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This study questions the potential of hybrid RANS/LES methods to model turbulence around airfoils with RANS attached boundary layers and LES separated regions. The Zonal Detached Eddy Simulation mode 2 (2020) technique, which aims for an enhanced RANS protection of attached boundary layers while remaining fully automatic, is first assessed in a case of transonic buffet around a supercritical airfoil. The frequency of the shock oscillations is properly captured together with some broadband content associated to turbulence resolved in separated regions. This demonstrates how the model switches back to RANS in attached regions that were formerly detached and LES-treated. The turbulent separation at the trailing edge of a NACA 4412 airfoil is then considered. The capacity of ZDES mode 2 (2020) to fully protect the attached boundary layer on a fine mesh in presence of a strong adverse pressure gradient and to switch to LES levels of eddy viscosity in the separated region is confirmed, unlike the legacy method DDES (2006). However, the instabilities in the separated region are too weak for the self-emergence of properly 3D resolved turbulence with no user manual input. To reduce the grey area between the RANS and resolved LES regions, an attempt to stimulate ZDES mode 2 by white noise injection is presented. The safest option however remains that turbulence be resolved in the upstream attached boundary layer by a WMLES approach such as ZDES mode 3.

INTRODUCTION

Although the flow features around a wing include many intrinsically 3D phenomena, in some portions with a slow-enough spanwise variation of the mean flow the situation may be well approximated by the flow around a 2D wing section. Moreover, the simplified test case of a 2D airfoil already presents turbulence modelling problems extremely relevant to applied aerodynamics in general, especially the flow separation on a smooth surface induced by a pressure gradient or by a shock wave. This kind of turbulent phenomenon tends to be a source of unsteadiness not easily reproduced by Reynolds Averaged Navier-Stokes (RANS) or Unsteady RANS (URANS) approaches since the broadband spectral content associated with turbulence is by essence missing from the URANS simulations. Resolving turbulence in attached boundary layers down to the wing walls, either by Direct Numerical Simulation (DNS) or Wall-Resolved Large Eddy Simulation (WRLES), will not be affordable in terms of CPU cost until at least 2070 if a whole airliner is to be considered, according to projections by Philippe Spalart [START_REF] Spalart | Strategies for turbulence modelling and simulations[END_REF]. Even if wall models are used to alleviate the resolution cost of attached boundary layers by modelling turbulence in the inner layer and resolving the dynamics only in the outer layer, leading to a Wall-Modelled LES (WMLES) strategy, the computational cost of the simulation is still much higher than for URANS, meaning that treating a whole airliner in cruise conditions is still extremely challenging if not beyond reach of typical computational facilities, not to mention the difficulty to inject resolved turbulence inside the boundary layers. Nevertheless, resolving turbulence in free shear layers tends to be much less expensive than in the outer layer of attached boundary layers, and much easier since the resolved content can appear naturally as a result of the instability of such flows contrary to typical wall-bounded flows. This motivates the introduction of hybrid RANS/LES strategies where the attached boundary layers are modelled in RANS and the separated regions are treated in LES, as pioneered by Detached Eddy Simulation in 1997 [START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF]. In comparison with typical URANS grids, mesh refinement is then re-quired only in free shear layers where a LES behaviour of the model is expected, which can be achieved at a computational cost compatible with treating a whole airliner in cruise conditions as was demonstrated in [START_REF] Deck | High-fidelity simulations of unsteady civil aircraft aerodynamics: stakes and perspectives. Application of Zonal Detached Eddy Simulation (ZDES)[END_REF]. However, two major difficulties arise:

• How can one ensure that the attached boundary layers are fully treated in RANS?

• How can one accelerate the transition from RANSmodelled turbulence to properly LES-resolved turbulence in order to avoid so-called grey areas in regions where the model switches from RANS to LES?

