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INTRODUCTION

The local flow around ships or submarines at straight ahead or static drift conditions is dominated by the onset and development of longitudinal vortices which progress in the close vicinity of the hull. The accurate prediction of the right level of vorticity is crucial for the design of propellers and appendages which operate in an averaged flow field resulting from the influence of one or several interacting longitudinal vortices. In previous workshops on numerical ship hydrodynamics Gothenburg 2010 (G2010), see [START_REF] Larsson | Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF] and Tokyo 2015 (T2015) or research collaborative studies like NATO/AVT183, see [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF], for IIHR experiments, it was demonstrated that the use of anisotropic turbulence models like Explicit Algebraic Reynolds Stress (EARSM) or Full Reynolds Stress Transport models leads to a significantly better agreement with the measurements, as long as the averaged isowakes or longitudinal vorticity are concerned.

Either for the Japanese Bulk Carrier (JBC) studied during T2015 or for the DTMB 5415 studied in NATO/AVT183, it was systematically noticed that the numerical error is negligible in front of the modelling error for typical grids used nowadays. However, for both test cases, the computations predicted levels of turbulent kinetic energy in the core of the averaged longitudinal vortices four to five times smaller than what was measured. The same failure was observed on very different ships (JBC and DTMB 5415) for different types of open separation (bilge or sonar dome vortices). This intriguing fact motivated the authors to look deeper in the physical mechanisms characterising the open separation occuring around ship hulls. A unique opportunity was offered by the availability of the remarkable IIHR experiments which provided us with detailed experimental information on the physics in the core of the main vortices generated at static drift.

The first part of this paper will therefore present a complete validation study comparing isotropic kω SST, non linear anisotropic EARSM statistical closures and an unsteady hybrid RANS-LES DES-SST model conducted for the static drift configuration. This validation study includes detailed local comparisons with IIHR TPIV experiments and an additional physical analysis of the separation mechanisms at the sonar dome and of the flow in the core of sonar dome tip vortex (SDTV) including local anisotropy indicators, anisotropy invariant maps and turbulence kinetic energy (tke) budget. These computations are carried out on a very fine grid which captures details beyond the Taylor scale in the core of the main vortices. Then, based on the expertise gained in the previous test case, a URANSE-based simulation for the 10 • dynamic sway configuration with the help of the k -ω SST model will be described and the global and local phase-averaged IIHR experiments will be used to analyze the strength and weakness of this turbulence model.

ISIS-CFD AT A GLANCE

The solver ISIS-CFD, available as a part of the FINE TM /Marine computing suite distributed by NUMECA Int., 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-ε 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-SST, IDDES) 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].

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 unstructured; 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 six 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. Finally, an anisotropic automatic grid refinement procedure has been developed which is controlled by various flow-related 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 using the MPI (Message Passing Interface) protocol.

• STATIC DRIFT -IIHR EXPERIMENTS

The experiments used in this computational study were conducted in the towing tank facility at IIHR. The hull form used in the tests was the DTMB 5512, a 1:46.6 scale, 3.048 m long model, which is a geosim of the DTMB 5415, a 1:24.8 scale, 5.72 m model. The full-scale hull form is a preliminary design for a surface combatant for the US Navy. Characteristic features of the DTMB 5415 hull include a transom stern and a sonar dome bow. All the hull particulars are reported in the Table 1. The towing tank is 100 m long, 3.048 m wide and 3.048 m deep and it is equipped with a wave-maker, a drive carriage, a planar motion mechanism carriage, a model tracking system, a wall-mounted wave-damping system and a wave-dampening beach. The ship motion was registered by means of an infra-red based camera tracking system. The wave-dampening system and beach allow taking measurements with a 12-minutes interval between carriage runs. Forces and moment were measured with an Izumi six-component strain-gage type loadcell and six-channel Izumi amplifiers for signal conditioning. The measurement of the far-field wave elevations was performed using a longitudinal cut method with servo-and acoustic horn-based measurement system. TPIV was used to acquire the 3D velocity field.

The experimental grid resolution is about 1mm in all directions and the data rate is 13Hz. The presented data are for the averaged flow field and they were obtained by ensemble averaging for ten repeated runs. The ship model was tested in calm-water conditions at a Fr = 0.28, which corresponds to the full-scale cruise speed of 20 knots and to a model scale towing speed of 1.53 m/s. The model scale Reynolds number Re = 4.65 ×10 6 is based on a nominal water temperature of 20 • C. In order to initiate transition to turbulence, cylindrical studs were placed in a row at X/L = 0.05 upstream to the hull. The model draft was fixed to static (0.132 m in calm water) with a dynamic sinkage of 1.92 × 10 -3 L and a trim of -0.136 • , positive bow up.

