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I. INTRODUCTION

Many research works have been devoted to the turbulent boundary layer with a zero pressure gradient (ZPG). However, in most engineering applications, turbulent boundary layers are under pressure-gradient effects which may significantly modify the dynamics of turbulence as well as the dynamics of the entire flow (for instance in the case of boundary layer separation induced by a pressure gradient). Therefore the interest of the effects of pressure gradients on turbulent boundary layers may be considered twofold. From an application point of view, pressure gradients are directly linked to performance limits of engineering devices and from a more fundamental point of view, the dynamics of turbulence is altered by the effects of a pressure gradient.

Numerous studies have analyzed pressure gradient effects on turbulent boundary layers experimentally. In Ref. 1 the boundary layer is subjected to a moderate pressure gradient at low Reynolds numbers which are kept low enough to perform a Direct Numerical Simulation (DNS) for comparison. Boundary layer parameters as well as boundary layer profiles and momentum balances are given showing the effects of an adverse pressure gradient (APG). In APG conditions, the shape factor tends to increase since the wake region of the boundary layer profile is enlarged.

The inner-scaled profiles of Reynolds stresses show greater values in the outer part compared to profiles of ZPG turbulent boundary layer, which suggests higher turbulent energy in the outer part of the boundary layer. Similar results are presented in Ref. 2 for boundary layer at high Reynolds numbers (Re θ from 2.5 × 10 4 to 5.4 × 10 4 ) and stronger pressure gradient in near-equilibrium conditions (as defined in Clauser [START_REF] Clauser | Turbulent boundary layers in adverse pressure gradients[END_REF] ). The production of u 2 (notation • refers to Reynolds-averaged quantities) shows an outer peak near the middle of the boundary layer associated to the higher mean velocity gradient in this region (the wake region is enlarged by the APG) and the higher levels of u v in the outer part compared to ZPG, where u and v are the velocity fluctuations in the streamwise and wall-normal directions respectively. Higher order statistics are also given with momentum statistics of order 3 for the mentioned study. Identification of the turbulent structures contributing to the mean streamwise fluctuating velocity is presented in Ref. 4 in a parametric study of turbulent boundary layers under moderate pressure gradients. Again high order statistics are presented and the effect of the Reynolds number and the pressure gradient on the shape factor are separated concluding that the first one tends to decrease the shape factor as in ZPG conditions and the second one tends to increase it for APG (for the range of Reynolds number and pressure gradient parameter values considered in the study). Boundary-layer turbulent structures are also size and spatial distribution.

One of the main difficulties in experimental studies is to ensure that the mean flow is twodimensional in the symmetry plane which is important for both turbulence modeling and numerical simulation of the experimental problem. At the corners of wind tunnel walls, secondary flows of the second kind may develop [START_REF] Bradshaw | Turbulence[END_REF] and impact the mean flow. Such effect can lead to a mean flow that develops differently than expected [START_REF] Skåre | A turbulent equilibrium boundary layer near separation[END_REF][START_REF] Maciel | A study of a separated turbulent boundary layer in stalled-airfoil-type flow conditions[END_REF][START_REF] Gorton | Flow control device evaluation for an internal flow with an adverse pressure gradient[END_REF][START_REF] Simmons | Smooth body flow separation experiments and their surface flow topology characterization[END_REF] . In Ref. 11 those corner flows are analyzed and it is shown that they do not significantly impact the mean flow in the center plane of the wind tunnel thanks in part to its long span and therefore the two-dimensionality of the mean flow is preserved in the symmetry plane. From a setting-up point of view, the experiment performed in Ref. 11 is of particular interest and it has been chosen to be reproduced in the present study by means of numerical simulations. Moreover, the range of Reynolds numbers considered is very interesting as well since it is not as great as for instance in Ref. 2 but it is high enough to make it appealing for studies concerning numerical simulations by means of turbulence resolving methods (especially for Wall-Modeled Large Eddy Simulation, WMLES). In addition, the boundary layer develops over a long distance (of about 20 m) which, together with the APG, results in boundary layers whose thicknesses reach almost 30 cm thus allowing for easier near wall measurements. Finally, another key point of Ref. 11 is the exhaustive database of the boundary layer available from the experiment.

On the numerical side, most of the works regarding pressure gradients in turbulent boundary layers have been carried out by means of DNS. Comparisons between an experiment and a DNS are made in Ref. 1 for boundary layer parameters and profiles as well as momentum balance. The same kind of analysis for near-equilibrium pressure-gradient turbulent boundary layers is made in Ref. 12 and 13, the latter giving also budgets of Reynolds stresses. Further analysis of turbulent structures in APG turbulent boundary layers in near-equilibrium conditions can be found in Ref.

14-19 by means of correlation techniques or turbulence spectral analysis. These studies focus on physics of turbulence in pressure gradient conditions at moderate Reynolds numbers because of the use of DNS. However, specificities of turbulence at high Reynolds numbers are expected as it is the case in more canonical wall-bounded flows [START_REF] Smits | High Reynolds number wall turbulence[END_REF] . Besides, in most engineering applications, the Reynolds number is considerably greater than that of the DNS mentioned (Re θ ∼ 1000 for most of the mentioned references). Solving all the turbulent structures of a turbulent flow by means of DNS is possible for flows Advanced simulations of turbulent boundary layers under pressure-gradient conditions whose characteristic Reynolds number is low or moderate but it becomes unaffordable for high-Reynolds-number flows. The same problem applies for the Wall-Resolved Large Eddy Simulation approach (WRLES). The cost of numerical simulations of turbulent flows increases with the Reynolds number. For wall bounded turbulent flows, there are several estimations of the computational effort (in number of grid points) as a function of the Reynolds number based on the momentum thickness θ defined as Re θ = U ∞ θ ν where ν is the kinematic viscosity (ratio of dynamic viscosity µ and density ρ). As estimated in Ref. for WMLES. The trends for DNS and WRLES are quite close whereas the increase of computational cost with the Reynolds number is significantly slower in the case of WMLES. In Ref. 22, the cost of numerical simulation of turbulent boundary layers is evaluated for a WRLES as a function of Re δ (the Reynolds number based on the boundary layer thickness δ ). It is stated that for Re δ ∼ 10 4 more than 50% of the computational effort is employed for the inner layer of the boundary layer (defined in Ref. 22 as y < 0.1δ ). That fraction increases up to 99% for Re δ ∼ 10 5 -10 6 . It is thus evidenced the interest of the WMLES approach for turbulence resolving simulations at high Reynolds number, since the computational effort is significantly reduced when using this approach due to the reduction of the number of points in the inner part of the boundary layer.

