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Assessment of statistic and hybrid LES turbulence closures for complex free-surface flow simulation with combined grid refinement criteria

In many complex flow configurations which are now of great interest like, for instance, the onset and progression of vortical structures behind appendages and ships at high drift angles, the reliability of the numerical predictions can be questioned. First of all, it is difficult to control the numerical diffusion for the simulation over long distance of intense and localized three-dimensional structures. Furthermore, the flow in the core of a vortex is characterised by rotation, streamline curvature effects which are not adequately modelled by classical eddy-viscosity based turbulence models. This creates a strong source of modelling error interfering with the above-mentioned discretisation error. This paper tries to provide some answers about the requirements in terms of local discretisation error and in terms of physics by analyzing computations of test cases representative of viscous hydrodynamics.

INTRODUCTION

In many complex flow configurations which are now of great interest like the onset and advection of vortical structures behind appendages and ships in strong drifts, the reliability of the numerical predictions can be questioned. First of all, it is difficult to control the numerical diffusion when intense and localized three-dimensional structures are concerned. Then, the flow in the core of the vortex is characterised by rotation, streamline curvature effects which are not adequately modelled by classical eddy-viscosity based turbulence models. Unsteady hybrid LES turbulence closures like DES and their variants appear attractive at first glance. However, to assess the real benefits brought by these hybrid LES models, it is crucial to compare them with RANSE computations having negligible discretisation errors in the flow and at the free-surface. The purpose of this paper is therefore to conduct such an exercise of verification and validation of typical flows encountered in hydrodynamics by using, on one hand, an automatic grid refinement methodology to con-trol as much as possible the local discretisation error and, on the other hand, to compare statistical turbulence closures and a hybrid LES methodology to draw conclusions about the requirements in terms of physics. The paper first introduces the main characteristics of the ISIS-CFD solver and the mesh refinement procedure used. Then, three testcases are considered: the DTMB5415 in straight ahead condition, the Delft catamaran in steady drift and the propeller in open water conditions.

ISIS-CFD AT A GLANCE

The solver ISIS-CFD, available as a part of the FINE T M /Marine computing suite, is an incompressible unsteady Reynolds-averaged Navier-Stokes (URANS) method mainly devoted to marine hydrodynamics. The method features several sophisticated turbulence models: apart from the classical two-equation k-and k-ω models, the anisotropic two-equation Explicit Algebraic Reynolds Stress Model (EARSM), as well as Reynolds Stress Transport Models, are available, see [START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flows around ships[END_REF] and [START_REF] Duvigneau | On the role played by turbulence closures in hull shape optimization at model and full scale[END_REF] , with or without rotation corrections. All models are available with wall-function or low-Reynolds near wall formulations. Hybrid LES turbulence models based on Detached Eddy Simulation (DES) are also implemented and have been validated on automotive flows characterized by large separations, see [START_REF] Guilmineau | Cross wind effects on a simplified car model by a des approach[END_REF] . Additionally, several cavitation models are available in the code. The solver is based on the finite volume method to build the spatial discretization of the transport equations. The unstructured discretization is face-based. While all unknown state variables are cell-centered, the systems of equations used in the implicit time stepping procedure are constructed face by face. Fluxes are computed in a loop over the faces and the contribution of each face is then added to the two cells next to the face. This technique poses no specific requirements on the topology of the cells. Therefore, the grids can be completely unstruc-tured; cells with an arbitrary number of arbitrarily-shaped faces are accepted. Pressure-velocity coupling is enforced through a Rhie & Chow SIMPLE type method: at each time step, the velocity updates come from the momentum equations and the pressure is given by the mass conservation law, transformed into a pressure equation. In the case of turbulent flows, transport equations for the variables in the turbulence model are added to the discretization. Free-surface flow is simulated with a multi-phase flow approach: the water surface is captured with a conservation equation for the volume fraction of water, discretized with specific compressive discretization schemes, see [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF] . The technique included for the 6 degrees of freedom simulation of ship motion is described by [START_REF] Leroyer | Numerical methods for RANSE simulations of a self-propelled fish-like body[END_REF] . Time-integration of Newton's law for the ship motion is combined with analytical weighted or elastic analogy grid deformation to adapt the fluid mesh to the moving ship. To enable relative motions of appendages, propellers or bodies without having recourse to overlapping grids, a sliding grid approach has been implemented. Propellers can be modeled using actuator disc theory, by coupling with boundary element codes (RANS BEM coupling, see Deng et al, (2013) , or with direct discretization through e.g. the rotating frame method or sliding interface approaches. Finally, an anisotropic automatic grid refinement procedure has been developed which is controlled by various flowrelated criteria, see [START_REF] Wackers | Combined refinement criteria for anisotropic grid refinement in free-surface flow simulation[END_REF] . Parallelization is based on domain decomposition. The grid is divided into different partitions, which contain the cells. The interface faces on the boundaries between the partitions are shared between the partitions; information on these faces is exchanged with the MPI (Message Passing Interface) protocol. This method works with the sliding grid approach and the different sub-domains can be distributed arbitrarily over the processors without any loss of generality. Moreover, the automatic grid refinement procedure is fully parallelized with a dynamic load balancing working transparently with or without sliding grids.

GRID REFINEMENT PROCEDURE AND REFINE-MENT CRITERIA

The grid refinement procedure developed for ISIS-CFD is integrated completely in the flow solver. During a computation, the refinement procedure is called repeatedly. In such a call, first the refinement criterion is calculated, then in a separate step of the procedure the grid is refined based on this criterion.

