. This model is comprised of two transport equations, and a set of correlations to fit the experimental data used for calibration. The first equation [START_REF] Pape | Zonal Detached-Eddy Simulation of an airfoil in poststall condition[END_REF] describes the transport of a first supplemented transported variable, called γ, a numerical intermittency. Near a wall, it is meant to vanish in the laminar regions and to equal 1 in the fully turbulent ones. In the farfield, γ should also equal 1.

D t (ργ) = P γ -D γ + i ∂ x i µ + µ t σ γ ∂ x i γ , (15) 
The production and destruction terms of this equation are :

P γ = c a,1 ρSF length F onset 1 -c e,1 γ √ γ D γ = c a,2
ρΩγ c e,2 γ -1 f

[ML] turb [START_REF] Cambier | The Onera elsA CFD software: input from research and feedback from industry[END_REF] and the intervening functions : F onset = max F onset,2 -F onset,3 ; 0 

F onset,3 = max 1 - r t 2.
The eddy-to-molecular viscosity ratio r t = µ t µ is computed from the turbulence variables of the underlying model. The second equation (eq. ( 18)) describes the dynamics of a second transported variable, Re θ,t , that transports boundary layer history downstream. D t ρRe θ,t = P θ,t

+ i ∂ x i σ θ,t (µ + µ t ) ∂ x i Re θ,t (18) 
The production term of this equation is :

P θ,t = c θ,t ρ τ Re θ,S -Re θ,t 1 -f θ,t , (19) 
where τ is a time scale :

τ = 500ν U 2 (20) 
and Re θ,S is the value of the momentum thickness-based Reynolds number at the start of transition as the intermittency first starts to increase in the boundary layer. This value is determined by a correlation.

The production activation function reads :

f θ,t = max f θ,t,1 ; f θ,t,2 (21a) 
where :

         f θ,t,1 = e -( n δ )
with the following functions:

f d (r) = 1 -tanh (C 1 r) C 2 (36a) f P,2 (r, G) = f d (βr) f d (r) f d (G) (36b) f R (G) =                    1 if G ≤ C 4 1 1 + exp -6α 1-α 2 if C 4 < G ≤ 4 3 C 4 0 if G > 4 3 C 4
, with α = and sensors: For the internal and log sublayers :

r d = ν + ν κ 2 n 2 i, j ∂ x j v i 2 , ( 37a 
)
for the wake zone :

G ν = C 3 max {0 ; -∂ n ν} κn i, j ∂ x j v i 2 , ( 37b 
)
and to inhibit the latter in case of separation :

G Ω = ∂ n Ω ν i, j ∂ x j v i 2 3 (37c) 
In order to prevent spurious switches to LES in case of numerical error on the vorticity value, the inhibition function applied to the separation sensor can be amended by limiting it to 1 where the vorticity magnitude is low compared to the velocity gradient magnitude :

f R,lim (G Ω ) =          f R (G Ω ) if Ω ≥ ζ i, j ∂ x j v i 2 1
otherwise.

(38)

The functions and sensors are computed using the constants given in table 2. ?? 

S = Ω + ν κ 2 n 2 f (II) v,2 (39) 
Moreover, the eddy viscosity is linked to the modified eddy viscosity ν using the following equation :

ν t = ν f (II) v,1 (40) 
The functions f (II) v,i i ∈ 1,2 are defined using the previously described boolean test T ∆ , the functions from the original Spalart-Allmaras model f v,i i ∈ 1,2 and the functions from ZDES mode 1 (2012) f

(I) v,i i ∈ 1,2 : ∀i ∈ 1, 2 , f (II) v,i = (1 -T ∆ ) f v,i + T ∆ f (I) v,i (41) 
In turn, the functions issued from ZDES mode 1 are :

f (I) w = f w if n ≤ C DES ∆ 1 otherwise, (42a) 
f (I) v,1 = f v,1 if n ≤ C DES ∆ 1 otherwise, (42b) 
f (I) v,2 = f v,2 if n ≤ C DES ∆ 2 otherwise. (42c) 
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 0 C i ) i ∈ 1,5 = model constants c •,i •∈{a,b,e,v,w },i ∈{1,2} = model constants c θ,t = model constant c = airfoil chord D = destruction source term in a turbulence or transition model G Ω = inhibition sensor of the shielding function of ZDES mode 2 (2020) G ν = wake sensor of the shielding function of ZDES mode 2 (2020) f θ,t = Menter et al. boundary-layer detection function f θ,t,i i ∈ 1,2 = components of f θ,t f P = shielding function of ZDES mode 2 (2020) by Deck and Renard f d , f P,2 , f R = components of f P f d,0 = testing threshold f turb = model relaminarization function f v,i , f w = functions in a Spalart-Allamaras-based model g = model function M = Mach number n = distance to the wall P = production source term in a turbulence or transition model r d = internal and log-layer sensor of the shielding function of ZDES mode 2 (2020) r t = eddy-to-molecular viscosity ratio Re θ,t = momentum thickness Reynolds variable in a γ -Re θ,t model Re θ,S , F length , Re θ,c = correlated variables in a γ -Re θ,t model S = modified shear stress tensor in a Spalart-Allmaras-based model s = curvilinear abscissa along the airfoil surface s 1 = model constant T ∆ , T w = boolean tests Tu = imposed turbulence intensity for transition t = time (v i ) i ∈ 1,3 or (v a ) a ∈{x,y,z,s,n,e} = velocity components U = freestream velocity magnitude : U = v 2 β = constant in ZDES mode 2 (2020) used in case of strong adverse pressure gradient δ = rebuilt boundary layer thickness in a γ -Re θ,t model γ = intermittency variable in a γ -Re θ,t transition model γ eff = effective intermittency for separation-induced transition γ inf = limiting coupling factor κ = Von Kárman constant : 0.41 λ θ = Pohlhausen pressure gradient parameter µ = molecular viscosity µ t = kinematic eddy viscosity ν t = dynamic eddy viscosity ν = modified dynamic eddy viscosity of Spalart and Allmaras ρ = densityΩ i, j i, j ∈ 1,3 = vorticity tensor components : 1 2 ∂ x i v j -∂ x j v i Ω = L 2 normof the vorticity tensor : 2 in a γ -Re θ,t model θ = boundary layer streamwise momentum thickness : θ = ∫ ∞ dy Subscripts e = boundary layer edge Superscripts and colors ♣= functions and variables as defined in the ZDES mode 2 (2020) formulation ♣ (I) , ♣(II) 