One answer to both questions is to resort to a zonal model where the user sets manually the RANS and LES regions. This is typically the motivation behind the first mode of the Zonal Detached Eddy Simulation (ZDES) technique [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF] developed at ONERA since 2002. ZDES mode 1 is suited for massive flow separations located at a point dictated by the geometry, such as base flows, where the RANS/LES separation is obvious. For massive flow separations along a smooth surface on the other hand, an automatic RANS/LES switch is needed. This was pioneered by the Delayed Detached Eddy Simulation (DDES) technique introduced in 2006 [START_REF] Spalart | A new version of detached-eddy simulation, resistant to ambiguous grid densities[END_REF] and further improved for the ZDES mode 2 formulation as described in 2012 which retained the original shielding function f d of DDES on which the RANS protection of attached boundary layers relied. Thanks to the zonal character of ZDES, it is also possible to resort to WMLES as enabled by ZDES mode 3 in other regions of the flow where turbulence inside attached boundary layers should be resolved, for instance because of its impact on a mild flow separation [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3 150 ≤ Re θ ≤ 14 000[END_REF].

The present study focuses on fully automatic RANS/LES methods such as ZDES mode 2 aiming to treat attached boundary layers in RANS and free shear layers in LES with no user input. Such techniques typically relied on the f d shielding function of DDES and have been shown by the hybrid RANS/LES community to suffer from a breakdown of the RANS shielding on very fine meshes and/or in the presence of strong adverse pressure gradients, which leads to unphysical results such as early flow separations since the resolved turbulence is not sufficient to compensate for the lack of modelled turbulence. This in practice makes the use of methods such as DDES somewhat hazardous since it may not resist a thorough mesh refinement. To the authors' best knowledge, to date the open literature (as opposed to black-box undisclosed models that may be featured in commercial solvers) proposes only one solution fully addressing the problem, namely the enhanced version of ZDES mode 2 published in 2020 [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid rans/les methods[END_REF]. This very recently introduced model aims to fully shield attached boundary layers under any pressure gradient or mesh refinement and to switch to LES as quickly as possible as soon as flow separation is detected.

After a short description of the main features of ZDES mode 2 (2020) in section 2, the rest of the study questions its suitability for the simulation of the unsteady flow around airfoils. In the first test case, presented in section 3, the transonic buffet around a supercritical OAT15A airfoil is predicted and analysed. The turbulent separation at the trailing edge of a NACA 4412 airfoil is then considered in section 4, showing that this problem is very challenging for fully automatic hybrid RANS/LES models with RANS attached boundary layers.

PROTECTING ATTACHED BOUND-ARY LAYERS: ZDES MODE 2 (2020)

The new hybrid RANS/LES model used in this study, namely ZDES mode 2 (2020) [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid rans/les methods[END_REF], is presented in the following. It addresses the need for a robust RANS shielding of attached boundary layers in presence of an arbitrary pressure gradient or mesh refinement while preserving as quick a modelled-to-resolved turbulence transition as possible when switching from RANS to LES. The model has been thoroughly detailed and validated in [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid rans/les methods[END_REF] so that only the most salient features are outlined here.

The improved RANS shielding of attached boundary layers relies on the detection of the attached boundary layer. The first element is the r d sensor used in the original f d function of DDES (2006) and kept in ZDES mode 2 (2012) and in its 2020 enhancement since the new shielding has to be at least as protective as the original shielding:

r d = ν + ν √ u i, j u i, j κ 2 d 2 w ( 1 
)
where ν is the kinematic viscosity, ν is the pseudo eddyviscosity transported by the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF], u i, j is the gradient of the u i velocity component in the j direction, κ is the von Karman constant and d w is the wall distance. The r d sensor detects the inner layer up to the top of the logarithmic layer but fails to detect the wake layer, especially in the presence of an adverse pressure gradient. This motivates the introduction of a second sensor:

G ν = C 3 max(0, -∂ ν/∂ n) √ u i, j u i, j κd w (2) 
where ∂ /∂ n denotes the gradient in the outward wallnormal direction and C 3 = 25 is a constant that has been calibrated over a range of canonical boundary layers approaching separation. The rationale for this sensor is that the frontier of the boundary layer is a region where ν decreases with the wall distance. The combination of both sensors consequently succeeds in detecting the whole boundary layer profile. However, some shear layers associated to flow separations are close to the wall and may also be detected by these sensors although a LES treatment is desired in these regions. For this reason, a flow separation detection is provided by a third sensor:

G Ω = ∂ (|ω|) ∂ n ν √ u i, j u i, j 3 ( 3 
)
where |ω| is the vorticity magnitude. When this sensor exceeds a threshold, meaning a flow separation has been detected, an inhibition function activates and prevents the second sensor (G ν ) from shielding the region which would otherwise be erroneously detected as the wake layer of an attached boundary layer. Finally, in order to reduce as much as possible the extent of grey areas where the model has switched from RANS to LES but a proper LES content is not yet present, the destruction of pseudo eddy-viscosity is strongly enhanced in grey areas where the sensors indicate that the situation is in between clear RANS and LES situations.