For anisotropic refinement, a way is needed to specify different cell sizes in different directions. We use metric tensors as refinement criteria. The refinement criterion in each cell is a 3 × 3 symmetric positive definite matrix, computed from the flow solution. This matrix is interpreted as a geometric transformation: the modified dimensions of a cell are computed by multiplying the vectors between the opposing face centres in the three cell directions with this matrix. Grid refinement is then applied in order to make the modified dimensions of all cells equal. The result in the real space is an anisotropically refined, adapted mesh.

Combined criteria

Suitable refinement criteria for free-surface flows (20) must take into account the interaction of the free-surface motion with the pressure and velocity fields below the surface. So to correctly simulate free-surface flows, a good resolution is needed of the volume fraction equation which gives the position of the free surface, as well as the pressure and velocity variations below the surface. A grid refinement criterion for free-surface wave simulation must therefore be based both on the pressure field and on the volume fraction.

To resolve accurately the volume fraction field which is a discontinuity that is convected with the flow, it is sufficient to refine the grid at and around the free surface, in the direction normal to the surface. When the surface is locally aligned with the cell directions, anisotropic refinement can be used to keep the total number of cells as low as possible. The free-surface criterion refines when the volume fraction is neither 0 nor 1, the normal direction to the surface is computed from the gradient of a smoothed volume fraction field.

The Hessian matrix of second spatial derivatives can be linked to the interpolation error of a smooth solution, thus it is a well-known refinement criterion for anisotropic refinement. We base the criterion on the pressure, as this is a useful indicator both for waves and for vortices. Numerically, we compute the Hessian in two steps with a Gauss approximation of the first derivative operator, introducing smoothing in between. The gradients of the pressure are computed first. Then, these gradients are smoothed. The second derivatives are computed as the first derivatives of the gradients and also smoothed. This guarantees regular refined meshes.

The free-surface and Hessian criterion are combined with a weighted maximum of the two tensors. A weighting factor c is applied only to the Hessian criterion.

DTMB5415 Introduction

The model DTMB5415 was conceived as a preliminary design of a Navy Surface combatant. The hull geometry initially included both a sonar dome and transom stern. This ship was used in 2010 for the test cases 3.1-a and 3.1-b of the Gothenburg Workshop on numerical ship hydrodynamics. In these test cases, only the bare hull in calm water conditions was considered. The Froude number for the computations was 0.28 and the hull was positioned in the basin at its dynamic sinkage and trim. Two series of experiments were available for this test case. The first one was performed at INSEAN by [START_REF] Olivieri | Towing tank experiments of resistance, sinkage and trim, boundary layer, wake, and free surface flow around a naval combatant insean 2340 model[END_REF] for a model of 5.82 m long (Re= 1.19×10 7 , sinkage σ = -0.00182×L P P , trim = -0.108 • ) while a second set of experiments was done at IIHR by [START_REF] Longo | Phaseaveraged piv for the nominal wake of a surface ship in regular waves[END_REF] at the same Froude number (Fr = 0.28) with a smaller model of 3.048 m long (Re = 5.13×10 6 , sinkage σ = -0.00192 10×L P P , trim = -0.136 • ). These two experiments provided complementary information on the local flow. Measurements made at INSEAN gave the contours of the longitudinal component of the velocity, crossflow vectors and secondary streamlines in the following transversal cuts (x/L P P = 0.1; 0.2; 0.6; 0.8; 0.9346 (propeller plane) and 1.1) while those performed at IIHR provided streamwise velocity contours at x/L P P = 0.9346 but also information on the Reynolds stress components (uu, vv, ww, uv and uw) and the turbulent kinetic energy at the same station. However, these measurements were not accurate enough to identify the number, the onset and progression of the vortical structures emanating from the bow of the ship and their influence on the afterbody flow. Complementary computations were performed after the workshop and compiled in [START_REF] Larsson | Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF] to shed some light on the physical phenomena at stake but no experimental confirmation was available at that time. Recently, Yoon et al. (2014a) and (2014b) performed new detailed experiments conducted in the towing tank facility at IIHR. These measurements included forces, moments, planar and volume data for the flow around the DTMB 5512, a geosym model of the DTMB5415 (1:46.6 scale, 3.048 m long). Characteristic features of the DTMB 5512 hull, from now called DTMB5415 for the sake of simplicity, include a transom stern and a sonar dome bow and bilge keels with no other appendages like shafts, struts, propellers, nor rudders (see Figure 1). The ship model was tested at three static drift angles β = 0 • , 10 • and 20 • , at a Fr = 0.28. This Froude number corresponds to the full-scale cruising speed of the vessel at 20 knots, and corresponds to 1.53 m/s for model scale. The model was fixed at the dynamic sinkage σ = 1.92 10 -3 L P P and trim = 0.136 • (bow down) corresponding to a straight-ahead towing at Fr = 0.280 for all drift angle cases. The tests were conducted in calm-water conditions. The main purpose of the study described in this section is to identify the conditions under which it is possible to pre-dict accurately the onset and progression of the relevant vortical structures created at the sonar dome (or around other appendages) and advected far away along the ship hull. For this navy ship which has a large sonar dome, like for commercial ships equipped with protruding bulbous bows, even for straight ahead condition it is important to predict the onset of longitudinal vortices around such appendages and determine the conditions under which they may be advected along the hull without being significantly diffused and, consequently, may influence the flow in the wake of these ships. Thanks to the very detailed experimental study performed recently by IIHR, it should be possible to shed some light on the numerical and modeling conditions required to reliably predict these flow characteristics.