For the test-case of the present paper, the mesh criteria are those corresponding to a WMLES [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Renard | Recent improvements in the formulation of mode III of ZDES (Zonal Detached Eddy Simulation) for WMLES use at Re θ > 10 4[END_REF] (Sec. II C 1). The mesh for the WMLES type simulation is made of almost 46 million points. According to typical DNS criteria 24 , a DNS of the same case would require about 5 × 10 10 points which is more than a thousand times greater. For a WRLES, the number of grid points would be around 3 × 10 9 , which is just about 10 times lower than DNS in accordance with Ref. 25 in which WRLES is referred to as QDNS (Quasi-Direct Numerical Simulation). This is an example of the huge difference of computational effort between DNS and WRLES with respect to WMLES, confirming again the interest of WMLES for high Reynolds number computations. In addition, to the authors' best knowledge, the present study is a first since there have not been previous studies of attached boundary layers in pressure gradient conditions simulated by means of WMLES using hybrid RANS/LES methods (RANS stands for Reynolds-averaged Navier Stokes and LES for Large Eddy Simulation.). Besides, these methods allow to solve part of the boundary layer in RANS which is very appealing for the industry and they are relatively simple compared to more complex methods as the one presented in Ref. 26. Hybrid RANS/LES methods have already been used as WMLES approach in boundary layer separation studies [START_REF] Piomelli | Wall-layer models for Large-Eddy Simulations[END_REF] . This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. solving turbulence structures, which results in much coarser meshes and therefore in a huge reduction of the computational effort even compared to WMLES. There are however some important shortcomings to be considered when using the RANS approach. The first one is the lack of information from the fluctuating field, which for some applications is essential for instance in aeroacoustics or for unsteady loading prediction. Also, in the work presented in Ref. 27 or 28 the dynamics of the shear layer in the separated region is strongly influenced by the structures of the upstream boundary layer. This kind of information is unavailable in RANS simulations and this may be one of the reasons why RANS simulations struggle to properly predict boundary layer separation [START_REF] Wilcox | Turbulence modeling for CFD[END_REF][START_REF] Radhakrishnan | Reynolds-averaged and largeeddy simulations of turbulent non-equilibrium flows[END_REF] . The second shortcoming is related to the Reynolds stress in RANS equations. This term appears when applying the Reynolds average to the Navier-Stokes equations and it requires turbulence models [START_REF] Wilcox | Turbulence modeling for CFD[END_REF][START_REF] Pope | Turbulent Flows[END_REF] (either for eddy viscosity approaches or Reynolds Stress Models (RSM) approaches). When simulating turbulent boundary layers in pressure gradient conditions, the mentioned turbulence models give less satisfactory results [START_REF] Wilcox | Turbulence modeling for CFD[END_REF] (as it will be confirmed in the present work) than in the case of more canonical flows as for instance in a ZPG turbulent boundary layer. Indeed, according to Ref. 32 a good prediction of some kind of flows would require tuning the model especially for these, and it is not clear that there will be a generally-applicable way of improving RANS models. Hence, although the RANS approach allows for a strong reduction of the computational effort, its lack of information on fluctuating quantities and the difficulty to improve its accuracy in the prediction of pressure gradient effects on turbulent boundary layers makes turbulence resolving approaches of huge interest.
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The present paper is structured as follows. The experimental facility of the chosen test-case, together with the different turbulence modeling approaches considered and the numerical solvers and setup are described in Sec. II. The test-case requires some geometry modifications for a proper statistically two-dimensional simulation of the problem, which are presented in Sec. III.

Results from the numerical simulations are discussed in Sec. IV including instantaneous fields, Reynolds-averaged data and spectral analysis of turbulence. Finally, conclusions are given in Sec.

V.

II. COMPUTATIONAL DESCRIPTION

A. The LMFL wind tunnel configuration

The experiment of Ref. Besides the extensive database and the high Reynolds numbers reached by this experiment, other aspects have also been considered by Ref. 11 in order to make their experimental work very suitable for its reproduction in numerical simulations. Indeed, one of the main difficulties is associated with streamwise corner vortices and the two-dimensional character of the flow. There are some experimental works for which it is not completely clear whether the flow can be considered as two-dimensional in the symmetry plane due to the mentioned corner flows. Such vortices have been measured in Ref. 11 and their size compared to the span size of the LMFL wind tunnel allows for a two-dimensional flow in the center plane (and in most of the span of the wind tunnel), as shown in their work.

The pressure gradient results from a specific geometry of the bottom wall which includes two angled flat plates at 1.5 • and -5.0 • for the favorable pressure gradient (FPG) and adverse pressure gradient (APG) regions respectively (see Fig. 1 for a sketch of the wind tunnel test section). In order to trigger turbulence in the boundary layer a rod is placed at the entry of the test section. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. and a boundary layer thickness close to 0.3L (it is recalled that L is the height of the test section at its entry which is L = 1 m).
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B. Advanced turbulence modeling

In this work, different approaches for turbulence modeling are considered. Those may be classified in two groups that are briefly described in the following: the RANS approach and the ZDES approach.

RANS approach

The RANS approach solves the Reynolds-averaged equations with a closure for the Reynolds stress u i u j for which different strategies exist. In the present paper, two eddy viscosity models and two RSM models (Reynolds Stress Model) are considered. The idea of the eddy viscosity models is to find a relation between the Reynolds stress and the mean field through turbulence variables [START_REF] Wilcox | Turbulence modeling for CFD[END_REF][START_REF] Pope | Turbulent Flows[END_REF] . Such relation is frequently given by the Boussinesq's hypothesis and the introduction of the eddy viscosity µ t :

-ρ u i u j = 2µ t S i j -2 3 ρkδ i j , S i j = 1 2

∂ u i ∂ x j + ∂ u j ∂ x i ( 1 
)
where k is the turbulent kinetic energy and δ i j the Kronecker delta (tensor). The closure in equation (1) is given in incompressible form since in the present work the flow may be considered incompressible. More precisely, in the present study the eddy viscosity models considered are the equation for the eddy viscosity itself whereas the second one uses two transport equations, one for the turbulent kinetic energy k and another for ω (which is the specific dissipation rate of k) and a relation between k, ω and µ t is also used.

In the case of RSM models, the closure for the Reynolds stresses consists in solving the transport equations for the Reynolds stresses. An additional transport equation is required for a turbulent quantity which can be the turbulent kinetic energy dissipation ε or the specific dissipation rate ω for instance [START_REF] Pope | Turbulent Flows[END_REF] . The transport equation for the Reynolds stresses is [START_REF] Pope | Turbulent Flows[END_REF] :

∂ ∂t u i u j + u l ∂ ∂ x l u i u j = P i j + R i j - ∂ ∂ x l T li j -ε i j . ( 2 
)
where P i j is the production tensor, R i j the pressure-rate-of-strain tensor, T li j the Reynolds-stress flux and ε i j the dissipation tensor. Due to the symmetry of the Reynolds stress tensor, 7 additional transport equations are solved when using this closure (including the equation for the turbulent variable). The known variables are the mean flow variables as well as the Reynolds stresses and the chosen turbulent quantity for the seventh transport equation. Hence, the only term on the right-hand side of equation ( 2) in closed form is P i j , and so modeling is required for the other terms. Regarding this closure, in the present work two models have been considered: the 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] and the SSG-ω modified version by Ref. 38, which will be called SSG-ω Aup. in the following.