A fully detailed description of the model is given in [START_REF] Deck | Towards an enhanced protection of attached boundary layers in hybrid rans/les methods[END_REF], where it has been demonstrated that the RANS shielding of an attached zero-pressure-gradient boundary layer resists an infinitely refined mesh, contrary to other methods in the open literature.

In the next sections, ZDES mode 2 (2020) is used to assess the relevance of a hybrid RANS/LES treatment with RANS attached boundary layers for two unsteady airfoil flows. The in-house ONERA compressible multi-block structured flow solver FLU3M is used, which has a finitevolume second order spatial discretization based on lowdissipative versions of the AUSM+(P) scheme [START_REF] Liou | A Sequel to AUSM: AUSM+[END_REF][START_REF] Mary | Large eddy simulation of flow around an airfoil near stall[END_REF] with MUSCL reconstruction and a second-order implicit time integration. This solver has been validated on a wide range of academic and applicative studies and is representative of typical industrial flow solvers.

APPLICATION TO THE TRANSONIC BUFFET AROUND A 2D AIRFOIL

The first test case is the unsteady flow around an OAT15A supercritical airfoil where transonic buffet occurs. This is a very demanding problem for the turbulence model because the motion of the shock wave induces quasiperiodic flow separation and reattachment at a given location, which requires the model to switch to LES and back to RANS periodically. The flow conditions are the same as in the experiment by Jacquin et al. [START_REF] Jacquin | Experimental study of shock oscillation over a transonic supercritical profile[END_REF], with transition fixed at x/c = 7% on both sides, a chord-based Reynolds number of 3 • 10 6 , freestream Mach number 0.73 and angle of attack 3.5 deg. The numerical domain spans 0.2c (where c is the chord) and typical WMLES grid resolutions are adopted (∆x + = 150, ∆z + = 100) which make the test case very challenging for the protection of attached boundary layers by the ZDES model. This leads to a total grid count of 58.4 • 10 6 points (this should be compared with the WMLES by Fukushima & Kawai [START_REF] Fukushima | Wall-modeled largeeddy simulation of transonic airfoil buffet at high reynolds number[END_REF] for which the grid counts 440 million points with a span of only 0.065c). The physical time step is ∆t = 2 • 10 -7 s and the implicit time integration scheme is converged with 6 Newton inner iterations. The unsteady signal has been stored over almost 8 periods, which represents about 350 000 CPU hours, while the whole simulation lasted over 500 000 CPU hours.

A first glance at the instantaneous field is given in figure 1 where the Q criterion reveals finely resolved turbulence in the separated flow region right downstream the shock wave whereas the upstream attached boundary layer contains no resolved turbulence, as expected. Checking the eddy viscosity levels in figure 2 confirms that the attached boundary layer contains RANS levels of eddy viscosity in the upstream region up to the shock wave. Remarkably, this holds true even for the downstream position of the shock in regions which were treated in LES for the upstream position of the shock, as illustrated by a comparison of the eddy viscosity levels near x/c = 0.5 in fig. 2 between each shock position. This demonstrates the capacity of the turbulence model to reconstruct a RANS attached boundary layer even if it was previously detached and LES-treated. This may be explained by the role of the second shielding sensor (eq. 2) which depends on the wall-normal gradient of eddy viscosity and consequently detects the edge of the modelled region where it enables the production of eddy viscosity if needed.

On a more quantitative side, the normal force coefficient time signal shown in figure 3 confirms that the shock motion is quasi-periodic, emphasizing again the capacity of the turbulence model to switch back to the modelled behaviour when the shock is in its downstream position. The resulting mean pressure coefficient distribution around the airfoil (figure 4) exhibits a fair agreement with experimental data except in the vicinity of the shock where the limited time signal duration and span of the numerical domain may be causes of differences with the experiment which had a much larger span making the occurrence of buffet cells [START_REF] Plante | Similitude between 3D cellular patterns in transonic buffet and subsonic stall[END_REF][START_REF] Iovnovich | Numerical study of shock buffet on three-dimensional wings[END_REF] more likely. It should be noted that similar differences have been observed between the experiment and a WRLES simulation [START_REF] Garnier | Large-eddy simulation of transonic buffet over a supercritical airfoil[END_REF] and that the pressure at the trailing edge is still very well captured by the present simulation.