Simulation setup

The computations are performed on unstructured grids generated with HEXPRESS. These grids are composed of hexahedrons with controlled refinement. A viscous layer is added around the body to capture the boundary layer flow with a regularized transition between the inner structured mesh and the outer grid made only of unstructured hexahedrons. Temporal and spatial discretization schemes are second order accurate. Free-surface flow is computed with the help of specific compressive discretization schemes used to solve the transport equation for the volume-fraction. The computations are unsteady with a time step of 2×10 -2 seconds for URANSE simulations and 3×10 -3 seconds for DES-SST computation for both drift angles. Steady state is reached for URANSE simulations in approximately 17 flowtimes while a timeaveraged flow is obtained in 11.5 flowtimes for the DES-SST simulation starting from converged URANSE simulations. Computations for the fine mesh comprised of 81×10 6 points are performed using 384 processors for the straight-ahead condition. 

Grid setup

Two grids over the full hull have been built to assess the influence of the discretisation error on the onset and progression of vortices over the sonar dome of the DTMB5415. The first one, called Grid1, is comprised of 22×10 6 points while the second one is enriched with an additional box of refinement (Box2) located under the hull to capture the longitudinal vortices generated on the sonar dome. This finer grid, called Grid2, is comprised of 81×10 6 points and 888 000 faces on the model (see Figure 2 to understand the differences between Grid1 and Grid2). 

Flow structure

To identify the presence of longitudinal structures, we draw the isosurfaces of the adimensional invariant Q = 50 colored by the velocity. Figures 3 to 4 show these isosurfaces for Grid1 while Figures 5 to 6 show the same quantity but for the finer Grid2. All these figures are for isotropic (k-ω SST) or anisotropic (EARSM) statistical turbulence closures. For the identification of the main vortical structures, we will use the vowel-free acronyms first introduced by IIHR. On these figures which show the longitudinal vortices in two different perspectives, we first notice the presence of two primary vortices, the Sonar-Dome Vortex (SDV) created at x/L P P = 0.101 and the corotating Fore-Body Keel Vortex (FBKV) emanating from x/L P P = 0.103. On Grid1, SDV dies very quickly while FBKV appears to be more intense and disappears around x/L P P = 0.227. Even on Grid1, we can notice that the longitudinal vorticity is larger when an anisotropic nonlinear turbulence model is used, which is in agreement No other vortex is visible on the sonar dome. On Grid2, SDV and FBKV are far more intense and extended. For both turbulence models, SDV appears to be more intense than FBKV wich is diffused around x/L P P = 0.486. SDV starts from the tip of the sonar dome and converges towards the vertical plane of symmetry during its advection while FBKV starts from the vicinity of the keel of the sonar dome and diverges from the vertical plane of symmetry during its advection by the flow. A third countra-rotating structure can be detected on this fine grid with EARSM only, the so-called Sonar Dome Trailing Edge Vortex (SDTEV). It starts at about x/L P P = 0.110 and quickly disappears around x/L P P = 0.157. Here again, the anisotropic non-linear turbulence closure performs better than the linear isotropic k-ω closure with a significant increase of the vorticity and extension of the vortices predicted, with even new structures detected with EARSM. The comparison between these figures supports a first important conclusion. To simulate these vortical structures, it is mandatory to use a very fine grid around and in the wake of the sonar dome. Otherwise, the numerical diffusion will be so large that the onset and progression of these vortices will be destroyed by the artificial numerical diffusion. Although the grid Grid1 may seem reasonably fine in the light of the grid density criteria set to predict stern ship flows, it is not possible to get any useful flow information on and in the wake of the sonar dome without using a much finer grid in this region. Grid2 comprised of 81 million points is probably not fine enough, which means that, to avoid wasting too much computational resources, one should employ automatic grid refinement based on a criteria tracking longitudinal vorticity (like, for instance, a regularised version of the Hessian of the pressure, as described in [START_REF] Wackers | Combined refinement criteria for anisotropic grid refinement in free-surface flow simulation[END_REF] . Let us recall that [START_REF] Egolf | Recent rotor wake simulation and modeling studies at united technologies corporation[END_REF] indicated that a minimum of 14 grid points per direction across the vortex core and a theoretically 5th order accurate scheme was required for "minimal diffusion for a long distance". Grid2 does not stricly satisfy these constraints, although we have about 10 grid points per direction to describe the core of SDV and FBKV vortices (with a local cell size of 0.00033 L P P ). However, using local automatic grid refinement would be a very practical solution to meet these requirements when the location of these vortices is a priori unknown. The second important but expected conclusion concerns the statistical turbulence closures. Taking into account turbulence anisotropy, even in an imperfect way, really improves the reliability of the flow prediction in terms of intensity and extension of turbulent longitudinal vortices. However, although such fine grids allow to predict without much numerical diffusion the onset of the main pertinent vortices, none of the statistical turbulence closures is able to predict the right extension of these vortices along the hull over long distances from the onset point. This is in contradiction with the experimental observations which show intense longitudinal vortices advected all along the hull from their point of appearance. Figures 7 show the same isosurfaces computed now with a hybrid LES model on the grid Grid2. At first glance, we can notice that the vortical structures emanating from the sonar dome are far more intense and not significantly diffused during their advection along the hull. The SDV vortex extends all along the hull while the FBKV vortex is diffused once it leaves the refined grid region associated with the box of refinement Box2. The presence of the third contra-rotating (more intense) SDTEV is also confirmed by this prediction. This seems to indicate that a hybrid LES model like DES-SST is more suitable for predicting the onset and progression of longitudinal vortices than statistical turbulence closures. It would be tempt-Figure 7: DTMB5415: Iso-surfaces of Q=50 colored by velocity -Grid 2 -DES-SST turbulence model ing to conclude from these comparisons that the hybrid LES DES-SST closure should be mandatorily used when we want to simulate the onset and progression of turbulent longitudinal vortices. However, one should remember that the diffusion of a turbulent vortex depends on the turbulence intensity in its core from the point of onset to its advection far away from the sonar dome.

