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Environmental flows are generally characterized by complex bed morphology and high current speeds. Such configurations favor the formation of vortex structures that strongly affect hydrodynamics and sediment transport. Large-Eddy Simulation (LES) enables investigation of the dynamics of the largest turbulence scales and, thanks to enhanced calculation resources, has now become applicable for simulating environmental flows. In this paper, a LES approach is developed in a CFD code (TELEMAC-3D), which was originally developed to simulate free surface flows using RANS methods. The present developments involve implementing subgrid models, boundary conditions and numerical schemes suitable for LES. The LES version of TELEMAC-3D was validated by comparing results on the model with experimental data for flow past a cylinder. Then, the model was applied to a test case representing flow over dunes. After validating the hydrodynamics, the model was used to assess the bottom shear stress, using both a RANS and a LES approach. Comparison highlighted the potential contribution of LES to investigating the hydrodynamic forces acting on the bottom.

Introduction

The effect of turbulence on the initiation of sediment motion is governed by two main processes [START_REF] Zanke | On the influence of turbulence on the initiation of sediment motion[END_REF]: (i) the effective shear stress responsible for sediment mobility corresponds not only to time-averaged shear stress but also from turbulence-induced fluctuations ; and (ii) the coherent structures of the flow increase the lift force acting on the sediment grains. Thus, in a turbulent flow, sediment mobility varies in time and space and depends on the type of sediment particles and on the characteristics of time-averaged and fluctuating flow.

Simulation of the initiation of sediment motion requires a good representation of the turbulence processes [START_REF] Cheng | Influence of shear stress fluctuation on bed particle mobility[END_REF]. The best method is Direct Numerical Simulation (DNS), but it can be applied only at laboratory scale as shown in [START_REF] Kidanemariam | Direct numerical simulation of pattern formation in subaqueous sediment[END_REF]. They used a fully resolved model based on a Discrete Element Model (DEM) coupled to a twophase flow solver. This kind of modeling needs considerable computational resources and is not applicable to environmental studies. Classically, at the scale of a river, estuary, or coastal area, the main modeling strategy for sediment transport consists in coupling a Reynolds-Averaged Navier Stokes (RANS) hydrodynamic model (such as Delft, TELEMAC, or ROMS) to a sediment transport module which assesses transport rate from time-averaged flow parameters [START_REF] Meyer-Peter | Formulas for bed-load transport[END_REF]Villaret et al., 2003;[START_REF] Wilcock | Surface-based transport model for mixed-size sediment[END_REF] and a bottom evolution model based on the Exner-Paola equation [START_REF] Paola | A generalized Exner equation for sediment mass balance[END_REF]. Sediment transfer between the suspension (i. e. water column) and the bottom layer depends on bottom shear stress and certain critical values. Examples of sediment bedload transport formulas include those of [START_REF] Einstein | The Bed-load Function for Sediment Transportation in Open Channel Flows[END_REF] and [START_REF] Bagnold | The nature of saltation and of 'bed-load' transport in water[END_REF]. This kind of approach is widely used for hydraulics problems because it enables investigation at large time and space scales [START_REF] Cordier | Numerical study of alternate bars in alluvial channels with non-uniform sediment[END_REF]. Nevertheless, the use of RANS or URANS turbulence modeling requires some approximations: time variation in flow is less accurately estimated and risks over-or under-estimating the ability of the flow to erode a sandy bottom.