The data to which we are going to refer in the present context include: forces and moments, longitudinal and axial variations of flow variables in the core of the vortex, contours of flow variables at the planes X/L = 0.06, 0.1, 0.12, 0.2, 0.3, 0.4, 0.6, 0.8, 0.935, 1. The experimental measurement locations are shown in the Fig. 1. The flow topology was accurately described by [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF] and one will retain the definition of the main vortices proposed in this publication. Taken from IIHR studies, Fig. 2 shows an overview of the vortical structures with the help of the isosurface Q* = 50 colored by the helicity. Fig. 2a shows the results of the TPIV IIHR measurements while Fig. 2b presents the ISIS-CFD numerical simulation. Henceforward, the vortices originating from the port side will be called windward (WW), while the vortices originating from the starboard side will be called leeward (LW), seeYoon et al. ( 2014). In the Figure 2, one can distinguish three major co-rotating structures:

• SDTV, Sonar Dome Tip Vortex. It originates from the sonar dome end tip and it progresses along the hull in a straight line fashion.

• BKTV, Bilge Keel Tip Vortex. It originates from the windward bilge keel surface. Its intensity is comparable with the SDTV.

• ABKV, Aft Body Keel vortex. It appears in correspondence of the section X/L = 0.8. The vortex initially proceeds downstream following the windward side, then it deflects across the hull centerline and it appears on the leeward side of the hull.

From the Figure 2, other minor structures are visible: the LW-SDV (LeeWard Sonar Dome Vortex), the WW-FBKV and the LW-FBKV (WindWard and LeeWard Fore Body Keel Vortex) and the BKV (Bilge Keel Vortex). The latter one is formed because of the cross-flow over the bilge keels. In this study, our attention will be focussed on the analysis of the numerical results relative to the main vortices: the so-called SDTV and BKTV vortices. 

Introduction

During her Master research thesis in 2017 devoted to the same static drift and dynamic sway test cases, one of the authors, Ginevra Rubino, carried out a first comprehensive verification and validation study which paved the way to this article. The grid sensitivity that she carried out was based (i) on several unstructured grids of increased fineness up to 135M points and (ii) had recourse to the automatic grid refinement functionality implemented in the ISIS-CFD code. This study led to recommendations which are by far exceeded to build the very fine grid considered in this article. For the sake of conciseness, the main steps which have led to the 163M points mesh, used in the presented simulations, are summarized here. For additional details, readers could refer to [START_REF] Rubino | Large Dynamic Manoeuvers for a Naval Vehicle[END_REF].

In the very first part of the master research, three meshes, ranging from 24M to 90M points and equipped with a refinement box aligned with the hull, were tested in order to estimate the discretization error. In the analysis of the kω SST results, no significant differences were noticed, proving that the discretization error was negligible compared to the modelling one on such fine meshes. Nevertheless, it was observed that once the vortices were leaving their respective refinement boxes, the numerical turbulence variables were affected by the abrupt passage from a finer zone of the grid to a coarser one. Consequently, a new set of meshes was built: a mesh of 135M points, created from the 90M points one adding a box on the leeward side, a mesh of 62M points, with the body rotated of 10 • with respect to the reference system and a refinement box aligned with the flux, and a final mesh of 45M points, built by activating the Adaptive Grid Refinement from an initial mesh of 5M points. On the first two introduced meshes, it is worth mentioning that the refinement box for the SDTV was limited till the section X/L = 0.6 and no refinement box was expected for the BKTV. URANS vorticity and velocity results were in good agreement with the experiments on all the meshes, more accuracy was achieved on the AGR mesh, thanks to the higher cells density in the vortex core. Nevertheless, a mesh topology where the vector flux is aligned with the reference system was revealed preferable in order to obtain a better agreement on the forces. Despite the minor differences on the results between the various meshes, it was quickly evident that an accurate resolution of both the main vortical structures could not be achieved without the presence of a refinement box for each vortex all along their progression. This observation was confirmed by the first DES simulation on the 62M mesh. Thus, the mesh of 163M points was created from the 62M points one, adding a new refinement box on the windward side and elongating the one for the SDTV. On this very fine grid, for which the modelling error is far greater than the discretization error, several classes of turbulence closures from statistical to hybrid RANSE/LES models will be now compared in this paper. The computations will be validated in respect of the remarkable IIHR experiments and analyzed as thoroughly as possible to identify their respective strong points and drawbacks.

Numerical settings

The computational domain starts 1.5L in front of the model and extends up to 2.5L behind the hull. The width of the computational domain is 4L and the height is 2L with 1.5L below the free surface at rest. The mesh is generated by Hexpress TM , an automatic unstructured mesh generator. This software generates meshes containing only hexahedrons. Three refinement boxes are used: one wich includes the hull with a cell size of 10 mm in each direction, the second includes the sonar dome and extends until X/L = 1.0 and the last starts at the beginning of the windward bilge keel and extends until X/L = 1.0. For these two boxes, the cell size is ∆x = 1.5 mm and ∆y = ∆z = 0.7 mm. Finally a last box, generated by the ISIS-CFD adaptive grid refinement, is used and covers the sonar dome. In this box, all cells are twice smaller. As the hull is in incidence, all these boxes are aligned with the main flow direction. The final mesh contains 162.6 million cells. On this grid, the averaged value of y + = u τ y ν is 0.129, resulting in a first layer dimensionless thickness of the order of 7 × 10 -6 .

