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ADVANCED RANS AND HYBRID RANS/LES SIMULATIONS OF A TURBULENT BOUNDARY LAYER UNDER PRESSURE GRADIENTS

A test-case for the assessment of ZDES mode 3 (WMLES approach) in pressure gradient conditions is presented. The small confinement effects of side wall boundary layers from the reference experiments are taken into account in two dimensional simulations by means of a top wall geometry modification. A better agreement in the pressure coefficient with experimental data results from this manipulation. Results from the present test-case evidence the advantage of the scale-resolving approach,. A more physical flow is predicted in such a case and more in depth analysis of turbulence is possible. In particular, spectral analysis of turbulence is performed in this study, and a scaledependent convection velocity is also assessed.

Introduction

The scientific community of turbulence research is devoting important efforts to the study of pressure gradients effects on turbulent boundary layers and separation. A better understanding of these would lead to a significant improvement of performance in many industrial devices. Nowadays, numerical simulations are essential in fluid mechanics research and broaden the research possibilities by complementing experimental studies. However, when considering turbulence numerical simulations there are still important practical limitations. A turbulent flow exhibits a wide range of turbulent scales and the separation between the smallest ones and the largest ones increases when so does the Reynolds number [START_REF] Pope | Turbulent Flows[END_REF]; [START_REF] Sagaut | Multiscale and Multiresolution Approaches in Turbulence[END_REF]). At typical Reynolds number of industrial applications, the separation of scales is so important that directly solving all the flow structures (Direct Numerical Simulation, DNS) requires extremely fine meshes that, together with the huge number of time steps for statistical convergence, results in nonaffordable simulations despite the most advanced high performance computation resources. In particular, in the test-case presented later in this work (Vaquero et al. (2019a)), a DNS would require (at the considered Reynolds number) N xyz = 50 × 10 9 points whereas the approach used in the present work requires N xyz = 46 × 10 6 . As a consequence, avoid-ing solving some (or all) of the turbulent scales is a widely used alternative. Reynolds-Averaged Navier Stokes equations allow to solve the mean field and require a closure for the Reynolds stress term in the momentum equation. This is known as RANS approach. Another approach extensively used is the Large Eddy Simulation (LES) which aims at solving only the energetic scales, and modeling the dissipative (small) scales by means of a subgrid-scale model (SGS model). Nevertheless, in wall-bounded turbulent flows, the relaxation in the mesh size is not very important between Wall-Resolved LES (WRLES) and DNS (Deck et al. (2014a)). A bigger reduction of the computational effort may be obtained by modeling the near wall region using an approach called Wall-Modeled LES (WMLES) in contrast to WRLES. Such approach allows to decrease the number of points in the inner region of the boundary layer resulting in a significant lessening of the total number of points (Deck et al. (2014a); [START_REF] Piomelli | Wall-layer models for Large-Eddy Simulations[END_REF]). Indeed, according to Deck et al. (2014a), the number of points increases as N xyz ∼ Re 2.4 θ for a DNS, N xyz ∼ Re 2.17 θ for a WRLES and N xyz ∼ Re 1.17 θ for a WMLES, where Re θ is the Reynolds number based on the momentum thickness. In other words, higher Reynolds numbers at an affordable cost are achievable by means of WM-LES, compared to WRLES or DNS. Among the different methods of using WMLES (which are not discussed in this work), the mode 3 of the Zonal Detached Eddy Simulation approach (ZDES) is used in this study, which is a hybrid RANS/LES approach and it has been validated for zero-pressure-gradient turbulent boundary layers (Deck et al. (2014a)). Most studies related to pressure gradient boundary layers or turbulent boundary layer separation are made either experimentally or numerically using DNS or WR-LES [START_REF] Spalart | Experimental and numerical study of a turbulent boundary layer with pressure gradients[END_REF]; [START_REF] Skote | Direct numerical simulation of self-similar turbulent boundary layers in adverse pressure gradient conditions[END_REF]; [START_REF] Skote | Direct numerical simulation of a separated turbulent boundary layer[END_REF]; [START_REF] Cheng | Large-eddy simulation of separation and reattachment of a flat plate turbulent boundary layer[END_REF]; [START_REF] Kitsios | Direct numerical simulation of a self-similar adverse pressure gradient turbulent boundary layer at the verge of separation[END_REF]). However, due to the computational cost, numerical studies are in general limited in terms of Reynolds number. In the present work, a high-Reynolds number test-case is considered for pressure gradient effects on turbulent boundary layers. The Reynolds number is great enough to illustrate in terms of computational cost the interest of the ZDES mode 3, which is again proved in the results obtained.