An alternative to RANS modeling is Large Eddy Simulation (LES). This requires more computational time than RANS simulation but less than DNS. LES involves solving the filtered Navier-Stokes equations to simulate the greatest turbulence scales and introducing a subgrid model to mimic the influence of the smallest scales on fluid motion. By resolving the coherent flow structures, LES provides more insight into sediment trans-port processes. Such models have been validated against experiment (e.g., [START_REF] Cheng | Influence of shear stress fluctuation on bed particle mobility[END_REF]. It was recently applied over some varieties of natural environments (Khosreonejad & Sotiropoulos, 2014;[START_REF] Kidanemariam | Direct numerical simulation of pattern formation in subaqueous sediment[END_REF][START_REF] Le | Large-eddy simulation of the mississippi river under base-flow condition: hydrodynamics of a natural diffluence-confluence region[END_REF][START_REF] Sotiropoulos | Sand waves in environmental flows: Insights gained by coupling largeeddy simulation with morphodynamics[END_REF][START_REF] Yang | Large-eddy simulation of a hydrokinetic turbine mounted on an erodible bed[END_REF][START_REF] Yu | A lattice Boltzmann model coupled with a Large Eddy Simulation model for flows around a groyne[END_REF]. In most of the studies, a rigid roof hypothesis was applied, leading to a free slip condition being used at the surface, as in [START_REF] Yang | Large-eddy simulation of a hydrokinetic turbine mounted on an erodible bed[END_REF]. This hypothesis is valid in some cases, but can induce defective interactions between flow and surface. One way to account for free surface variation is to consider a deforming mesh, as classically used in environmental software [START_REF] Guillou | Calcul nume ´rique des ondes de surface par une me ´thode de projection avec un maillage eule ´rien adaptatif[END_REF][START_REF] Hervouet | Hydrodynamics of free surface flows: modelling with the finite element method[END_REF][START_REF] Qi | An unstructured-grid finite-volume surface wave model (fvcom-swave): implementation, validations and applications[END_REF][START_REF] Roelvink | De-sign and development of delft3d and application to coastal morphodynamics[END_REF] using the "sigma transform" [START_REF] Decoene | Sigma trans-formation and ALE formulation for three-dimensional free surface flows[END_REF][START_REF] Phillips | A coordinate system having some special advantages for numerical forecasting[END_REF]: the vertical z-axis is transformed into a sigma axis ranging from 0 to 1 and discretized in sigma layers.

Dunes are present in many environmental flow, conditions both coastal and fluvial. The interactions between dunes and flow are vital in predicting flow resistance and sediment movement. [START_REF] Best | The fluid dynamics of river dunes: A review and some future research directions[END_REF] provided a review of relevant studies. He described the schematic diagram of the main zones of flow over dunes: a region of flow separation is formed in the lee of the dune with reattachment far away; a shear layer is created dividing the recirculation zone from the free stream. Large-scale eddies are generated along this layer and form a wake zone. Downstream of the reattachment, a boundary layer grows. Sometimes, the large-scale eddies move up to the free surface and create a boil when they bloom at the free surface. Some largescale eddies may also hit the bottom and contribute to bed erosion. In this context of studying the effect of turbulence on solids transport, the objective of the current paper is to present a new LES model dedicated to natural flow. The model is derived from the widely used RANS model TELEMAC-3D, designed for simulating environmental flows [START_REF] Hervouet | Hydrodynamics of free surface flows: modelling with the finite element method[END_REF][START_REF] Jankowski | A non-hydrostatic model for free surface flows[END_REF]. Before addressing sediment motion with a dedicated module, it is appropriate to compare how well an LES approach evaluates bottom shear stress. Flow over asymmetric dunes is used as a case study.

The current paper is organized as follows: Section 2 includes the description of the TELEMAC-3D model, the developments required for implementing an LES approach, and model validation for a test case representing flow past a cylinder. In section 3, the model is applied to a flow over dunes to highlight the specific advantages of LES, in terms of both hydrodynamics and bottom shear stress. Finally, Section 4 gives the conclusions of the current study

Numerical Methods

TELEMAC-3D is a computational fluid dynamic solver for free surface flows [START_REF] Hervouet | Hydrodynamics of free surface flows: modelling with the finite element method[END_REF][START_REF] Jankowski | A non-hydrostatic model for free surface flows[END_REF]. It is designed to simulate environmental flow and can consider several natural phenomena such as sediment transport (see the SISYPHE manual available at www.opentelemac.org/index.php/manuals/viewcategory/11-sisyphe). The model solves the 3D Navier-Stokes equations for an incompressible fluid, which read:

where u is the velocity vector, p is the pressure, is the gravitational acceleration vector, ρ is the fluid density and ν is the kinematic viscosity. The numerical approach is based on the P1 finite element method with prism-shaped elements. This spatial discretization is based on a horizontal 2D grid, which is extruded along the vertical axis with a change in variables called sigma transform for the vertical axis [START_REF] Phillips | A coordinate system having some special advantages for numerical forecasting[END_REF]. The mesh is, thus, discretized with a given number of sigma layers.