The spectral content is analysed in figure 5 where the estimated power spectral density (PSD) of the pressure fluctuations is compared with experimental data on two points of the airfoil, one on the upper side close to the trailing edge (x/c = 0.9) and the second one on the lower side (x/c = 0.55). The PSD is estimated by an auto-regressive (AR) model based on Burg's method [START_REF] Burg | Maximum entropy spectral analysis[END_REF] which is needed and suitable because the signal from the ZDES simulation has a short duration and strong harmonic spectral peaks associated to its pseudo-periodic nature. The main peak, which is at 69 Hz in the exper- iment (or f c/U 0 = 0.065), is very well reproduced by the present calculation together with the broadband spectral distribution at higher frequencies for the sensor on the upper side. As for the lower side signal, since ZDES mode 2 operates in URANS in this region, only the high amplitude and low frequency fluctuations are captured by the calculation, as expected.

The difference in spectral content between ZDES mode 2 on the upper side of the airfoil and URANS is also illustrated in figure 5, where the URANS simulation is set at a higher angle of attack because it would otherwise remain steady (no buffet onset) at the considered angle of attack. The difference of angle of attack means only a qualitative comparison is relevant, showing that the added-value brought by ZDES, in addition to correctly predicting the buffet onset, also lies in the broadband spectral content present on the upper side where turbulence is resolved, which is by construction missing in a URANS approach. 

APPLICATION TO THE TRAILING EDGE SEPARATION ON A NACA 4412 AIRFOIL

The second test case is focused on the turbulent separation at the trailing edge of a NACA 4412 airfoil. This is one of the turbulence model validation cases featured in the turbulence modelling resources gathered by NASA (available at https://turbmodels.larc.nasa.gov/naca4412sep val.html), but it should be noted that the Reynolds number retained here is somewhat higher (Re c = 2.28 • 10 6 with c = 0.128 m) as well as the angle of attack (α = 16 • ), whereas the Mach number is set to M ∞ = 0.177 (U ∞ = 59.6 m/s). A high value of the Reynolds number has been chosen since this is more relevant for turbu- Figure 4: Mean pressure coefficient distribution in the transonic buffet simulation compared with experimental data [START_REF] Jacquin | Experimental study of shock oscillation over a transonic supercritical profile[END_REF].