This manuscript is structured as follows. First, the turbulence modeling techniques used are presented and in particular the ZDES mode 3 is detailed. Then the test-case devoted to the effects of pressure gradients is presented. And finally results are discussed, including spectral analysis of turbulence and the assessment of a scale-dependent convection velocity.

Turbulence modeling

RANS models

Several RANS models are considered in the present study, mainly the Spalart-Allmaras [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF]), the kω SST from [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF] (which are first order models) and the Reynolds Stress Model (RSM) SSG-LRR-ω [START_REF] Launder | Progress in the development of a reynolds-stress turbulence closure[END_REF]; [START_REF] Speziale | Modelling the pressure-strain correlation of turbulence: an invariant dynamical systems approach[END_REF]; [START_REF] Cécora | Differential Reynolds-Stress Modeling for Aeronautics[END_REF]). First order models add equations of transport for turbulent variables used to link the Reynolds stress tensor to the mean flow variables. This closure is in many cases (but not always) given by the Boussinesqs hypothesis which in an incompressible case writes:

-ρ u i u j = 2μ t S ij - 2 3 ρkδ ij , S ij = 1 2 ∂ u i ∂x j + ∂ u j ∂x i (1)
where • denotes Reynolds average, ρ is the density, u i is the i th component of the fluctuating velocity, μ t the eddy viscosity, k the turbulent kinetic energy and δ ij the Kronecker delta (tensor). In the case of second order models, the transport equation is considered for the Reynolds stresses and writes

∂ ∂t u i u j + u l ∂ ∂x l u i u j = P ij +R ij - ∂ ∂x l T lij -ε ij .
(2) Due to the symmetry of the Reynolds stress tensor, the additional number of equations to solve are one for each Reynolds stress (which makes 6) and an additional one for a given turbulent variable, which my be the turbulent kinetic energy disspiation ε or the specific dissipation rate ω [START_REF] Pope | Turbulent Flows[END_REF]). In equation ( 2), P ij is the production tensor, R ij is the pressure-rateof-strain tensor, T lij the Reynolds stress flux and ε ij the dissipation tensor.

ZDES mode 3

The Zonal Detached Eddy Simulation is a hybrid RANS/LES approach that allows to treat a given problem by means of three different operating modes depending on the flow configuration as described by [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF]. This approach has been developed since the early 2000s and it is described in the work of [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF]. Among the three modes, the mode 3 is used in the present study since it corresponds to a WMLES approach (although it may also be used for WRLES (Deck et al. (2014b))). A detailed description of the method is presented in the following.

The mode 3 of the ZDES uses the turbulence model of [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF]. In the inner part of the boundary layer, a RANS approach is performed whereas in the outer part and in the outside of the boundary layer a LES approach is used. The same turbulence model is used both for RANS and as a SGS model for LES. The separation between the RANS region and the LES region is given by an interface (in particular by its wall distance d int w ) which is explicitly provided by the user. The characteristic length of the turbulence model dIII ZDES , once the position of the interface defined, is given by

dIII ZDES = d w if d w < d int w min(d w , C DES Δ vol ) if d w ≥ d int w ( 3 
)
where C DES = 0.65 and

Δ vol = V 1/3 being V the cell volume.
Other slight modifications of the model are also made for a proper behavior and the reader may find them in [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF]. Besides, a recent improvement of the method has been made by Renard and Deck (2015b) which smoothens the binary transition from RANS to LES near the RANS/LES interface. A continuous function f δ between 0 and 1 with also continuous derivatives is included in the new expression of dIII ZDES :

dIII ZDES = (1 -f δ )•d w +f δ •min (d w , C DES Δ vol ) . (4)

Inflow boundary conditions and history effects

Numerical simulations in which turbulence is either partially or totally resolved, as in the case of ZDES mode 3, require unsteady boundary conditions. Among the several ways to introduce turbulence in a computational domain (see [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF]), the Synthetic Eddy Method (SEM) is considered in the present study. Briefly, this consists in injecting fluctuations to a mean flow that are intended to mimic turbulence. Since those fluctuations are not perfectly realistic, they require some amount of time (and therefore convection in the domain) until they become proper turbulence of the problem studied.