Environmental flows occur over rugged bot-toms composed of various types of sediment and bedform. According to [START_REF] Piomelli | Large-eddy simulations: theory and applications[END_REF], simulating turbulence scales in the bottom boundary layer requires a mesh refinement which is generally not computationally affordable for environmental flow. Thus, a law of the wall is used. This law involves an evaluation of friction stress (see the TELEMAC-3D theory guide at www.opentelemac.org/index.php/manuals/viewcategory/14-telemac-3d), with the formula:

TELEMAC-3D

where C f is a dimensionless friction coefficient, (u, v) are the horizontal flow velocities in the x and y directions, respectively, and n designates the normal to the solid surface. Then, the horizontal velocities at the bottom are evaluated applying a Neumann boundary condition, and vertical velocity, w, is assumed to be zero with an impermeability assumption. To achieve a physical link with the degree of bottom roughness, ks, a Nikuradse formula is used [START_REF] Nikuradse | Stro ¨mungsgesetze in rauhen Rohren[END_REF], which evaluates the bottom shear stress coefficient as follows [START_REF] Viollet | Mécanique des fluides appliquée: écoulements incompressibles dans les circuits, canaux et rivières, autour des structures et dans l'environnement[END_REF]:

where zp1 is the elevation of the first sigma layer and κ is the Von Karman constant.

Given the order of magnitude of the bed asperities (which depends on the sediment type), this law evaluates bottom shear stress and velocities near the bed.

In terms of turbulence modeling, TELEMAC-3D was originally based on a Reynolds-Averaged Navier-Stokes (RANS) approach, where the Reynolds stress tensor is modeled with a turbulence model such as the k-ε model [START_REF] Launder | Application of the energy-dissipation model of turbulence to the calculation of flow near a spinning disc[END_REF] or the Spalart-Allmaras model [START_REF] Bourgoin | Morphology induced turbulence modelling in the Alderney Race site: Regional approach with TELEMAC-LES[END_REF]Spallart & Allmaras, 1994).

The LES version of TELEMAC-3D

LES aims to simulate the unsteady behavior of turbulent flow [START_REF] Rodi | Large eddy simulation of river flows[END_REF][START_REF] Sagaut | Large eddy simulation for incompressible flows: an introduction[END_REF]. It consists in filtering the flow to distinguish two types of turbulence scale. The largest are directly simulated with the Navier-Stokes equations, and the others are modeled with a subgrid model. Consequently, each variable is decomposed into a filtered part and a fluctuating part. The filtered Navier-Stokes equations read:

where u ˜ and p ˜ are respectively the filtered velocity and the filtered pressure, and is the subgrid tensor. Subgrid modeling involves evaluating this subgrid tensor, assuming that the small turbulent structures have universal dissipative behavior [START_REF] Kolmogorov | Dissipation of energy in the locally isotropic turbulence[END_REF]. A Boussinesq-like assumption [START_REF] Boussinesq | Essai sur la the ´orie des eaux courantes[END_REF] is used to link the subgrid tensor (in-troduced by Navier-Stokes equation filtering) to the strain tensor with the formula:

where τmm is the subgrid tensor trace, νT is the subgrid viscosity, ij is the filtered strain rate tensor and δij is the Kronecker symbol. The Smagorinsky model [START_REF] Smagorinsky | General circulation experiments with the primitive equations: I. the basic experiment*[END_REF] can be used as the first subgrid model [START_REF] Sagaut | Large eddy simulation for incompressible flows: an introduction[END_REF][START_REF] Pope | Turbulent Flows[END_REF]. It consists in evaluating the subgrid viscosity as follows:

νT = (Cs∆ ˜ ) 2 |S ˜ | (6)
where Cs = 0.2 is the Smagorinsky constant and ∆ ˜ is the filter width, which is linked to grid size. When the subgrid viscosity has been evaluated, it is summed with the kinematic viscosity in the diffusion term of the Navier-Stokes equations.