lence modelling especially as it illustrates better the computational cost reduction provided by the hybrid RANS/LES paradigm compared with DNS (the Direct Numerical Simulations also presented by ONERA in this conference, although performed at a significantly lower Reynolds number, induced a much higher computational cost). A rather high angle of attack is considered because the original purpose of ZDES mode 2 is to handle massive flow separations, meaning that the trailing edge separation considered here might be too small for such an approach. The mesh resolution is rather fine (∆x + < 100 and ∆x + = 60), which would be more than sufficient for a WMLES simulation of the problem. This choice has been made in order to verify the capacity of ZDES mode 2 (2020) to ensure the RANS shielding of attached boundary layers under pressure gradients on fine meshes. The objective of this test case is also to explore the capacity of an automatic hybrid RANS/LES G( f )/2.10 -5 in the ZDES simulation compared with experimental data [START_REF] Jacquin | Experimental study of shock oscillation over a transonic supercritical profile[END_REF] and with a URANS simulation at a higher angle of attack. method with RANS attached boundary layers to capture a flow separation that is not massive. Indeed, although it is more obvious to handle this case with a WMLES approach, it would however require more input from the user, especially as an efficient injection of resolved turbulence would be needed to feed the WMLES. The overall grid count is slightly above 100 • 10 6 points for a numerical domain spanning 0.249 c. It should be noted that this span is slightly too small given the extension of the separated region at α = 16 • , but is retained in the present study since the main objective is to assess what approach is relevant to model the turbulent separation rather than predict very accurately the flow statistics (this should be done in a second time with the most relevant approach identified here). The physical time step is set to ∆t = 10 -7 s. The flow is considered fully turbulent since it has been checked that there is almost no difference with the case where the laminar-turbulent transition is tripped. This is consistent with the recommendation by NASA to run fully turbulent simulations of the experiments performed at a lower Reynolds number with tripped transition. ZDES mode 2 is assigned to most of the upper side of the airfoil (only the region of the leading edge up to x/c ≈ 0.06 has been set to URANS, which was preferable in order to avoid any interference with the laminar-turbulent transition when the calculation was not fully turbulent), meaning that the RANS protection of the boundary layer on the upper side relies on the sensors of ZDES mode 2 (2020) as well as the switch to LES when separation is detected. As illustrated in figure 6, the original DDES (2006) method fails to protect the thick attached boundary layer on the upper side of the airfoil, especially in the wake layer in the region of strong adverse pressure gradient, resulting in early non-physical flow separation. On the contrary, RANS eddy viscosity levels are preserved in the upper attached boundary layer in the ZDES mode 2 (2020) simulation until the flow separation is detected. It should also be noted that the eddy viscosity in the LES detached region of the DDES simulation takes significant values, contrary to the ZDES simulation, which may be mainly explained by the different evaluations of the grid cell size (∆ max in DDES compared with the vorticitybased ∆ ω [START_REF] Chauvet | Zonal Detached Eddy Simulation of a controlled propulsive jet[END_REF][START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF] in ZDES). The proper RANS shielding of the upper-side attached boundary layer by ZDES mode 2 (2020) is further observed in figure 7 where the mean skin friction coefficient predicted by ZDES is close to the RANS level except near the separation. The predicted flow separation at the trailing edge is different between ZDES and RANS as evidenced by the different pressure levels at the trailing edge. The difference of C p value at the trailing edge between ZDES and RANS is consistent with the difference between experimental data and RANS predictions reported in the NASA database for different flow conditions. This suggests that ZDES may enable a more accurate description of the separated region compared with RANS. A finer analysis is however made difficult by the fact that the ZDES and RANS simulations are not compared for the same value of the averaged circulation around the airfoil because the angle of attack is kept constant (α = 16 • ). Indeed, the mean lift coefficient predicted by ZDES (of the order of C L = 1.75) is significantly smaller than the RANS value (C L = 1.837), probably as a result of the stronger flow separation at the trailing edge, whereas the mean drag coefficient is larger for ZDES (of the order of C D = 0.053) than the RANS value (C D = 0.04338). The turbulent content resolved by ZDES mode 2 (2020) in the trailing edge separation is illustrated in figure 8. Turbulence is rather finely resolved in the wake of the airfoil, but the large scales visible in the Q-criterion near the top of the separated region suggest that there is a significant delay in the formation of instabilities in the shear layer associated to the flow separation. This is confirmed by the absence in the upstream half of the separated region of fully 3D resolved turbulence which is indicated by the spanwise velocity component further downstream. The eddy viscosity from the RANS upstream boundary layer is not instantly destructed at the separation point, resulting in a grey area where the eddy viscosity has been partially reduced but no proper 3D turbulence is resolved yet. From a modelling point of view, one may wonder whether the delay in the formation of LES content at the separation point is caused by the fact that the destruction of eddy viscosity is not instantaneous after separation or by the intrinsic weakness of the instabilities associated to the shear layer at the top of the separated region. A first insight into the answer is provided by a test where ZDES mode 1 (no boundary layer shielding) is assigned to the separated region (this is possible because the separated region fortuitously coincides with a numerical domain) whereas the other domains using ZDES mode 2 are left unchanged. This allows an almost instantaneous destruction of eddy viscosity after separation, as visualised in fig. 9. The resulting formation of 3D resolved turbulence is much quicker than with ZDES mode 2 so that the resolved turbulence is filling most of the separated region. The quick formation of instabilities is also a result of the fine mesh used.

These observations show that the fully automatic RANS shielding by ZDES mode 2 (2020) is operational (unlike the original DDES) but also induces some delay in the formation of LES content in separated regions. The results may be improved by exploiting the zonal nature of ZDES which enables the user to manually define a LES region (with mode 1) if the separation point is known in advance and does not fluctuate much in time. However, this is not desirable from the user's perspective since specifying the separation line on a smooth wall may be intractable for a complex 3D geometry with significant unsteadiness of the flow. This confirms that when the location of the separation on a smooth wall is not known, ZDES mode 2 or similar methods should be used only if the separation is massive. This is indeed the typical domain of validity of every hybrid RANS/LES method treating attached boundary layers in RANS, such as DDES for instance.