The behavior of SEM for studies of zero-pressuregradient turbulent boundary layers is very satisfactory [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF]). Despite the numerous studies of the effects of upstream perturbations on turbulent boundary layers, some discrepancies where found when it comes to adverse pressure gradient conditions that led the authors to a prior study in order to identify whether disturbances of the boundary layer in such conditions would eventually disappear or, contrary to that, increase (Vaquero et al. (2019b)). The results show that convergence to a reference state requires important distances of the order of 10 4 and 10 2 times the initial boundary layer thickness for laminar and turbulent boundary layers respectively. Besides, it was observed that for all of the favorable pressure gradient cases and the moderate adverse pressure gradient ones, convergence was always obtained. Therefore, this is a satisfactory result that allows to use the unsteady boundary conditions in the same way as for previous zero-pressure-gradient studies [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF]) since the possible defects of the inflow condition will gradually vanish after a sufficient convection distance.

Numerical methods

Different modeling approaches are used in this work, therefore different numerical methods are suitable. Differences are found between RANS simulations (either first or second order models) and ZDES simulations. Indeed the flow solved is intrinsically different between both approaches and the numerical methods suitable for one are not the same as those for the other. Besides, it must be pointed out that a different solver has been used for the kω SST and the RSM simulations although the same numerics are used than for the others RANS simulations.

In the case of RANS simulations, the finite volume method with Roes scheme is used for spatial discretization together with a MUSCL approach (Monotonic Upstream Scheme for Conservation Laws) for flux reconstruction at the cell faces. A pseudotemporal integration is done by virtue of an implicit Eulers scheme. Simulations with the Spalart-Allmaras model are made using the in-house ONERA solver FLU3M, and those using the kω SST model and the RSM model are made with the ONERA industrial solver elsA. In order to avoid uncertainty in the results obtained coming from the fact of using different solvers, comparisons between the two solvers using the Spalart-Allmaras model and the same numerical schemes have been made (not shown) giving a perfect agreement.

Regarding the ZDES approach, simulations are performed with the solver FLU3M. The definition of the numerical methods employed is slightly more complex. In fact, due to the zonal feature of the method, the ZDES mode 3 is considered only for the boundary layer of interest, which is the one developing over the bottom wall (in which experimental measurements have been recorded in the test-case [START_REF] Cuvier | Extensive characterisation of a high Reynolds number decelerating boundary layer using advanced optical metrology[END_REF])). At the top wall a full unsteady RANS approach (URANS) with the Spalart-Allmaras model is retained. Thus, modeling effects are only impacting the boundary layer of interest when comparing to full RANS simulations. Besides, this is the reason why in figure 3 turbulent structures in the schlieren contour are solely observable in the bottom-wall boundary layer. This illustrates the capacity of ZDES to focus only on the region of interest while resorting to RANS for the rest of the flow at a reduced computational cost, contrary to typical full WMLES strategies. In the (approximate) bottom half domain, where the ZDES mode 3 is applied, the spatial scheme is the AUSM + (P) (proposed by [START_REF] Liou | A sequel to AUSM: AUSM+[END_REF] and modified as in [START_REF] Mary | Large eddy simulation of flow around an airfoil near stall[END_REF] for dissipation reduc-tion purposes). In the upper domain, the AUSM + (P) scheme is employed (without the modification of [START_REF] Mary | Large eddy simulation of flow around an airfoil near stall[END_REF], contrary to Roes scheme used in full RANS simulations. The reason for this change is based on numerical schemes compatibility between the ZDES mode 3 region and the RANS region in that simulation.