Subgrid modeling requires high-order non-dissipative schemes (at least a second order in

j ∈ {-} 31 -a 32
space and time). The numerical scheme of TELEMAC-3D has, thus, been improved. In particular, a centered finite element for-mulation has been implemented, based on a secondorder Adams-Bashforth time integration scheme for the advection term and a Crank-Nicholson scheme for the diffusion term [START_REF] Bashforth | An attempt to test the theories of capillary action: by comparing the theoretical and measured forms of drops of fluid[END_REF][START_REF] Butcher | Numerical methods for ordinary differential equations[END_REF][START_REF] Demailly | Analyse nume ´rique et e ´quations diffe ´rentielles-4e `me Ed[END_REF].

Advection predominates in turbulent flow, which requires that, at the model boundaries, the incoming flow characteristics must be as realistic as possible. For LES, the inlet flow conditions should be given in terms of both time-averaged and fluctuating quantities. For the current purpose, the Synthetic Eddy Method (SEM) [START_REF] Jarrin | A synthetic-eddy-method for generating inflow conditions for large-eddy simulations[END_REF] was used to inject an artificial turbulence (computed from the Reynolds tensor) in the calculation domain. This method consists in creating N virtual vortices in a 3D box of volume Vb surrounding the inflow surface. The zone where the vortices are generated is defined by given by: where x are the points belonging to the inlet surface, σ is a length scale of the vortices, defined by:

where k is the turbulent kinetic energy, ε is the turbulence dissipation rate, and δ is the half water depth. At the beginning of the generation process, each artificial vortex is defined by a random position in the virtual box and a direction of rotation (in 3 dimensions). Then, at each time step, the velocity fluctuations u , i at the inlet are computed from the prescribed Reynolds tensor, and the positions of the vortex are computed as follows:

where x and x m are respectively the grid point and the vortice coordinates, and fσ is a shape function defined by And Ci m is the vortex amplitude, estimated as follows:

where is the orientation of the mth vortex in the jth dimension. and aij is the Cholesky decomposition of the prescribed Reynolds stresses tensor R, given by: where Rij are the Reynolds stress components. When a vortex, transported by the averaged flow, leaves the generation zone, a new vortex is reintroduced with new lateral and vertical coordinates and new random orientations.

Model validation: Flow past a cylinder

The model was first validated on a classical test case: flow past a cylindrical pier. Similar flows have been studied both experimentally and numerically [START_REF] Carmer | Shallow turbulent wake flows: momentum and mass transfer due to large-scale coherent vortical structures[END_REF]Hinter-berger et al., 2007;Parneaudeau et al., 2008). In addition to checking LES implementation in TELEMAC-3D, the test case was also used to compare RANS and LES results. For the current purpose, the Reynolds number (based on bulk velocity and pier diameter) was Re = 3900. Pier diameter was D = 6.3 cm, bulk velocity Ub = 0.0619 m/s and mean water depth h = 3D. The computational domain was 20D-long and 10D-wide and the pier was located 5D downstream from the inlet. Horizontal grid resolution was 0.55 mm at the pier boundary and 8 mm elsewhere, and the horizontal mesh was discretized over 32 sigma layers along the vertical axis. This resolution cor-responded to near-wall dimensionless grid spacings of ∆x + = ∆y + = 1.7 and ∆z + = 18, which matches the recommendations for LES [START_REF] Piomelli | Large-eddy simulations: theory and applications[END_REF]. At the boundaries, a no-slip boundary condition was applied at the pier boundaries and a slip boundary condition at the lateral walls. Bottom shear stress was computed with a Nikuradse law and a bottom roughness of ks = 10 -4 m. At the inlet, a Reichardt profile was used [START_REF] Viollet | Mécanique des fluides appliquée: écoulements incompressibles dans les circuits, canaux et rivières, autour des structures et dans l'environnement[END_REF] and a non-reflecting boundary condition was applied at the outlet. Finally, the Smagorinsky model was used as subgrid model.

Flow statistics were computed after a transient phase of 400 s (corresponding to about 20 flow cycles). Then the results were time-averaged over 400 s. Fig. 1e shows the average stream-wise velocity and average span-wise velocity profiles along the centerline of the cylinder obtained with TELEMAC-3D (RANS and LES models). The model predictions were compared to the experimental results of Parneaudeau et al. (2008), obtained using Particle Image Velocimetry (PIV). Agreement between LES results and experimental data was good for both velocity components. However, the RANS results strongly underestimated the transverse velocity and did not adequately model the velocity deficit behind the cylinder. Experimental and modeled Reynolds stress < u , u , > and < v , v , > profiles (which cannot be estimated by using first-order RANS closures) are compared in Fig. 2. The figures show satisfactory agreement with experimental results.