ZDES approach as WMLES

The other approach for turbulence modeling used in the present work is the Zonal Detached Eddy Simulation [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF] (ZDES) which is a hybrid RANS/LES method that allows the user to choose between three different operating modes depending on the flow studied as illustrated in Fig 2 . To briefly present the different modes, when using the first two modes, the whole attached boundary layer is treated in RANS approach, whereas in mode 3 the inner part of the boundary layer is treated in RANS and the outer part in LES whereas the separation between both parts is given by a RANS/LES interface defined by the user. This mode is the one used in the present work and corresponds to a WMLES approach [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF][START_REF] Renard | Improvements in Zonal Detached Eddy Simulation for Wall Modeled Large Eddy Simulation[END_REF] . The Spalart-Allmaras turbulence model is both used as a turbulence model for the RANS branch and as a sub-grid scale model (SGS model) for the LES branch [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF][START_REF] Spalart | Comments on the feasibility of LES for wings, and on a hybrid RANS/LES approach[END_REF][START_REF] Sagaut | Multiscale and Multiresolution Approaches in Turbulence[END_REF] . It is important to mention that ZDES also allows to perform WRLES as done in Ref. 43.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. . The modified wall distance dIII ZDES used in the Spalart-Allmaras equation for this mode is given as follows [START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF] :
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dIII ZDES =    d w if d w < d interface w min(d w ,C DES ∆ vol ) if d w ≥ d interface w ( 3 
)
where C DES = 0.65, d w is the wall distance, 

∆ vol = V
f v1 = 1, f v2 = 0, f w = 1. (4) 
These allow for a better RANS to LES interfacing (see Ref. 

dIII ZDES = (1 -f δ ) • d w + f δ • min (d w ,C DES ∆ vol ) (5) 
and the functions modified in (4):

f III v1 = (1 -f δ ) • f v1 + f δ f III v2 = (1 -f δ ) • f v2 f III w = (1 -f δ ) • f w + f δ (6) 9 
This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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The main advantages of the ZDES mode 3 is its cost reduction of turbulence simulation compared to other turbulence resolving approaches as DNS or WRLES and the capability to simultaneously use the RANS approach in other regions of the flow where resolved turbulence is not needed (contrary to non zonal WMLES approaches). This has allowed to perform numerical computations at high Reynolds numbers (as in Ref. 21) that are usually not affordable with DNS or WRLES. Besides, the ZDES mode 3 has been validated for ZPG turbulent boundary layers at high Reynolds numbers [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF] .

C. Numerical methods

Numerical solvers and setup

The simulations that are presented have been obtained using two different solvers. In particular, the RANS simulations with the Spalart-Allmaras model (2D and 3D with Quadratic Constitutive Relation (QCR) for the closure as presented in Sec. III C) and the ZDES simulation have been performed with the solver FLU3M developed at ONERA, which has been used in other studies concerning ZDES [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Deck | Recent improvements in the Zonal Detached Eddy Simulation (ZDES) formulation[END_REF][START_REF] Deck | Large-scale contribution to mean wall shear stress in high-Reynolds-number flat-plate boundary layers up to Re θ = 13650[END_REF][START_REF] Deck | Numerical simulation of transonic buffet over a supercritical airfoil[END_REF][START_REF] Deck | Zonal-detached-eddy simulation of the flow around a high-lift configuration[END_REF][START_REF] Deck | Zonal Detached Eddy Simulation of a spatially developing flat plate turbulent boundary layer[END_REF][START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF][START_REF] Renard | On the WMLES use of ZDES in compressible flows[END_REF] . For the other computations (RANS simulations with the kω SST model and the two RSM models), the solver elsA 49 has been used. The numerics employed in both solvers are quite similar.

The finite volume method is used in all the simulations of the present work. The numerical schemes considered are the same for all RANS computations, and comparisons of solutions with the Spalart-Allmaras model between both solvers have shown an excellent agreement thus eliminating any solver dependence in the results. Roe's scheme is used for spatial discretization together with a MUSCL (Monotonoic Upstream Scheme for Conservation Laws) approach for fluxes reconstruction at the cell faces and the pseudo temporal integration is done by means of an implicit Euler's scheme.

Regarding the ZDES computation, the definition of the numerical schemes used is more complex. In fact, the boundary layer of interest is the one located on the bottom wall since it is the one for which experimental measurements have been made in Ref. It is important to mention that the top wall geometry is modified with respect to that of the experimental facility so that the effect of the side walls boundary layers is considered in a statistically-two dimensional simulation. The reason as well as the procedure for such a modification and its validation are thoroughly presented in Sec. III.

In order to quantify the effect of the numerical scheme in RANS simulations, comparisons between full RANS simulations using either Roe's scheme or the AUSM+(P) and the same turbulence model have been made and they have shown an excellent agreement so the use of the AUSM+(P) in the upper boundary layer is not expected to be a source of error.

Regarding the temporal integration in the ZDES simulation, a second order implicit Gear's scheme is applied. The time step is ∆t = 3.08 × 10 -6 s which is chosen such that the acoustic CFL is not greater than 13 at any point of the domain at any time. Besides, the value of the time step gives ∆t + < 0. RANS computation, the same criterion for the side wall is used so ∆z + | w = 1. The ZDES mode 3 computation is three-dimensional (although statistically two-dimensional) because part of the turbulence is directly resolved. For this one it is taken ∆z + = 100 and L z ≈ 4δ max (and at the inlet L z ≈ 8δ 0 , with δ 0 = 0.121L) which are classical criteria for simulations using this method [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF] and in particular in the present case we have L z = 0.96L since δ max = 0.231L [START_REF] Cuvier | Direct numerical simulation of self-similar turbulent boundary layers in adverse pressure gradient conditions[END_REF] . The mesh for the ZDES simulations has 46 million cells (N x = 1050, N y = 273 and N z = 160), much less than the 3000 million cells that a WRLES would require. This is an important point since it is already a significant mesh size and the span is not even half of the real span of the wind tunnel. Besides, if the lateral boundary layers were simulated, the spanwise distribution of mesh points would not be uniform, but it would concentrate points inside the boundary layers. This justifies all the effort made to avoid solving the lateral boundary layers by modifying the shape of the top wall.