3 Effects of pressure gradients on turbulent boundary layers: description of the problem studied

The experimental work of [START_REF] Cuvier | Extensive characterisation of a high Reynolds number decelerating boundary layer using advanced optical metrology[END_REF] (for the lowest free stream velocity) has been chosen for numerical reproduction due to several aspects. On the one hand, the Reynolds number of the problem is representative of applied aerodynamics problems where hybrid RANS/LES approaches are suitable because the numerical effort for a DNS or WRLES would be excessive. Indeed, reaching this Reynolds number of Re θ ≈ 13000 (where θ is the boundary layer momentum thickness) would require 50×10 9 and 3×10 9 grid points respectively for DNS and WRLES. In the case of ZDES mode 3 instead, the number of mesh points is significantly reduced down to 46×10 6 (around a thousand and a hundred times less points). Given the computational cost of such simulations, some decisions have been made to decrease the number of points as much as possible. In particular, the side-walls boundary layers are not solved (and periodicity is imposed in the span boundaries) but their contraction effect (which is non-negligible due to the size of the boundary layer with respect to the span of the wind tunnel) is taken into account by means of a modification of the top wall geometry as detailed in Vaquero et al. (2019a).

A view of the computational domain for the ZDES simulation is presented in figure 1 in which the flow goes from left to right and the mesh resolution is taken as Δx + = 200, Δz + = 100 and Δy + w = 1 (the symbol '+'refers to viscous scales). In the case of the RANS simulations, the mesh spacings are the same and the only difference is that the inlet of the domain is placed farther upstream. More precisely, for the latter the inlet is placed at x/L = -2.01 whereas in the ZDES computation it is placed at x/L = 6.6, where L is the real height of the wind tunnel. It is reminded that for the ZDES simulation, unsteady boundary conditions (SEM) are used which already give a boundary layer profile at the inlet and therefore this allows to place the inlet farther downstream than in RANS computations where boundary layer develops from an uniform inlet boundary condition. Besides, the SEM requires a boundary layer profile which is obtained from the RANS computations, which is the reason why the computational domain is longer in RANS computations. It is also specified that a dynamic forcing method is used to reduce the relaxation length of fluctuations injected by the SEM [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF]; 2011)). For the ZDES simulation, the RANS/LES interface is placed so that d int w = 0.1δ where δ is the boundary layer thickness defined as u (y=δ) = 0.99U e , being U e the external streamwise velocity.

Results

Instantaneous field

The instantaneous field obtained from the ZDES mode 3 simulation is presented at first. Figure 1 shows an isosurface of Q-criterion together with a numerical schlieren (norm of density gradient). As observed in this figure, an important part of turbulence in the boundary layer is resolved and the hairpin type structure is observable which is a typical structure found in turbulent boundary layers [START_REF] Head | New aspects of turbulent boundary-layer structure[END_REF]). As already mentioned in a previous section, the schlieren contours do not show any turbulent fluctuation in the upper boundary layer due to the zonal feature of the ZDES approach allowing to use a full RANS model for this boundary layer. However, a smooth gradient is still observable resulting from temperature increase as a consequence of friction losses.

Mean field

Profiles of the mean velocity and the Reynolds shear stress are presented in figures 2 and 3 for all the models considered (Spalart-Allmaras, kω SST, SSG-LRR-ω and ZDES mode 3) at x/L = 10.73. This station is placed right upstream of the favorablepressure-gradient flat plate and it is chosen due to the unusual shape of the profiles compared to zeropressure-gradient ones. Indeed, the experimental data shows a velocity excess in the mean velocity profile at y = 0.15δ as well as an external peak in the Reynolds shear stress profile. It is observed that, among the models presented, the Spalart-Allmaras is the least accurate the most and is not able to reproduce the external peak. Better results, yet perfectible, are given by the kω SST model which also misses the external peak. The RSM model is more accurate in the mean velocity profile and it is able to predict the external peak of the Reynolds shear stress, however the shape of this profile as well as its levels are more accurately represented by the ZDES mode 3. More profiles at different stations are provided in Vaquero et al. (2019a).