[Figure 1 about here. One column, 16cm large]

[Figure 2 about here. One column, 16cm large]

Effects of turbulence on bed shear stress estimation.

The model is now applied to an idealized flow over dunes. The objectives were (i) to investigate a set-up representative of tidal or river flow hydrodynamics, and (ii) to evaluate the contribution of the LES in assessing bed shear stress.

Case presentation

The studied flow was a turbulent open channel flow over 2-dimensional dunes of height H (see Fig. 3). This case had been studied experimentally by [START_REF] Van Mierlo | Turbulence measurements above artificial dunes[END_REF], in which a sequence of 22 2-dimensional dunes were studied on laser Doppler velocimetry. The case also was studied numerically by [START_REF] Best | The fluid dynamics of river dunes: A review and some future research directions[END_REF]. Dune height was H = 8 cm, and length L = 1.6 m. Sand with ks = 1.6 mm roughness was placed in the bottom. Maximum flow depth was approximately h = 0.294 m, so the Reynolds number, based on the bulk velocity, Ub, and maximum flow depth, h, was approximately 1.15 × 10 5 .

[Figure 3 about here. Two column, 8 cm large] Vertical profiles were measured along the dune. The statistics of the flow obtained with the RANS and LES methods were compared to measurements at four locations with coordinates x = 21 cm, x = 60 cm, x = 97 cm, and x = 142 cm. Hereafter, these positions (shown in Fig. 3) are respectively noted as Li,

Computational set up

A single dune was modeled with TELEMAC-3D, using both the RANS and LES approaches.

A 1m-wide space domain was used. The mesh was composed of about 1.2 × 10 6 points. In wall units, the dimensionless grid spacings were ∆x + = 160, ∆y + = 120, and ∆z + ≈100, which are suitable scales according to [START_REF] Piomelli | Large-eddy simulations: theory and applications[END_REF] (in which the recommended LES grid spacings were ∆x + = 100 -600, ∆y + = 100 -300, and ∆z + = 50 -150 with the use of a wall model). The time step was set up so that the Courant-Friedrichs-Lewy (CFL) number was 0.15. Specific boundary conditions were used at the inlet to mimic the effect of upstream dunes on the flow. In the LES case, both mean flow and inflow turbulence conditions were prescribed with the SEM considering the Reynolds stress components measured experimentally. The turbulence dissipation rate ε was unknown but was estimated using a theoretical law for open channel flow as follows [START_REF] Viollet | Mécanique des fluides appliquée: écoulements incompressibles dans les circuits, canaux et rivières, autour des structures et dans l'environnement[END_REF]:

where z is the distance from the bottom and uτ is the friction velocity. The latter is then used to evaluate the SEM synthetic eddies' sizes with Equation 8. For RANS simulations, a Dirichlet boundary condition for the Spalart-Allmaras viscosity was prescribed in agreement with experimental values. Finally, ks = 1.6 mm roughness was used in the law (3) to assess bottom shear stress.

Results: Hydrodynamic statistics and flow structures

The RANS results and hydrodynamic statistics obtained using an LES approach are given about 10 flow cycles). Flow statistics were computed after a transient phase of 40 s (corresponding to about 10 flow cycles). The time-averaging period was 110 s. First, the influence of grid resolution was investigated. Fig. 4 shows the average stream-wise velocity and Reynolds stresses < u , u , > and < w , w , > obtained with LES using three grids along the profile L1. Comparison with experimental data showed that, with the three space discretizations, the model gives satisfactory average velocity profiles. However, concerning the second-order statistics, the coarser grids did not accurately model the Reynolds stresses, and particularly the <w , w , > component. That is why the finer mesh is used hereafter.

[Figure 4 about here. One column, 16 cm large] Fig. 5 shows the average stream-wise velocity profiles and vertical velocity profiles over the four vertical locations, both normalized by bulk velocity. The results of both numerical models (RANS and LES) were close to the experimental reference data, apart from a slight discrepancy in vertical velocity at location L4. Turbulence kinetic energy profiles also are displayed in Fig. 5. Flow statistics were computed after a transient phase of 40 s (corresponding to LES model) gave better results than the RANS model, which significantly underestimates the measurements at locations L2 and L3. It is noteworthy that the vertical location and peak energy amplitude predicted by the model fit the experimental data well.