The computational domain shown in Fig. 3 and4 corresponds to that of the ZDES simulation which starts at x/L = 6.6 and ends at x/L = 20.11. A longer computational domain is considered for the RANS simulations which starts at x/L = -2.01 from a stagnation point for all of them (the outlet location is maintained). The shorter domain is chosen in Fig. 3 and4 for clarity. The reason why the ZDES computational domain is shorter in the streamwise direction is the need to set the inlet in a fully turbulent region at a sufficient Reynolds number, which also reduces computational effort. As mentioned, the simulation is three-dimensional since most of the turbulent scales in the outer layer are resolved. However, for the turbulent inflow condition required for this simulation (see Sec. II C 2) a boundary layer profile of a RANS solution is needed. This one is obtained from the RANS simulation with the Spalart-Allmaras turbulence model, since it is the underlying model in the ZDES approach, and therefore RANS simulations require an inlet farther upstream This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Another important point concerning the numerical setup is a modification of the flow conditions with respect to the experiment that has been made for numerical purposes. The experimental Mach number (for the U ∞ = 5 m/s case) is about 0.015 which is not appropriate for a compressible solver without preconditioner as it is the case of the solver FLU3M. The Mach number in the simulations has been increased keeping the same temperature, streamwise momentum (ρ ∞ U ∞ ) and spatial dimensions as in the experiment so that the Reynolds number is unchanged. Besides, the maximum Mach number in the simulations has been kept below 0.2 in order to maintain the quasi-incompressible feature of the flow. Finally, the inflow uniform conditions for all the RANS simulations (for which the inlet is at x 0 /L = -2.01) are p 0 = 11716 Pa, T 0 = 293 K and U 0 = 43.5 m/s. For the ZDES simulation, the inlet being at x 0 /L = 6.6, the inflow conditions are slightly different due to the blockage effects from the boundary layers development. The inflow conditions are p 0 = 11700 Pa, T 0 = 293 K and U 0 = 45.9 m/s with an inlet Reynolds number of Re θ = 4616.
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For the ZDES simulation, a transient phase is required after which the collection of statistics starts, and it is performed over a duration of about 362δ 0 /U 0 . The total simulation (including the transient phase) requires 1.5 × 10 5 CPU hours in 196 processors.

Turbulent inflow condition for ZDES

Since the ZDES mode 3 corresponds to a WMLES approach, turbulent structures are resolved in the LES region (defined by the RANS/LES interface). Inflow turbulent conditions are thus necessary for this kind of simulations. Among the different techniques for dealing with inflow turbulent conditions [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 used in the present work. The main idea is to introduce fluctuations superimposed to the mean field that are supposed to mimic the 13 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 
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RANS/LES interface for the ZDES mode 3 computation

In the WMLES approach of the ZDES (mode 3), the separation between the RANS and the LES regions is given by an interface whose law is specified by the user. Several works have dealt with the interface positioning and the effect of different interface laws [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Renard | Improvements in Zonal Detached Eddy Simulation for Wall Modeled Large Eddy Simulation[END_REF][START_REF] Deck | Zonal Detached Eddy Simulation of a spatially developing flat plate turbulent boundary layer[END_REF][START_REF] Renard | On the WMLES use of ZDES in compressible flows[END_REF][START_REF] Renard | On the interface positioning in a Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer[END_REF][START_REF] Renard | On the convection velocity of wall-bounded turbulence resolved by ZDES mode III at Re θ = 13000[END_REF] . Very satisfactory results have been obtained in the case of a high-Reynolds-number turbulent boundary layer at zero pessure gradient in quasi-incompressible conditions [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Renard | Improvements in Zonal Detached Eddy Simulation for Wall Modeled Large Eddy Simulation[END_REF][START_REF] Renard | On the interface positioning in a Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer[END_REF] for the interface law d int = 0.1δ . Therefore in the present computation the same law is used.

It is important to detail how the boundary layer thickness is computed. Indeed, in the present case, due to the curvature and pressure gradient effects, velocity profiles outside of the boundary layer are not always uniform. For that reason, following the suggestion of Ref. 1 the spanwise vorticity is used to define the edge of the boundary layer. However, contrary to Ref. 1, the whole spanwise vorticity is considered instead of using the boundary layer approximation ω z ≈ -∂ u /∂ y (where ω z denotes the mean spanwise vorticity). The idea is to define the edge of the boundary layer when the local mean spanwise vorticity (in the wall-normal direction) is below a given threshold (about 10 -4 ) of the mean spanwise vorticity at the wall. The velocity at that point is taken as the external velocity U e (x) and then the boundary layer thickness is obtained from its classical definition: u | y=δ (x) (x) = 0.99U e (x).

III. DESIGN OF A TWO-DIMENSIONAL TEST-CASE

A. Lateral contraction

Although an important effort has been made in Ref. 11 to ensure the two-dimensional character of the mean flow in the symmetry plane, it is not possible to properly reproduce the experiment by measurements show that the boundary layer in the bottom wall is quite thick (reaching almost 0.3L) and so it is expected that similar thicknesses are reached by the boundary layers developing over the side walls of the LMFL wind tunnel. The development of boundary layers over the walls results in a blockage effect that tends to accelerate the flow. This effect is better quantified by the displacement thickness δ 1 of the boundary layers, which in the experiment reaches 0.0587L in the bottom wall. If one assumes to have the same displacement thickness for the lateral boundary layers, these would represent more than 5% of the wind tunnel span and therefore the blockage effect will be non-negligible. This has been verified in the evolution of the pressure coefficient C p at both the top and bottom walls when performing a pure 2D simulation where a slower pressure drop in FPG regions was observed together with a faster pressure rise in APG regions compared to the experiment.

The simplest and most direct way to deal with this issue would be to perform three-dimensional simulations taking into account the full three-dimensional geometry of the LMFL wind tunnel.

However, ZDES simulations with the mode 3 (Ref. 39) are carried out in the present study. Solving the three-dimensional problem with this method would result in a huge computational effort even if this method is known to significantly reduce it compared to other turbulence resolving methods such as WRLES and DNS [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF] . Moreover a statistically 2D test case is more relevant for the efficient analysis of the flow statistics.The alternative proposed consists in modifying the top wall geometry in order to take into account the blockage effect due to the boundary layers developing on the side walls of the wind tunnel without simulating these boundary layers. Only the top wall is modified since the measurements in Ref. 11 are made for the boundary layer on the bottom wall.

B. Top wall geometry modification

The objective is to modify the geometry of the top wall such that the potential flow seen by the bottom-wall boundary layer in the symmetry plane (according to the boundary layer hypothesis [START_REF] Cousteix | Turbulence et couche limite[END_REF] remains close between the three-dimensional case and the two-dimensional case with geometry modification. This idea is illustrated in Fig. 5 where the (transverse) area outside the displacement thicknesses is called the effective area and it is supposed to be crossed by a potential flow (under the boundary layer hypothesis). The (incompressible) displacement thickness, δ 1 , of the boundary Advanced simulations of turbulent boundary layers under pressure-gradient conditions layer is defined as follows:

δ 1 = ∞ 0 1 - u U e dy (7) 
being y the wall normal direction increasing away from the wall and U e the external velocity.