From that point of view, assessing the longitudinal vorticity intensity and the turbulent kinetic energy (TKE) in the core of a vortex is like looking at the two faces of the same coin. Two different scenarii are often encountered in numerical simulations of vortical structures. In the first scenario, the production of TKE is too large in the core of the vortex, so the turbulent diffusion is also too large, which causes a quick diffusion of the vortical structure. In the second scenario, TKE is too small in the core of the vortex, the diffusion may be controlled only by the molecular diffusion, which leads to much too intense longitudinal vortices. The first scenario is often encountered with statistical eddy-viscosity based turbulence closures, with variations depending on the physical reliability of the turbulence model while the second one is typical of hybrid LES closures. Due to modelling issues of the near-wall flow, the turbulent kinetic energy produced in the region of open separation and then injected in the core of the vortex is often strongly under-estimated, which leads to the creation of an initially too intense longitudinal vortex. This laminar-like vortex is convected in the turbulent flow far from its onset since the only source of diffusion comes from the laminar physical diffusion and the discretisation error. Turbulence is not created in the core of the vortex during its advection in the surrounding turbulent flow when a DES-SST is employed, contrary to what is observed with statistical turbulence closures. During this convection, numerical diffusion will be the only source of apparent diffusion. This numerical artefact may lead by chance to the right level of diffusion in the core of the vortex far from its onset, which will provide a nice agreement with the experiments in terms of extent and longitudinal vorticity, thanks to a fortuitous compensation effect. But this agreement will be lost as soon as the grid is refined, too many and too intense vortices being predicted in comparison with the real flow. It is widely accepted that an isolated trailing vortex should behave as if its core is laminar if its swirl is large enough even when this structure is convected in a high Re turbulent flow, see Jacquin (1997) . This means that, when the vortex is far from its onset and from any boundary layer in the wake of the body, the initial turbulence present in its core is very quickly dissipated thanks to the stabilizing effects of swirl. This was established by Ragab & Sreedhar (1955) and [START_REF] Chow | Mean and turbulence measurements in the near field of wingtip vor-tex[END_REF] who observed anisotropy and misalignment of the mean strain rate and Reynolds stress tensor. From that point of view, the DES-SST model like the full Reynolds Stress Transport models behave in agreement with the local flow physics, by not producing TKE in its core when the vortex is isolated. However, what is true for an isolated trailing edge vortex is not necessarily true for a vortex advected in the vicinity of a wall in the outer part of the boundary layer, under the influence of the turbulence created at the wall.

Planar comparisons with IIHR's experiments

Let us first examine the experiments by using planar measurements performed by IIHR in the framework of a NATO/AVT collaboration. These recent unpublished experiments performed by IIHR (Frederick Stern's team) have been made available for this paper and this fine gesture is gratefully acknowledged. Figures 9(a) to 18(a) and Figures 10(a) to 19(a) show the longitudinal vorticity and TKE distributions measured from station x/L P P = 0.10 to x/L P P = 0.40. According to these experiments, it is clear that the cores of the SDV and FBKV vortices are not laminar since an approximate value of 0.0025 is maintained for the turbulent kinetic energy in the core of these vortices all along their advection below the hull. For the sake of brevity, additional experimental sections (x/L P P = 0.60, 0.80, 0.935) are omitted but confirm the same trend. We are therefore in a situation where we expect from the turbulence closure a capacity to initially create near the point of onset enough TKE and then to convect/produce it during its advection below the hull at the edge of the boundary layer, contrary to what is observed for an isolated trailing edge vortex. Only the computations related to the fine grid Grid2 will now be discussed for the sake of brevity. Three fields will be examined in this sub-section: the velocity, the longitudinal vorticity and the turbulent kinetic energy. The comparisons will be performed at stations x/L P P = 0.10, 0.12, 0.20 and 0.49 to focus on the flow physics close to the onset of longitudinal vortices. For the sake of brevity, we will only compare the best statistical closure, EARSM, with the DES-SST model. showing the turbulent kinetic energy distribution at this section. DES-SST is unable to produce enough turbulence in the core of these longitudinal vortices, which explains why it predicts more intense vortices. The same comment applies to Figures 11,12 and 13 showing the same comparisons for station x/L P P = 0.12. If one looks only at the agreement on the velocity and longitudinal vorticity, we may have the feeling that the hybrid LES model DES-SST is more reliable since it is able to predict more intense and sustainable vortices. However, if we look at the predicted amount of turbulent kinetic energy close to the separation and in the core of these structures (see Figures 13), we realize that this apparent agreement is ob-tained at the expense of a completely wrong TKE distribution in their cores. This leads to the generation of too intense vortices, a result which is not better than the too diffused vortices predicted by eddy-viscosity based turbulence closures. The same observations apply for all the next stations along the hull. 