In the present trailing edge separation case, the height of the recirculation is of the same order of magnitude as the upstream boundary layer thickness. Consequently, the flow separation is not massive and in principle ZDES mode 2 or DDES should not be used. One solution is to resort to ZDES mode 3 (WMLES) so that turbulence is resolved in the upstream attached boundary layer and there is no delay at all in the formation of resolved turbulence in the separated region (unlike ZDES mode 1 in fig. 9 where there is a slight delay since there is absolutely no resolved turbulent fluctuations upstream the separation point). However, this would increase the user load because an injection of resolved turbulence is needed at the upstream frontier of the WMLES region, contrary to ZDES mode 2 which is fully automatic. For this reason, an intermediate way between ZDES mode 2 and mode 3 might be to stimulate the ZDES mode 2 simulation by introducing some fluctuations at least temporarily in order to accelerate the formation of instabilities in the separated region.

A first attempt at stimulating a ZDES mode 2 simulation is presented in figure 10. A smaller angle of attack (α = 14 • ) is considered, meaning the trailing edge separation is smaller and the case is even more difficult. Without stimulation, the ZDES mode 2 (2020) simulation features no 3D fluctuations before the trailing edge of the airfoil (see NO STIMULATION in fig. 10) as a result of the small size of the separation. Fluctuations are injected locally in a plane going through the whole bound-ary layer thickness and located near the separation point by means of white noise generation affecting the velocity with levels typical of the turbulent intensity expected in the boundary layer (details on such a white noise injection may be found in [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF]). The white noise injection is kept during a short time duration (T W N = 4 • 10 -4 s ≈ 0.19 c/U ∞ ), after which the injection is switched off in order to evaluate whether the resolved LES content in the separated region is self-sustained or not.

The situation at the end of the stimulation period (when the white noise is still injected) is illustrated in fig. 10 (middle) and in figure 11. It may be seen that most of the injected turbulence decays quickly when convected downstream except in the shear layer where the fluctuations turn into physically sound perturbations. This suggests that the instability mechanisms in the shear layer tend to select the proper fluctuations and amplify them. This result is encouraging but it should be emphasized that the location of the white noise is set by the user, which is not desirable, and obviously the illustrated injection is much wider than really needed. This last remark motivates the attempt to switch the stimulation off. Nevertheless, it may be seen in figure 10 (bottom) that after the end of the transient evolution following the removal of the white noise injection (this is monitored in practice by the time signal of the lift coefficient reaching an average value that is statistically stationary), there is little 3D resolved turbulence left in the separated region, although it is superior to the initial situation before any white noise injection. It may be concluded that the white noise injection should be kept at least for a longer duration if not for the whole simulation duration. Further investigations are needed to assess if stimulated ZDES mode 2 may be of any use or if ZDES mode 3 is the only option for this case. 

OUTLOOK

The present study of the use of the ZDES technique for the prediction of unsteady airfoil aerodynamics has confirmed that the recently published ZDES mode 2 (2020) method provides a satisfying RANS shielding of attached boundary layers even with very fine meshes in presence of strong adverse pressure gradients close to separation. Moreover, a boundary layer previously described in LES can be treated again in RANS after its reattachment since the turbulence model features the capacity to reconstruct RANS levels of eddy viscosity. This explains the very encouraging results obtained for the prediction of the transonic buffet around an OAT15A airfoil especially in terms of spectral content of the pressure fluctuations on the upper side.

Although the flow separation in the transonic buffet case is not always massive, the model performs satisfyingly because the interaction with the shock wave induces an abrupt separation of the flow in which instabilities form very quickly and give birth to a proper LES content. A much more questionable application for ZDES mode 2 (2020) is the trailing edge separation on an airfoil at an angle of attack not sufficient for a massive separation to occur. Since the separation is not massive, a WMLES approach such as ZDES mode 3 is preferable. However, the capacity of ZDES mode 2 (2020) to both shield attached regions and switch quickly to LES in the separated regions motivates the investigation of the behaviour of the model in such a demanding case.