Fig. 1

 1 Fig. 1 Expected qualitative topology of the flow in post-stall conditions and spanwise velocity component at an instant of the ZDES computation when the flow is massively separated at angle of attack 19 deg.

Fig. 2

 2 Fig. 2 Meshing details. Left : leading edge ; right : trailing edge and separation zone.

Fig. 3

 3 Fig. 3 Activation zone of a γ-based correction on the leading edge laminar separation bubble and turbulent trailing edge separation (curvilinear cooordinates) preevaluated from a RANS computation.

Fig. 4

 4 Fig. 4 Activation zone of a f θ,t -based correction on the leading edge laminar separation bubble and turbulent trailing edge separation (curvilinear cooordinates) preevaluated from a RANS computation.

Fig. 5

 5 Fig. 5 Definition of the computing zones of the OA209 test-case. In red : transitional ZDES mode 2 (current) ; in blue : ZDES mode 2 (2020) [2].

Fig. 6

 6 Fig. 6 Effect of the correction on the tangential velocity map.

Fig. 7 Fig. 8

 78 Fig. 7 Effect of the f turb correction on the wall-normal boundary-layer intermittency profile in the laminar separation bubble (left) and immediately downstream of its reattachment (right).

Fig. 9

 9 Fig. 9 RANS treatment of the boundary layer and laminar separation bubble with the Menter-Langtry transition model at the leading edge.

5

 5 

3 ; 0 F onset, 2 = 2 F

 3022 min max F onset,1 ; F onset,1 4 ; onset,1 = Re v 2.193 Re θ,c f [ML] turb = e -( r t 4 )4

10 Behavior of the shielding function at the turbulent separation location.
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11 Development of instabilities in the switch region.
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12 Devlopment of instabilities of the mixing layer at the trailing edge.
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Table 2 Calibration constants of the ZDES mode 2 (2020) model [2].

 2 Exactly like with the Spalart-Allmaras model, a modified value for shear is used :

	Constant name C 1 C 2 C 3	C 4	f d,0	β	ζ
	Value	8	3 25 0.03 0.8 2.5 0.8

* Note that the trailing edge recirculation is much smaller than expected : the RANS model builds a very late and smooth stall, contrary to the experimental data[START_REF] Pape | Extensive wind tunnel tests measurements of dynamic stall phenomenon for the OA209 airfoil including 3D effects[END_REF]. However, this is of no consequence for the present study : the laminar separation bubble is obtained, and it will be seen that the original shielding function deactivates even if the separation is small.

f θ,t,2 = 1 -c e,2 γ -1 c e,2 -1 2 , (21b)
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The model constants are given in table 1.

Table 1 Calibration constants of the γ -Re θ,t model [START_REF] Langtry | Correlation-based transition modeling for unstructured parallelized computational fluid dynamics codes[END_REF].

Constant name c e,1 c e,2 c a,1 c a,2 σ γ c θ,t σ θ,t Value 1 50 2 0.06 1 0.03 2

The following correlations are used in conjunction with the previously described transport equations :

• Re θ,S :

and the subordinate function is :

• F length : 

• Re θ,c : B. Turbulence equations ZDES mode 2 as defined by Deck and Renard (2020) [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid RANS/LES methods[END_REF], uses a modified version of the transport equation first introduced by Spalart (1992) [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF]. In a similar way as in subsection V.A, a color code is used when the functions or constants were modified in the process of creating the current hybrid RANS-LES approach : the original is colored, as in ZDES mode 2 (2020) and the Spalart-Allmaras model. When no color is used, either the function is new to this work or it uses without ambiguity the function inherited from the base model. The equation for the modified eddy-viscosity ν is :

The destruction and production terms are obtained using the transition model, the Spalart-Allmaras same terms and the ZDES mode 2 (2020) same terms :

γ inf is a limiting factor preventing the destruction term to fall beneath a minimum rate of its turbulent value. γ eff is an effective intermittency, designed to overincrease the modeled turbulence production if the flow separates in a shielded zone:

with

and

The purely RANS and hybrid terms are obtained with similar equations :

The modified distance to the wall d(II) is a function of the actual distance from the current point to the wall and of the characteristic length scale of ZDES, chosen through the shielding function f P :

where ∆(II) is the subgrid scale of the current hybrid model. This distance is defined in relation with the local mesh properties :

∆ max is the greatest cell dimension (local variable), and ∆ ω is the length scale (square root of the surface of the section between the celle and a plane normal to the vorticity vector. The previous definition of ∆(II) uses the following test :

The function f (II) w is defined by :

and uses the following boolean test :

The shielding function f P is newly defined as follows :