Introduction

The propeller was derived from the E779A model. This is a Wageningen modified type, four bladed, fixed-pitch, right-handed propeller, characterized by a nominally constant pitch distribution and a very low skew, see Figure 20. The main geometrical features are reported in Table 1. The analysis of the flow in the wake of a marine propeller is very complex, even for a simple case of an The computational domain consists of a cylindrical domain, whose diameter is 3 times the propeller diameter. It starts 2.96R before the plane of the propeller and it extends until 15.4R after the propeller plane. The computational mesh is created with HEXPRESS. The mesh consists of 21.4×10 6 cells. The number of faces for each blade is approximately 38 100. The average wall normal resolution on the blades is y + = 0.6 with a maximum, around the tip, in the order of 1.8. A box including the propeller and extending up to 6 diameters in the wake is added to capture the vortices. In this box, the cells are isotropic and the size of the cell is 0.002 m, see Figure 21.

The RANS equations are solved in the moving reference frame but written in terms of absolute or inertial reference quantities. For the RANS simulations, the time 

Thrust and torque

In order to compare different approaches for the prediction of the flow around the propeller, the open water characteristics of the model are investigated. Several numerical results for different values of the advance coefficient J are compared with the experimental data, see Figure 22. Concerning the thrust Kt and the torque Kq, the predictions obtained with the different turbulence models differ by less than 5% for the low values of the advance coeffi- 

Flow field in the wake

However, it is crucial to evaluate the ability of the computational model to create and convect the vortical structures which are associated with a propeller flow. The analysis of the flow field is carried out for two values of the advance coefficient, namely J = 0.71 and 0.45 which are considered in order to try to reproduce some of the experimental findings of [START_REF] Felli | Mechanisms of evolution of the propeller wake in the transition and far fields[END_REF] . A general overview of the wake of the propeller is given in Figure 23 which presents the surface of the nondimensional value λ 2 = -2 of the second largest invariant of S 2 + Ω 2 (S and Ω being the symmetric and antisymmetric component of ∇u) colored by the helicity. This figure shows steady results obtained with two RANS models (k-ω SST and EARSM) and a flow field obtained by averaging instantaneous fields coming from unsteady DES-SST computations, all computed on the same grid. The acceleration of the flow behind the propeller causes a slight reduction of the radial position of the vortex cores. Then, the helices formed by the tip vortices remain located on a circular cylinder. RANS models yield tip vortices but they vanish more or less rapidly in the wake de- pending on the turbulence model used and the level of anisotropy associated with the turbulence model. With the DES-SST approach, the tip vortices are maintained much further in the wake. These remarks are also observed by [START_REF] Muscari | Modeling of vortex dynamics in the wake of a marine propeller[END_REF] .

In order to have a qualitative idea of the level of mesh resolution, a view of the DES function is presented in Figure 24. The blue area corresponds to F DES ≤ 1, which corresponds to the RANS area while F DES > 1 for the LES area (the red region in the figure). The resolution of the propeller wake is suited to a LES approach.

Figure 25 presents a comparison of the TKE and the Ycomponent of the vorticity for the three turbulence models used. The RANSE simulations, Figures 25(a the vortex core increase along the filament. On the contrary, the DES approach produces a high TKE near the tip but the level vanishes quickly and the level is lower than those observed with a RANSE approach. Then, the level of vorticity, which is similar for all simulations close to the propeller, decreases very quickly for the RANS simulations whereas for the DES, the decay is very progressive.

J = 0.45

The comparison between RANS and DES simulations for the advance coefficient J = 0.45 is reported in Figure 26. The figure 26(c) is very similar to the upper-right frame of Fig. 8 in [START_REF] Felli | Mechanisms of evolution of the propeller wake in the transition and far fields[END_REF] which presents the pairing of tip vortices and the beginning of the instability of the hub 2013) . The DES model permits to predict more extended vortices and shows both the onset of the vortex instability and the start of the pairing process described in the experiments. It is clearly shown that the tip vortices deform from the helical path and tend to interact mutually and form a group. Then, the hub vortex undergoes a sudden deformation from a straight to a spiralling geometry.

Figure 27 presents a comparsion of the resolved TKE and the modelled TKE. The intensity of the resolved turbulent kinetic energy increases, in particular in the wake where the instability process begins. The modelled tur- Figure 29 represents a view of the instantaneous isosurface of the invariant λ 2 obtained with a DES approach. We can compare this figure with which also represent an instantaneous view of the RANS simulation. Even if a RANS simulation yields a good prediction of forces and moments, this approach fails to give information about the wake evolution which may be important, like for the prediction of noise or if a body like another propeller or a rudder is in its wake.

In conclusion, all turbulence models give a good prediction of forces and moments acting on the propeller. The RANS approach dissipates the tip vortices very quickly due to a high level of turbulent kinetic energy in the core of the vortices. The DES approach allows to cap- ture the evolution of the tip vortices as long as the mesh is reasonably refined. The initial stages of the instability pattern, with two consecutive filaments grouping their relative position, can also be reproduced and agree reasonably well with the flow visualization.