In addition, two extra hypothesis are considered. It is first assumed that the displacement thicknesses of the lateral boundary layers are similar to that of the top wall boundary layer (for the same streamwise position). The law sought for the top wall geometry should give the same effective area keeping the same span as in the case where the lateral boundary layers are considered and the top wall is flat. A scheme of the distances used is given in Fig. 5 and6. By calling L ye and L ze the effective lengths of the potential flow region at a given position x in y and z directions respectively and according to the mentioned hypothesis, it is obtained:

L ye2 × L ze2 = L ye1 × L ze1 L ye1 × (L zt -2δ 1top1 ) ≈L ze1 . (8) 
The subscript '1' corresponds to the variables for the case of flat top wall, the subscript '2' corresponds to variables in the case where the top wall is changed and the subscript t to the total lengths. For the second hypothesis, it is considered that at a given position x the displacement thicknesses of the top and bottom wall boundary layers are not modified between the old and the new geometry of the top wall, so in the following development it is used δ 1top2 = δ 1top1 = δ 1top and δ 1bot2 = δ 1bot1 = δ 1bot . This hypothesis is strong, however it is expected that variations are not very important and thus the law sought can be expressed only as a function of known parameters.

It would however require some iteration in the law obtained as it will be shown later. Besides, it is demanded that L ze2 = L zt which gives from (8):

L ye2 = 1 - 2δ 1top L zt L ye1 . (9) 
In addition, one may write:

L yei = L i -y w -δ 1top -δ 1bot (10) 
for i = 1, 2, so (with

L yt1 = L ye1 + δ 1top + δ 1bot ) L 2 = y w + L yt1 - 2δ 1top L zt L ye1 . (11) 
Knowing that

L 1 = y w + L yt1 = L (12)
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L 2 (x) =L 1 - 2δ 1top (x) L zt + y w (x) + δ 1bot (x) + δ 1top (x) 2δ 1top (x) L zt . (13) 
As already mentioned, the second hypothesis made is strong and small differences are observed 17
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Advanced simulations of turbulent boundary layers under pressure-gradient conditions in the displacement thicknesses between computations with a flat top wall and a top wall modified by the given law. Although these differences are small, an iterative process should be done in which the results from numerical simulations are used in (13) in order to obtain a new geometry, and then perform a new simulation for this new geometry whose results are again used in (13) for another simulation and so on until the differences observed between simulations are negligible. Such a procedure would require to regenerate the mesh and perform new simulations several times. Therefore, instead of carrying out such a tedious procedure, another option has been chosen. This one consists in considering again that the variations of the displacement thickness are small between the computations so that the final evolutions of the displacement thicknesses can be obtained by linear interpolation. Let us consider two simulations (simulation details are given in section II C). The first one (F) is made with a flat top wall and it is used to obtain a top wall geometry according to (13) and this geometry is used in the second one (S). Then, at each streamwise position x, the interpolations of the top and bottom displacement thicknesses from the mentioned computations are:

           δ 1top2 = δ 1topF -δ 1topS L F -L S (L 2 -L F ) + δ 1topF δ 1bot2 = δ 1botF -δ 1botS L F -L S (L 2 -L F ) + δ 1botF . (14) 
In the present study, the first simulation has been performed with a flat top and so L F = L. It is reminded that from equation ( 13) L S = L S (x, δ 1topF , δ 1botF ). The results from these two simulations F and S allow to obtain interpolated values (denoted with the subscript '2')of the displacement thicknesses thanks to equation (14). Those interpolated thicknesses are then used in ( 13) to obtain a new geometry of the top wall L 2 = L 2 (x, δ 1top2 , δ 1bot2 ) which is then used for the final computation. It is important to point out that excellent agreement has been observed when comparing the interpolated displacement thicknesses with the final displacement thicknesses as observed in Fig. 7 for the top-wall boundary layer (even better agreement has been obtained for bottom boundary layer). Such an agreement indicates that the interpolation strategy has given a converged geometry which is presented in Fig. 8 since the δ 1 extracted from the final computation, and that would be used for a further iteration, are almost identical to the δ 1 used to define the top wall for the final computation. It should be clarified that the curve in Fig. 8 is not at scale and that variations of the top wall position are below 5% of L (which corresponds to less than 5 cm).
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A three-dimensional RANS computation of the whole geometry with side walls is performed (with a flat top wall geometry). The mesh details and the computational domain are as described in section II C. Due to the symmetry of the LMFL wind tunnel in the spanwise direction a symmetric RANS field is expected. Therefore, the computational domain in the spanwise direction is taken as one half of the span of the wind tunnel (from z = 0 to z = L, the symmetry plane is located at z = 0) and only the side wall boundary layer at z = L is solved.

Attention must be payed to the turbulence modeling. Due to the side wall at z = L, there will be secondary flows of the second kind at the corners between top/bottom walls and the side wall [START_REF] Bradshaw | Turbulence[END_REF][START_REF] Cuvier | Direct numerical simulation of self-similar turbulent boundary layers in adverse pressure gradient conditions[END_REF] .

Using the classical linear closure for the Reynolds stresses in the RANS equations (Boussinesq's hypothesis), those secondary flows are not reproduced and therefore a different closure is chosen instead in order to properly reproduce the flow structure. Ref. 25 suggests to link the Reynolds stress tensor to the mean strain-rate tensor S i j through a non-linear relation called Quadratic

Constitutive Relation (QCR) so that the Reynolds stress is given by R i j,QCR :

R i j,QCR = R i j,B -C cr1 O ik R jk,B + O jk R ik,B (15) 
with C cr1 = 0.3 and

O ik = 2 Ω ik / ∂ u m ∂ x n ∂ u m ∂ x n , Ω i j = 1 2 ∂ u i ∂ x j - ∂ u j ∂ x i . (16) 
R i j,B corresponds to the Reynolds stress given by the Boussinesq's hypothesis, and Ω i j is the mean rotation tensor. The turbulence model used in the simulation is the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] .

An example of the difference between the use of the Boussinesq's hypothesis and the QCR relation is given in Fig. 9 and 10, in which the streamlines in the (y, z) plane are also shown. The non dimensional transverse mean kinetic energy is given by:

K vw U 2 ∞ = 1 2 v 2 + w 2 U 2 ∞ ( 17 
)
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IV. RESULTS DISCUSSION

A. Instantaneous field

An overview of the instantaneous flow is presented for the bottom boundary layer thanks to the ZDES mode 3 simulation. A two-dimensional numerical schlieren and an iso-surface of the Q-criterion are shown in Fig. 13 and 14 respectively. A slightly shorter domain is shown in Fig. 14 for clarity. These figures show that an important part of the turbulence in the boundary layer is resolved. Besides, it is interesting to see that turbulent structures are not observed in Fig. 13 in the upper wall because the corresponding boundary layer is solved in full RANS approach (see Fig. 3).