[Figure 5 about here. One column, 16cm large] The good performance of the LES model then allowed the instantaneous behavior of the flow to be investigated. As an example, Fig. 6 shows isosurfaces of the λ2 criterion [START_REF] Jeong | On the identification of a vortex[END_REF] colored by the elevation. This scalar quantity enables vortex identification by evaluating the eigenvalues, where is the strain rate tensor and is the rotation tensor. This figure shows that most vortexes were generated behind the crest of the dune. Most hit the slope in a region centered around location L3 (Fig. 3). Near the bottom, turbulence structures simultaneously induced (i) a span-wise vorticity ωy (induced by the vortex head) which locally speeds up the current, and (ii) two opposite stream-wise vorticities ωw induced by the two vortex legs. Such sporadic events, which cannot be investigated with a RANS approach, highlight the advantage of using LES to investigate the hydrodynamic forces acting on the bottom.

[Figure 6 about here. two columns, 8cm large]

Bottom shear stress

First ensuring that the numerical model provided a suitable turbulence description by comparing flow statistics to experimental results, LES is effective for investigating the effect of coherent swirling structures on bed shear stress much thoroughly than RANS methods. Fig. 7 shows the dimensionless bottom shear stress profile along the dune axis (τ * = τw/(ρs-ρ)gks) where τw is the wall stress, ρs is the sediment density, computed with RANS and LES methods and experimentally (values non-dimensionalized by τ0 =(ρs-ρ)gk with ρs = 2650 kg.m -3 ). This figure shows the mean quantities, but also the maximum values reached during the simulations (averaged over the span-wise direction). An example of instantaneous values obtained with LES also is displayed. Both mean quantities are generally in agreement with experimental data. It is notable that the maximum (instantaneous) shear stress predicted by the LES model is much higher than the time-mean shear stress. The instantaneous profile shown in Fig. 7 exhibits two peaks of shear stress near positions x/H = 9 and x/H = 16. This is certainly because of the presence of large swirling structures similar to those represented in Fig. 6.

[Figure 7 about here. two columns, 8cm large] The bottom shear stress can be decomposed into its time-averaged value and its turbulenceinduced fluctuations. Fig. 8 shows a 20 s-long time-series of shear stress at locations L1, L2, L3, and L4. This figure highlights abrupt variations corresponding to sporadic vortex impacts on the bottom. Notably, the Fourier transform of these signals shows no clear frequency, and the probability density function of the turbulence-induced shear stress follows a Gaussian function.

[Figure 8 about here. One column, 16 cm large] A snapshot of the bottom shear stress obtained with LES is displayed in Fig. 9. This figure highlights the great heterogeneity in shear stress. The footprint of the turbulent structures evolving near the bottom is clearly visible [START_REF] De Marchis | Turbulence structures over irregular rough surfaces[END_REF][START_REF] Robinson | Coherent motions in the turbulentboundary layer[END_REF].

[Figure 9 about here. two columns, 8cm large] Comparison between RANS and LES results showed that effective bottom shear stress was much greater than its time-averaged value, owing to turbulent fluctuations. By providing both the timeaveraged and the turbulence-induced fluctuations, LES provides a vast amount of data for investigating the hydrodynamic force acting on the bottom, which could be of interest for sediment transport studies (beyond the scope of this paper).

Conclusions

A Large-Eddy Simulation approach was developed under the environmental software application TELEMAC-3D, a Navier-Stokes solver dedicated to environmental flow modeling. The turbulence characteristics predicted by the model compared well with experimental measurements of (i) flow past a cylinder and (ii) flow over idealized dunes.

Numerical investigation of flow over dunes showed that large turbulent structures propa-gate in the inner layer and strongly affect bottom shear stress. Locally and sporadically, very high peaks of shear stress were identified. It is expected that these turbulence-induced in-creases in shear stress have important implications in terms of sediment mobility. Further studies will therefore assess the transport rate induced by the turbulence. 
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