HIGH SPEED CATAMARAN

Introduction

This model is the Delft 372 catamaran hull form studied by [START_REF] Van't Veer | Experimental results of motions and structural loads on the 372 catamaran model in head and oblique waves[END_REF] at the Technical University of Delft, by [START_REF] Milanov | Numerical and experimental prediction of the inherent course stability of high speed catamaran in deep and shallow water[END_REF] at the Bulgarian Ship Hydrodynamics Center (BSHC), and at CNR-INSEAN, [START_REF] Zaghi | A numerical and experimental study on the hydrodynamic of a catamaran varying the demi-hull separation[END_REF]. It has been selected as a benchmark case for the NATO AVT-161 project. The main particulars of the geometry are listed in Table 2. Classical grid conver- gence analysis as well as Froude number and separation coefficient influence have been studied in (Visonneau et al., 2011). Additionally on this occasion, adaptive grid refinement was used but this focused on a specific case when ventilation at the bow was detected from experiments. Here, two specific drift angles and Froude number are studied corresponding to cases of interest of the aforementioned NATO project in progress. The main objective of the present work is to demonstrate the capability of the combined criteria to predict the forces and the main flow features (vortical structures and air-water interface deformations). The numerical prediction of the vortical flow structures within the NATO project focuses on separated flow onset and progression. This explains why the hydrodynamic load measurements from BSHC towing tank have not been considered for comparison purpose since these data are not available at the same conditions at which PIV data have been acquired at CNR-INSEAN.

Simulation setup

The computational domain size agrees with the INSEAN towing tank size for the depth (6.60 m), the width (13.50m) and extents longitudinally between -26.5 m and 15 m with the origin at the aft perpendicular. The cataraman is rotated according to the drift angle so that the external boundary conditions do not depend on this angle: far field Dirichlet condition on the inflow, prescribed pressure on the outflow and no-slip condition on the side faces to approximate the towing tank walls. Pressure is prescribed on top and bottom boundaries. All the resulting original grids are generated with HEXPRESS. The cases presented are listed in Table 3 and the corresponding numerical simulations have been conducted for the catamaran advancing in steady drift and at prescribed dynamical sinkage and trim values taken from the CNR-INSEAN experiments as reported in [START_REF] Broglia | Measurements of the velocity field around the delft 372 catamaran in steady drift[END_REF]. Some crosssections have been selected for comparison purposes with locations shown in Figure 30. In both cases results obtained with the automatically refined grids (AGR) are compared with those produced on a fine grid (Fine) with 20×10 6 cells for wall function approach (y + about 30) and 24×10 6 cells with low-Reynolds (LR) approach (y + about 1). The original grid generated for AGR contains slightly less than 1×10 6 cells. Figure 31 compares the grid density between the original grid and the fine grid in plane P3 close to the bow. It is underlined that for the fine grid, grid density is explicitly increased in a box surrounding the catamaran [-1.0, 3.4] × [-1, 1] × [-0.3, 0.0075] in metres. With AGR starting from the original grid, except the vertical (z) refinement acting everywhere, the same box is used to restrict the longitudinal(x) and transversal(y) refinements. Inside the box and outside the viscous layer, the resulting grid resolution on a fine grid is ∆x = ∆y = 0.0025 × L P P and ∆z = 0.00125 × L P P . With AGR, in both computed cases, as expected the finest size cells are created in vortices and at the vicinity of the air-water interface with ∆x = ∆y = 0.0006 to 0.0012 × L P P while ∆z = 0.00120 × L P P . In all cases the time step used to reach a steady drift solution is 0.005s. Depending on the case, a duration between ten and twenty seconds in physical time is used, large enough to reach a steady axial force within 0.1% of the mean value. As an example, with AGR and case (D=9 • , Fr=0.5), Figure 32 illustrates the time history of the prescribed advancing speed law together with the axial resistance force of the catamaran and the evolution of the number of cells in the domain.

As a first significant result, the CPU cost is divided by a factor 5 with AGR compared to a fine grid resolution.

For a simulation of 16 s with case (D = 9 • , Fr = 0.5) using the EARSM turbulence model with wall function approach, 72 hours with 64 partitions is used with the fine grid whereas the cost is 37 hours with 32 partitions thanks to AGR. The choice for the combined criteria is such that the target grid spacing normal to free surface is 0.00233 × L P P with a minimum size limit for the refined cells of 0.00066 × L P P . The proportion for Hessian criterion with smooth Gauss feature is c = 0.004. Under these criterion, the resulting grid comprises 2.96×10 6 points for case (D=6 • , Fr=0.4) and reaches 6.36 ×10 6 points for the most severe case (D=9 • , Fr=0.5).

Forces

Normalized forces (longitudinal X and lateral Y) and yaw moment N are listed in Table 4 corresponding to case (D=6 • , Fr=0.4). For X and Y, normalization is done by ρU 2 L 2 P P and for the moment by ρU 2 L 3 P P . It should be noted that the yaw moment is evaluated at L P P /2. On the same fine grid the differences between the two turbulence models is around 1% whereas, for the same turbulence model, the highest difference is on the lateral force Y (3.8%) between the two grids. With case (D=9 • , Fr=0.5), the same comment applies concerning the effect of turbulence modelling: weak differences around 1%. With the same turbulence model, the differences are more pronounced on the lateral force (2.9%) and on the moment (2.3%). Concerning the forces, as a first conclusion, the use of law-of-the-wall boundary condition is justified considering the results of the low-Reynolds number approach (LR). On the same fine grid, all the differences are about 1%. The other conclusion is that the AGR approach gives great confidence in the forces provided that the fine grid results are converged. As a whole, concerning turbulence modelling and grid influences, the differences are less than 4% which is in the usual range of numerical uncertainty.