A smooth gradient is nonetheless visible resulting from temperature variation across the boundary layer as a consequence of friction losses. In the APG region, a fast growth of the boundary layer is observed, as expected from the effects of adverse pressure gradients on the boundary layer thickness. Some structures go beyond the boundary layer thickness which, for the region where the boundary layer is the thickest, is close to 0.3L (30 cm). In Fig. 13, close to the outlet, the turbulent structures are dissipated intentionally for numerical purposes by mesh stretching in the streamwise direction but analysis are not made in that zone. Moreover, the hairpin type structure is observable in Fig. 14 which is a typical structure in the outer part of the turbulent boundary layer [START_REF] Head | New aspects of turbulent boundary-layer structure[END_REF] .

25
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B. Reynolds-averaged data

The pressure coefficient evolution in both the bottom and top walls is presented in Fig. 15 and 16 respectively for all turbulence models studied compared to experimental measurements. It is recalled that all RANS simulations presented are two-dimensional, and the ZDES simulation is three-dimensional (since turbulence is partly resolved) but statistically two-dimensional in the spanwise direction. For all cases, the pressure coefficient is in good agreement with the experimental data which suggests that the dynamics of the mean flow are well reproduced.

The evolution of the friction velocity u τ in the bottom wall is presented in Fig. 18. It is recalled that u τ = τ w /ρ where τ w = (∂ u /∂ y) | w is the wall friction. A greater discrepancy between different models is observed compared to the evolutions of C p and such differences are present in the whole domain. An interesting point is the initial evolution of the friction velocity for the ZDES computation which shows a decrease and then recovers values close to those at the inlet. This is not surprising since it has already been observed in previous works [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Renard | Improvements in Zonal Detached Eddy Simulation for Wall Modeled Large Eddy Simulation[END_REF][START_REF] Renard | On the interface positioning in a Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer[END_REF] and this behavior is identified to be caused by the turbulent inflow condition (SEM). Indeed, some works are devoted to the improvement of the SEM in order to decrease the extent of this transitory region [START_REF] Deck | A rapid and low noise switch from RANS to WMLES on curvilinear grids with compressible flow solvers[END_REF][START_REF] Laraufie | A dynamic forcing method for unsteady turbulent inflow conditions[END_REF] . The turbulent structures introduced by the SEM are reconstructed from a boundary layer profile, and they require some time to completely adapt to the turbulent flow studied. The present results suggest that the resolved turbulence is adapted slightly before the end of the ZPG region, hence before the region of interest.

All the RANS models except for the SSG-ω Aup. are in fairly good agreement with the experimental points in the APG region. For the ZDES however a different trend than the RANS models is observable, initially underestimating and then overestimating the friction velocity in the APG region. This shows the potential of the present test case to contribute to the development of hybrid RANS/LES methods for the prediction of turbulent boundary layers in pressure-gradient conditions.

Profiles of the mean streamwise velocity and the Reynolds shear stress are given at three stations (Fig. although with lower levels. The SSG-ω Aup. model instead is not able to reproduce the outer peak and overpredicts significantly the inner one. Lastly, the ZDES profile is the most satisfying since it shows quite accurate predictions of both the inner and outer peaks, although they are slightly underestimated and overestimated respectively. As it will be seen in Sec. IV C, the outer peak is well reproduced by the ZDES mode 3 probably because it is located in the LES region and it may result from energetic turbulent structures resolved in the outer part of the boundary layer.

At the beginning of the adverse-pressure-gradient flat plate, the mean velocity profile (Fig. Advanced simulations of turbulent boundary layers under pressure-gradient conditions 20a) suggests that RANS models are able to properly reproduce the boundary layer. Indeed, the external region of the mean velocity profile is very well reproduced by all RANS models, with very small differences between them and very accurate agreement with experimental results. However, there is an important discrepancy in the inner layer with a significant scatter of the predictions of different RANS models. Such differences are also observed in the Reynolds shear stress profiles (Fig. 20b) where an important overestimation is obtained for all RANS models except for the SSG-LRR-ω RSM model which is quite accurate. In the case of the ZDES mean velocity profile, less accurate results are obtained in the outer layer above the RANS/LES interface with some mean velocity overestimation, but it gives quite satisfactory results (among all the models studied)

regarding the Reynolds shear stress profile.

Farther in the APG flat plate, at station x/L = 16.27, none of the models is able to accurately reproduce the mean velocity profile. Best results are obtained for the Spalart-Allmaras, the kω SST and the SSG-LRR-ω models, but significant discrepancies are observable near y/δ ≈ 0.2.

The RSM SSG-ω Aup. overestimates the mean velocity in the wake region of the boundary layer and the ZDES overestimates the profile as well in a larger extent of the boundary layer. In the Reynolds shear stress profile, both eddy viscosity models show accurate profiles. The RSM models are less satisfactory with an overestimation and underestimation respectively for the SSGω Aup. and the SSG-LRR-ω in the inner part of the boundary layer. Contrary to the latter model, the SSG-ω Aup. gives good levels of the Reynolds shear stress in the outer part of the boundary layer. In the case of the ZDES the inner part is well reproduced, which is not surprising since a RANS approach is used in this region with the Spalart-Allmaras model, and this model in full RANS approach shows satisfactory results. However in the LES region, the Reynolds shear stress is underestimated suggesting a lack of resolved turbulence.

Contrary to the Spalart-Allmaras and the kω SST models, the RSM models and the ZDES predict u rms and v rms profiles ('rms' refers to Root Mean Square) which are presented in Fig. 22 and 23 for the first station (x/L = 10.73) and in Fig. 24 and 25 for the last one (x/L = 16.27). It is important to mention that profiles of u rms and v rms for the ZDES computation in the RANS region (below the RANS/LES interface) are not representative since turbulence is essentially resolved in the LES region and so only the LES region should be considered for ZDES profiles. This explains the strong underestimations of the resolved u rms and v rms below the RANS/LES interface.

At station x/L = 10.73 where the mean velocity excess and the outer peak in the Reynolds shear stress were observed, another outer peak is identified for both u rms and v rms and very satis-line: RANS/LES interface.

factory profiles are obtained for the ZDES (in the LES region). The SSG-LRR-ω model is able to reproduce both peaks but levels are not well reproduced. Indeed, the u rms profile is in general underestimated and the inner peak and outer peak of v rms are over-and underestimated respectively. More accurate results are obtained for the outer peak of both u rms and v rms in the case of the SSG-ω Aup. model, but the inner peak of the v rms profile is overestimated.