The main result of the NACA 4412 study is that ZDES mode 2 (2020) behaves as expected (RANS shielding and LES switch in attached and detached regions respectively), unlike the original DDES. However, because the separation at the trailing edge is not massive, there is a significant delay in the formation of LES content. This delay is significantly reduced if the separated region is manually set to LES by means of the mode 1 of ZDES. This illustrates how the zonal nature of ZDES may be used to improve the results, at the cost of an increase of user load. Since the separated regions on a smooth wall cannot be manually specified in complex 3D geometries and/or with significant unsteadiness of the flow, ZDES mode 1 is however not recommended for such problems.

Several options are possible to better describe the trailing edge separation. The most obvious is to resort to ZDES mode 3 since a WMLES of the attached boundary layer would suppress any delay in the formation of instabilities in the detached region. However, the injection of resolved turbulence needed for WMLES increases the user load. Another option is to stimulate ZDES mode 2 by means of the injection, at least temporarily, of fluctuations so that the resolved LES content may appear more quickly in the shear layer associated to the separation. The first attempt presented here shows that the dynamics of the shear layer leads to the selection of the fluctuations needed to obtain a proper LES content in the detached region. However, after removing the injection of fluctuations, the LES content decays and even if the final situation is better resolved than it was before any injection of fluctuations, it is still not satisfying. Consequently, the injection of fluctuations should probably be kept during the whole simulation, but in this case it has to be optimised in order to avoid any unphysical impact on the flow.

These observations are consistent with the well-known difficulty of turbulence modelling in mild flow separations and it seems very difficult to obtain a satisfying description of the problem by means of a fully automatic hybrid RANS/LES strategy where the upstream attached boundary layer is RANS-modelled. On the contrary, massive flow separations, including on smooth walls, may be satisfyingly treated by ZDES mode 2 (2020) in an automatic manner even with very fine meshes, strong adverse pressure gradients up to flow separation and significant flow unsteadiness necessitating sometimes the model to switch from LES back to RANS as illustrated by the promising prediction of transonic buffet.
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 12 Figure 1: Instantaneous visualisations of the transonic buffet simulation for upstream and downstream positions of the shock. Isosurface of the Q criterion (Q = 40 U 0 c
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 2 Figure 2: Instantaneous visualisations of the transonic buffet simulation for upstream and downstream positions of the shock. Mach number and eddy viscosity fields.
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 3 Figure 3: Time signal of the normal force coefficient during the transonic buffet simulation.
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 5 Figure 5: Power Spectral Density of the pressure fluctuations at the lower and upper sides of the airfoil SPL = 20 log 10G( f )/2.10 -5 in the ZDES simulation compared with experimental data[START_REF] Jacquin | Experimental study of shock oscillation over a transonic supercritical profile[END_REF] and with a URANS simulation at a higher angle of attack.
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 6 Figure 6: Eddy viscosity instantaneous fields around the NACA 4412 airfoil (α = 16 • ) in RANS (Spalart-Allmaras model with separation indicated by a zerostreamwise velocity isoline in white), DDES (2006) and ZDES mode 2 (2020) simulations.
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 7 Figure 7: Mean pressure and skin friction coefficients around the NACA 4412 airfoil (α = 16 • ) predicted by ZDES mode 2 (2020) and RANS (Spalart-Allmaras model).
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 8 Figure 8: ZDES mode 2 (2020) simulation around the NACA 4412 airfoil (α = 16 • ): isosurface of the Qcriterion (Q • c 2 /U 2 ∞ = 100) coloured by the streamwise velocity (top), spanwise velocity component (w/U ∞ colourmap) and eddy viscosity (µ t /µ) isolines (bottom).
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 9 Figure 9: ZDES mode 1 (and 2) simulation around the NACA 4412 airfoil (α = 16 • ): isosurface of the Q-criterion (Q • c 2 /U 2 ∞ = 100) coloured by the streamwise velocity (top), spanwise velocity component (w/U ∞ colourmap) and eddy viscosity (µ t /µ) isolines (bottom).
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 10 Figure 10: ZDES mode 2 (2020) simulation with stimulation around the NACA 4412 airfoil (α = 14 • ). Spanwise velocity component (w/U ∞ colourmap) and eddy viscosity (µ t /µ) isolines.
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 11 Figure 11: ZDES mode 2 (2020) simulation with stimulation around the NACA 4412 airfoil (α = 14 • ). Isosurface of the Q-criterion (Q • c 2 /U 2 ∞ = 1000) coloured by the streamwise velocity (side view).
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