Flow field

With case (D=9 • , Fr=0.5), Figure 33 compares the computed wave patterns from the fine grid and from AGR with the EARSM turbulence modelling. The isoline distance is the same for all figures and corresponds to L P P /1000. The dashed rectangle indicates the boundary of the region in which the grid has been explicitly (Fine) or automatically (AGR) densified. Additional dashed vertical lines indicate the location of the five planes of interest Pi. The computed flow field is characterised by strong breaking bow waves on both hulls of the catamaran and also by a breaking rooster tail wave behind the stern. The breaking bow wave originating at the bow of the port side (PS) hull interacts significantly with the starboard (SB) hull at the highest drift angle. Although the general aspect of the wave patterns is similar between fine and AGR grids, the main visible differences with AGR are (i) the way the breaking bow wave from PS hull interacts in the midle of the SB hull with multiple rebounds and production of foam, and (ii) in the intensity and shape of the wave trough before the stern. With improved resolution in longitudinal and transversal directions, such a deeper trough predicted with AGR could partly explain the differences in forces between fine and AGR grids.

The only available plane P1 has been investigated in comparison with PIV measurements and case (D=9 • , Fr=0.5). In Figure 34, this plane is used to compare the longitudinal vorticity distribution from both measurements and simulation with AGR. The corresponding grid density in that plane is also given to illustrate the efficiency of the combined criterion to predict correctly the forebody keel vortices (FKV) and also the way the grid adaptation works to capture the complex free-surface deformations. In P1 26 cells per direction are generated with AGR inside the FKV structure, between the minimum and maximun of the transversal of vertical velocity component. As a comparison at the same place, the fine grid uses about 10 points.

Further downstream, in wake plane P5, the predicted intensity of these FKVs is reduced as shown with the same levels in Figure 35 to illustrate the effect of turbulence modelling on the flow structures. The intensity of the vortices is higher with the non-isotropic modelling EARSM than the intensity predicted with the isotropic k-ω SST model. The EARSM reduces the turbulent diffusion inside the core of vortices but we cannot recover the relaminarization observed in the core of isolated longitudinal vortices, see [START_REF] Chow | Mean and turbulence measurements in the near field of wingtip vor-tex[END_REF] . This is clearly visible with the comparison of Figure 36 in the same plane P5 for the distribution of the turbulent kinetic energy.

Among the main vortical structures as named and pointed out in Figure 37 from iso-λ2 invariant, is the evidence of the development of free-surface vortices (FSV) correlated with wave breaking and successive splash-up and rebound phenomena. The simulations predict that these FSVs remain close to the free surface and are rapidly damped inside the region of foam. Figure 38 illustrates this damping in a middle cross section plane where it is also predicted that the FSVs from the leeward hull are much more damped due to the interactions of the free surface with the windward hull. In conclusion, the influence of turbulence modelling is weak on the forces (either wallfunction or low-Reynolds approaches). With AGR around the catamaran the grid density is even higher than the fine grid density used in the localized flow structures detected by the combined criterion. It is observed that the downstream extension of FSV structures is limited and damped in the region of foam from breaking waves. 

CONCLUSION

In this paper, we have analysed the local predictions for several test cases representative of hydrodynamic flows for which an accurate computation of longitudinal structures is crucial. It has been established that the numerical diffusion plays a major role in the premature extinction of these vortices, which justifies having recourse to an auto-matic grid refinement methodology to track the vortices when their trajectories are not known a priori. However, once this local source of numerical error is under control, it appears that the modeling error associated with the turbulence closures is predominant. The flow in the core of a vortex is characterized by strong rotation and streamline curvature effects which can not be represented reliably by shown by the better results obtained with EARSM for all the test cases. Although initially promising, hybrid LES models (like DES-SST for instance) do not provide a universally better answer. In some cases, they will predict much too intense vortices due to a lack of turbulent kinetic energy in the core of the vortex. This is what is observed for the flow around the DTMB5415 at straight-ahead condition where longitudinal vortices progress along the hull. In such a situation, the turbulence in the core is no longer dissipated, being probably fed by the turbulence created at the wall. In that case, neither DES-SST nor isotropic or anisotropic turbulence closures yield fully satisfactory answers. If the vortices are advected in the wake of the body far from any boundary layer, turbulence in the core of the vortex should be quickly dissipated, due to the regularizing effects of the swirl. In that case, DES-SST will provide a nice prediction clearly better than what is predicted by statistical closures. Such a behavior is observed for the INSEAN propeller where the DES-SST computations are able to predict the instability and the grouping of the tip vortices while the RANS simulations are only able to give the forces and moments. The hybrid LES model performs better than eddy-viscosity based turbulence closures since it is able to predict the relaminarization of the core of the tip vortex in the wake of the propeller. DES-SST suffers probably from the same weaknesses on the surface of the propeller but, thanks to the quick attenuation of the turbulent kinetic energy in the core of the vortex once it leaves the blade surface, this initial modelling error does not further contaminate the vortex during its progression in the wake of the propeller.