Spectral assessment of Reynolds stresses

The satisfactory results from the ZDES mode 3 at the station presented in the previous section together with the feature of resolving part of the turbulence have encouraged to perform a spectral analysis of turbulence at that same station. The power spectral density (PSD) of the streamwise velocity fluctuation and the premultiplied co-spectrum of the Reynolds shear stress normalized as in equations ( 5) and ( 6) are given in figures 4 and 5. It is interesting to notice a second region of energetic content in the streamwise velocity which is significantly more noticeable in the Reynolds shear stress and whose location corresponds to that of the external peak of the Reynolds shear stress profiles. This energy is associated to structures of about 2δ to 3δ long and therefore these structures are likely responsible for these unusual features found in the mean velocity profile and the Reynolds shear stress profiles.

u 2 = +∞ -∞ k x G uu (k x )d (ln(k x )) (5) u v = +∞ -∞ k x G uv (k x )d (ln(k x )) (6) 
Evidence of two separated turbulent sites The previous spectral analysis has allowed to identify that turbulent structures of wavelength λ x between 2δ and 3δ strongly contribute to the dynamics of the outer peak observed in the Reynolds shear stress profile. In order to try to better comprehend the mechanisms underlying this peak, the convection velocity of u dependent on the frequency, U c (f ), is plotted in figure 6, normalized by the mean velocity u . U c (f ) is computed according to the work of Renard and Deck (2015a), and it provides a convection velocity at each position of the boundary layer for the different turbulent scales involved, since Taylor's hypothesis allows to link the frequency of the signal f and the wavelength λ x . As observed in figure 6, the convection velocity close to the wall is in overall significantly greater than the local mean velocity, which is in accordance with the results of Renard and Deck (2015a). Besides, Renard and Deck (2015a) found that near the three energetic sites in the PSD of u 2 , the convection velocity was quite close to the local mean velocity (analogy with the critical layer stability concept). Such a result is also observed in figure 6 for both the inner (d w ≈ 0.05δ) and outer (d w ≈ 0.4δ) sites of G uu obtained with ZDES mode 3. Therefore, the outer site observed in figures 4, 5 and 6, and responsible for the outer peak in the Reynolds shear stress, is a separated energetic site from the inner one, the latter being very close to the peak observed in zero-pressure-gradient turbulent boundary layers (see Deck et al. (2014a)). Moreover, the convection velocity of the outer site is about 1.5 times greater than that of the inner site.

Conclusion

A test-case is presented in this work for the assessment of ZDES mode 3 in pressure gradient conditions. A modification of the top wall is performed in order to take into account the confinement effects of side walls boundary layers in the mean flow as done in Vaquero et al. (2019a). Thus, a better agreement of the pressure coefficient with experimental data is achieved. The results from test-case points out the relevance of ZDES mode 3 compared with RANS. Despite a greater numerical cost, resolving part of the turbulence allows to capture more physics of the flow therefore having a more reliable prediction of it at the presented station. Besides, spectral analysis of turbulence is achievable which gives the possibility for more in depth turbulence studies. In particular in this case, the unusual features observed in the profiles of mean velocity and Reynolds shear stress have been related to turbulent structures of streamwise length from 2 to 3 times the boundary layer thickness. Besides, the assessment of the scale-dependent local convection velocity has permitted to identify that the structures linked to the outer peak compose a separated energy site in the outer part of the boundary layer, and they are convected significantly faster than structures belonging to the inner site.
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 1 Figure 1: Isosurface of the Q-criterion for Q = 0.14 (U0/δ0) 2 together with numerical schlieren contours.
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 2 Figure 2: Profiles of mean velocity at x/L = 10.73.
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 3 Figure 3: Profiles of Reynolds shear stress (right) at x/L = 10.73.
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 4 Figure 4: Premultiplied power spectral density (PSD) of streamwise velocity fluctuations kxGuu/u 2 τ . Dashed lines correspond to the position of the RANS/LES interface.
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 5 Figure 5: Premultiplied co-spectrum of the Reynolds shear stress kxGuv/u 2 τ . Black contours represent kxGuu/u 2 τ . Dashed lines correspond to the position of the RANS/LES interface.

Figure 6 :

 6 Figure 6: Local frequency-dependent convection velocity normalised by the local mean velocity. Purple contours: loci of Uc(f ) = u . Black contours: kxGuu/u 2 τ . Dashed lines correspond to the position of the RANS/LES interface.
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