In the x/L = 16.27 station, all of the models fail to properly predict profiles for both u rms and v rms . Both RSM models underestimate significantly the levels of u rms in the inner region. Beyond y/δ = 0.1 quite satisfactory levels are obtained only for the SSG-ω Aup. The levels of v rms in the inner region are better reproduced than for u rms in the case of RSM models (especially for the SSG-LRR-ω model), but the outer part is underestimated. The ZDES method also underestimates v rms in the outer region, but this is not a surprising result bearing in mind v rms profiles for zero pressure gradient turbulent boundary layers in ZDES mode 3 [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF] . However, the underestimation of the u rms profile in the LES region suggests again a lack of resolved turbulence in this region.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 

PLEASE CITE THIS ARTICLE AS

C. Spectral analysis of the Reynolds stresses

The main advantage of using ZDES mode 3 with respect to RANS models is to get direct information about turbulence through resolved fluctuating quantities. This allows to perform spectral analysis of turbulence and thus to gain a better insight on the contribution of different turbulent spatial scales to the streamwise velocity, as it is presented in this section.

The streamwise spectrum of the streamwise velocity fluctuation and the streamwise cospectrum of u v are presented in Fig. 26 

u 2 = +∞ 0 G uu (k x )dk x = +∞ -∞ k x G uu (k x )d(ln(k x )). (18) 
An equivalent notation has been taken for the co-spectrum of the Reynolds shear stress which gives:

u v = +∞ 0 G uv (k x )dk x = +∞ -∞ k x G uv (k x )d(ln(k x )). (19) 
The premultiplied PSD for u 2 (k x G uu (k x )) and the premultiplied co-spectrum for u v (k x G uv (k x )) are presented in Fig. 26 and 27 respectively. Several similarities to spectral analysis of zero pressure gradient turbulent boundary layers simulated with the ZDES mode 3 are identified [START_REF] Deck | Zonal Detached Eddy Simulation (ZDES) of a spatially developing flat plate turbulent boundary layer over the Reynolds number range 3150 ≤ Re θ ≤ 14000[END_REF][START_REF] Renard | On the convection velocity of wall-bounded turbulence resolved by ZDES mode III at Re θ = 13000[END_REF] . The peak of the PSD for u 2 is located below the RANS/LES interface near d w /δ ≈ 0.05 for structures of size λ x ≈ 8δ . In the LES region, smaller structures of size λ x ≈ 2δ with low energetic content are found but they are not visible in the RANS region due to the dissipation of the RANS approach. If turbulence were resolved down to the wall (WRLES or DNS) line: RANS/LES interface.

significant energy levels associated to the inner site (modeled in WMLES) and to the footprint of outer very large scale would also be observed near the wall for λ x from about 0.2δ to almost 10δ [START_REF] Deck | Large-scale contribution to mean wall shear stress in high-Reynolds-number flat-plate boundary layers up to Re θ = 13650[END_REF][START_REF] Marusic | High Reynolds number effects in wall turbulence[END_REF][START_REF] Mathis | Large-scale amplitude modulation of the small-scale structures in turbulent boundary layers[END_REF][START_REF] Renard | On the scale-dependent turbulent convection velocity in a spatially developing flat plate turbulent boundary layer at Reynolds number[END_REF] , although this does not mean that the longest structures are located that close to the wall [START_REF] Marusic | High Reynolds number effects in wall turbulence[END_REF][START_REF] Mathis | Large-scale amplitude modulation of the small-scale structures in turbulent boundary layers[END_REF][START_REF] Hutchins | Large-scale influences in near-wall turbulence[END_REF] . In the present flow location, another energy site is observed at about the middle of the boundary layer with lower energetic content. These structures of size λ x ≈ 3δ are the main contribution to the outer peak observed in the profiles of u rms (Fig. 22) at the same location. In the case of the co-spectrum of the Reynolds shear stress, the very low energy content in the RANS region in This modified geometry has then been used to compare the results from different turbulence models (first and second order models: Spalart-Allmaras, kω SST, SSG-LRR-ω and SSG-ω Aup.) and from ZDES mode 3 (which corresponds to a WMLES approach). In general, very This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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Advanced simulations of turbulent boundary layers under pressure-gradient conditions satisfactory results have been obtained for the pressure coefficient evolution over both bottom and top walls, but more discrepancies between the turbulence models have been observed when looking at the mean skin friction velocity as well as profiles of mean velocity and Reynolds shear stress. The mean velocity excess at the beginning of the FPG flat plate is satisfactorily reproduced by all turbulence models except for the Spalart-Allmaras and the outer peak observed in profiles of Reynolds stresses from curvature effects at the same station has not been well reproduced by any model except for the ZDES. However, this method has shown to lack resolved turbulence in the LES region for the profiles shown near the end of the APG region. For that station, none of the models has shown to properly reproduce the mean velocity profile, and the Reynolds shear stress is only well predicted by the Spalart-Allmaras and the kω SST models.

The profiles of u rms and v rms are in general not very well reproduced by the two RSM models at any of the two stations. The outer peak at the first station is instead better reproduced by the ZDES mode 3. In the APG region however, these profiles also show a lack of resolved turbulence in the LES region of the ZDES simulation.

A spectral analysis of the streamwise velocity fluctuation and of the Reynolds shear stress has been made thanks to the ZDES mode 3. This analysis has allowed to identify the turbulent structures that are responsible for the mean velocity excess and the secondary peak on the Reynolds 
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  11 will be reproduced by means of numerical simulations. A turbulent boundary layer has been studied under both favorable and adverse pressure-gradient conditions in the wind tunnel of the Laboratoire de Mécanique de Fluides de Lille (LMFL), whose test section is 20.6 m long, L = 1 m high and 2 m wide. The height of the test section will be called L and it will be used in the present work as a reference length. An extensive characterization of the boundary layer is made in Ref. 11 in the pressure gradient regions by means of the PIV technique (Particle Image Velocimetry) for two flow configurations, one for U ∞ = 5 m/s and another for U ∞ = 9 m/s. Due to the length of the LMFL wind tunnel, high Reynolds numbers are reached, and thick boundary layers develop thus allowing for near-wall measurements in the viscous sublayer, which are in general complicated to perform. Two working configurations are possible for the facility: a closed loop configuration with temperature regulation or an open loop one with outside temperature. The first configuration has been used for the experimental study of Ref. 11, with an upstream temperature T ∞ = 293 K for both flow configurations.