These considerations imply that, to assess honestly numerical predictions of complex vortical flows, one should look at the same time at the mean longitudinal vorticity and at the TKE distribution in the core of the longitudinal vortex, from its onset point to its location far away. It would be misleading to insinuate that, on a coarse grid, when a good (resp. bad) agreement is observed on the mean longitudinal vorticity (resp. TKE), using a finer grid will bring additional improvments on TKE without degrading the previous agreement observed on the longitudinal vorticity on the coarse grid. Actually, these two quantities are intimately linked and we can not change one without impacting the other one. This is a situation which is quite different from the experiments where one can accurately (resp. inaccurately) measure mean vorticity (resp. turbulence fields) on a coarse time-sampling, and then improve the accuracy of the measurements of turbulence fields on a finer time-sampling without degrading the accuracy of the mean flow-variables. These are the shades of meaning between experimental observation and computational prediction.
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  Figure 1: DTMB5415 model

  Figure 2: DTMB5415: Computational grid topology

Figure 3 :

 3 Figure 3: DTMB5415: Iso-surfaces of Q=50 colored by velocity -Grid 1 -K-ω-SST turbulence model

Figure 5 :

 5 Figure 5: DTMB5415: Iso-surfaces of Q=50 colored by velocity -Grid 2 -K-ω-SST turbulence model

  Figures 8 to 10 show the experimental and computational results at station x/L P P = 0.10. The sections of FBKV and SDV are visible in both computations, in good agreement with the experiments. The vortices predicted by DES-SST appear already more intense, which is confirmed by Figures 10

  Figure 8: DTMB5415: Contours of axial velocity, cross flow streamlines at x/L P P = 0.10

  Figure 9: DTMB5415: Contours of axial vorticity at x/L P P = 0.10

  Figure 10: DTMB5415: Contours of turbulent kinetic energy at x/L P P = 0.10

  Figure 11: DTMB5415: Contours of axial velocity, cross flow streamlines at x/L P P = 0.12

  Figure 12: DTMB5415: Contours of axial vorticity at x/L P P = 0.12

  Figure 13: DTMB5415: Contours of turbulent kinetic energy at x/L P P = 0.12

  Figure 14: DTMB5415: Contours of axial velocity, cross flow streamlines at x/L P P = 0.20

  Figure 15: DTMB5415: Contours of axial vorticity at x/L P P = 0.20

  Figure 16: DTMB5415: Contours of turbulent kinetic energy at x/L P P = 0.20

  Figure 17: DTMB5415: Contours of axial velocity, cross flow streamlines at x/L P P = 0.40

  Figure 18: DTMB5415: Contours of axial vorticity at x/L P P = 0.40

  Figure 19: DTMB5415: Contours of turbulent kinetic energy at x/L P P = 0.40

Figure 21 :

 21 Figure 21: Propeller: View of the mesh in the symmetry plane

  Figure 26: Propeller: J = 0.45 -Vortical structures visualizations (λ 2 = -2)

  Figure 28: Propeller: J = 0.20 -Vortical structures visualizations (λ 2 = -2)

Figure 31 :

 31 Figure 31: Catamaran: Cross-section of the grid in plane P3. Left: original grid for AGR. Right: fine grid

Figure 32 :

 32 Figure 32: Catamaran: D=9 • -Fr=0.5: Time history of the speed, the axial force and the number of cells with AGR

Figure 33 :

 33 Figure 33: Catamaran: D=9 • -Fr=0.5: Wave patterns from Fine grid(left) and from AGR(right)

Figure 37 :

 37 Figure 37: Catamaran: D=9 • -Fr=0.5: AGR(EARSM): View from under of free surface of the the main vortical structures from iso-λ2 = -40 coloured by the pressure

Table 1 :

 1 Propeller: Main particulars of the INSEAN779A propeller

	INSEAN E779A model	
	Main particulars	Symbol Value
	Diameter	D	0.227 m
	Number of blades Z	4
	Pitch ratio	P/D	1.1
	Rake	i	4 • 35' (forward)
	Expand area ratio EAR	0.689
	Hub ratio	D H /D	0.200

Table 2 :

 2 Catamaran: Main particulars of Delft 372 geometry from CNR-INSEAN model test

	Main particulars	Symbol	Value
	Length between perpendiculars	L pp	3.00m
	Distance between centre of hulls	H	0.70 m
	Draught	T	0.15 m
	Displacement	D	87.07 Kg
	Vertical centre of gravity	KG	0.34 m
	Longitudinal centre of gravity	LCG	1.41 m

Table 3 :

 3 Catamaran: Steady drift cases

	Froude (D)rift( • ) Trim( • ) Sinkage(mm)
	0.4	6	-0.35	-15.64
	0.5	9	-1.51	-25.96

Table 4 :

 4 Catamaran: Normalized forces (×1000)

	Model	X	Y	N
	D=9 • -Fr=0.5		
	AGR(EARSM)	0.814 1.525 0.854
	FINE(EARSM)	0.822 1.586 0.860
	FINE(k-ω SST)	0.812 1.570 0.861
	D=6 • -Fr=0.4		
	AGR(EARSM)	1.356 2.763 1.194
	FINE(EARSM)	1.344 2.675 1.225
	FINE(k-ω SST)	1.325 2.653 1.228
	FINE(k-ω SST,LR) 1.307 2.682 1.242
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