  Of the two configurations studied by Ref. 11, the one with U ∞ = 5 m/s is reproduced in the present work. Under this configuration the flow reaches Reynolds numbers up to Re θ ∼ 1.2 × 10 4

FIG. 1 :

 1 FIG. 1: Sketch of the LMFL test section. Courtesy of C. Cuvier.

  FIG. 2: Classification of typical flow types for the ZDES approach. I: separation fixed by the geometry, II: separation induced by a pressure gradient on a curved surface, and III: separation strongly influenced by the dynamics of the incoming boundary layer.

1 3

 1 and V is the cell volume. Further modifications are made in the case where d w ≥ d interface w for some of the functions used in the Spalart-Allmaras model 33 :

  39). A recent improvement of the method, proposed in Ref.40, regularizes the binary switch from RANS to LES in (3) by means of a smooth function f δ . The new expression for dIII ZDES is then:

FIG. 3 :

 3 FIG. 3: Computational domain for the ZDES mode 3 simulation.

  FIG. 4: Mesh of the ZDES mode 3 computation. One point over eight is shown in both x and y directions. The number of points in each direction is N x = 1050, N y = 273 and N z = 160.

  DOI:10.1063/1.5126932 Advanced simulations of turbulent boundary layers under pressure-gradient conditions for the boundary layer development. In addition, experimental data of the boundary layer at two stations x A = 3.2L and x B = 6.8L are given in Ref. 11 and presented in Tab. I and II. As shown in those tables, the Spalart-Allmaras model (in both the 2D and 3D cases) is very accurate. The ZDES mode 3 simulation uses this model (as RANS and SGS models) and therefore such an agreement is very satisfactory in order to reproduce the boundary layer as accurately as possible upstream of the region of interest. Furthermore, the boundary layer profile used for the turbulent inlet conditions of the ZDES mode 3 simulation is extracted from the RANS simulation with the Spalart-Allmaras model.

  DOI:10.1063/1.5126932Advanced simulations of turbulent boundary layers under pressure-gradient conditions turbulent structures in a turbulent boundary layer. The characteristic time, length and velocity of the structures are obtained from a precursor RANS boundary layer profile and are dependent on the wall distance. Besides, the anisotropy of the Reynolds stress is taken into account. It is important that the profile given from the RANS simulation reproduces the desired boundary layer characteristics as accurately as possible, so that the turbulent boundary layer in the ZDES simulation develops with the proper flow conditions (mainly the proper Reynolds number). A thorough explanation of the method can be found in the works of Ref.53-55. 

FIG. 5 :FIG. 6 :

 56 FIG. 5: Distances used to obtain the top wall law. Plane (y, z). The grey areas are equal.

FIG. 7 :

 7 FIG. 7: Comparison of the top-wall boundary layer displacement thicknesses obtained from interpolation and from the simulation using the latest top-wall geometry.

  FIG. 10: Transverse mean kinetic energy field in the plane x = 6.8L. Turbulence closure: QCR. Streamlines obtained from v and w .

  FIG. 12: Pressure coefficient on the top wall for the two-dimensional case with top wall geometry modification and the three-dimensional case with flat top wall. Experimental measurements from Ref. 11.

  FIG. 13: Numerical schlieren ∂ ρ ∂ x i ∂ ρ ∂ x i in the symmetry plane of the ZDES simulation using mode 3.

  FIG. 14: Iso-surface of Q-criterion for Q = 0.14 U 0 δ 0

17

 17 

FIG. 17 :

 17 FIG. 16: Pressure coefficient on the top wall. Experimental measurements from Ref. 11.

FIG. 19 :FIG. 20 :FIG. 21 :

 192021 FIG. 19: Profiles of mean velocity (a) and Reynolds shear stress (b) at x/L = 10.73. Experimental measurements from Ref. 11. Blue dashed line: RANS/LES interface.
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  FIG. 23: Profile of v rms at x/L = 10.73. Experimental measurements from Ref. 11. Blue dashed line: RANS/LES interface.

  et 27 respectively. The spectra are obtained from time signals at a given location, which is x/L = 10.76, and then the Taylor's frozen flow hypothesis is used to link the temporal fluctuations with spatial fluctuations, by means of a duality between the frequency f and the wave number k x : λ x = 2π/k x = U c / f , where λ x is the streamwise wave length and U c (y/δ ) the local advection velocity. This velocity is computed as described in Ref. 21 based on a space and time correlation of the fluctuating streamwise velocity. The power spectral line: RANS/LES interface. density (PSD) for the streamwise velocity fluctuation G uu (k x ) is defined such that 62 :

Fig. 27 is

 27 FIG. 26: Premultiplied Power Spectral Density of the streamwise velocity fluctuations k x G uu /u 2 τ

3 .

 3 stresses near x/L = 10.76. Those structures are located close to the middle of the boundary layer, with streamwise sizes that are about three times the local boundary layer thickness. The present work has shown that pressure-gradient conditions in turbulent boundary layers are still a challenge from a turbulence modeling point of view since even advanced modeling techniques have presented some difficulties. Besides, the experimental study of Ref. 11 is very suitable for further developments in turbulence modeling in order to properly reproduce the effects of pressure gradients on turbulent boundary layers thanks to the exhaustive measurements database and the two-dimensional structure of the mean flow near the symmetry plane. Further work on the present test case may consist of a deeper spectral analysis of the resolved scales by means of ZDES mode This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI:10.1063/1.5126932

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  21, the number of grid points N xyz depends on Re θ as N xyz ∼ Re 2.40 θ for DNS, N xyz ∼ Re 2.17

TABLE I :

 I Comparison of some boundary layer parameters at x A = 3.2L for the Spalart-Allmaras turbulence model. For the 3D case the QCR closure is used. Errors to experimental measurements are given in bracket.

	Case	Top wall	u τ /U ∞	(ν/u τ ) /L × 10 6
	Exp. 11	Flat wall	0.0424 ( 0.00%)	71.7 (0.00%)
	S-A 2D	Curved wall	0.04118 (-2.87%)	71.96 (0.36%)
	S-A 3D	Flat wall	0.04115 (-2.95%)	72.01 (0.43%)

TABLE II :

 II Comparison of some boundary layer parameters at x B = 6.8L for the Spalart-Allmaras turbulence model. For the 3D case the QCR closure is used. Errors to experimental measurements are given in bracket.

	Case	Top wall	u τ /U ∞	(ν/u τ ) /L × 10 6	δ 1 /L × 10 3	θ /L × 10 3	Re θ
	Exp. 11 Flat wall 0.0406 ( 0.00%) 73.53 ( 0.00%) 18	(0.00%) 13.1 (0.00%) 4700 (0.00%)
	S-A 2D Curved wall 0.04039 (-0.52%) 73.41 (-0.17%) 18.10 (0.56%) 13.4 (2.29%) 4736 (0.77%)
	S-A 3D Flat wall 0.04037 (-0.56%) 73.43 (-0.14%) 18.17		
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