Two RANS turbulence models are used: kω SST and a non linear anisotropic EARSM, based on the kω model. A hybrid RANS-LES turbulence model based on DES is also employed. For the RANS simulations, the time step is ∆t = 2 × 10 -2 s while for the DES, the time step is ∆t = 5 × 10 -4 s and the non-dimensional averaging time, t ×U/L, is 5.2.

With the DES model, the F DES function allows the switch between RANS mode (F DES = 1) and LES mode (F DES > 1). On our grid, the RANS area represents approximately 20 cells in the normal direction to the hull.

For this Reynolds number, the Taylor micro-scale is λ = 2.34 mm, while the Kolmogorov micro-scale is η = 0.006 mm. This leads to a Taylor time scale of ∆t λ = 1.53 10 -3 s. A first very fine parallelipedic box of refinement is inserted in the core of the SDTV vortex from X/L = 0.000 to X/L = 0.400. In this first box, an isotropic mesh is built, leading to a typical mesh size ∆x = 0.595 mm, which means that the Taylor scale is described by about 4 points. In the second local box of refinement located from X/L = 0.400 to X/L = 1.000, the grid is slightly coarser with a typical cell size ∆x = 1.18 mm, which means that the Taylor scale is there described by only two grid points. The time step used in these computations is ∆t = 5.0 10 -4 s. well below the typical large eddy turnover times associated to the Taylor micro-scale ∆t λ = 1.53 10 -3 s. Fig. 3 shows the turbulence kinetic energy spectrum at a specific point located close to the core of the SDTV vortex at X/L = 0.1217. One notices that the typical -5/3 slope is recovered in the first part of the spectrum for frequencies located between 50 and 150 Hz. Then, a steeper -7/2 slope is observed up to a cut-off frequency around 1000 Hz. Table 2 shows the longitudinal, lateral forces and yaw moment corresponding to these computations. The agreement with the IIHR experiments on the longitudinal force is very good for both statistical turbulence closures with an error below 1.5% for the resistance. The non-linear anisotropic model improves significantly the prediction of the lateral force by reducing the error by more than 4%. On the other hand, the hybrid RANS-LES computations are far less satisfactory with an error with the measurements of 16.54% for the resistance, 9.41% for the lateral force and 2.80% for the yaw moment. These very large errors on the forces are hard to explain at this stage. It is unlikely that they might be due to a lack of statistical convergence since the averaging time used here corresponds to about 3.6 ship lengths. Comparisons between viscous and pressure resistances indicate that both components are significantly under-estimated by DES-SST, although the same RANSE kω SST formulation is used in the immediate vicinity of the whole hull. Such a discrepancy on the resistance was also observed in our previous hybrid RANS-LES computations of the flow around the JBC, see [START_REF] Visonneau | Local and Global Assessment of the Flow around the Japan Bulk Carrier with and without Energy Saving Devices at Model and Full Scale[END_REF], in straight-ahead condition. This error on the viscous resistance should probably be attributed to the problem of log-layer mismatch reported by [START_REF] Nikitin | An Approach to Wall Modelling in Large-Eddy Simulations[END_REF]. They reported an under-prediction of the skin-friction coefficient of about 15% for a DES computation of a channel flow, which corresponds to what is found on the current computed viscous resistance. Additional computations based on the available DDES or IDDES variants should be carried out to check this hypothesis.

Global time-averaged flow field

Figs 4 and 5 provide a global windward view of the main time-averaged vortical structures created around the DTMB 5415 at 10 • static drift. These figures describe the main longitudinal vortices visualised by the iso-surface Q * = 50 colored by the helicity as computed by the kω SST and the hybrid RANS-LES models on the same grid. The time-averaged vortical structures do not differ much between the turbulence models in terms of location and longitudinal extent. However, one can notice that DES-SST provides an SDTV vortex with a radius which is smaller all along its progression compared to its RANSE-based counterparts, indicating a more intense longitudinal vorticity. The global time-averaged vortices predicted by EARSM (not shown here) are thinner than those predicted by kω SST simulation but thicker than their DES-SST counter-parts. One can see the Sonar Dome Tip Vortex (SDTV) arising from the trailing edge of the sonar dome and progressing up to the stern of the ship. The Bilge Keel Tip Vortex (BKTV) emanates from the leading edge of the windward bilge keel and progresses also up to the stern of the ship. The local boxes of refinement located in the core of SDTV and BKTV reduce significantly the local numerical dissipation and let the turbulence closures exhibit their characteristics without any significant pollution from the discretization errors. The Aft Body Keel Vortex (ABKV) is also visible in all the computations. The next figures present two detailed views of the onset of the vortices at the sonar dome at the windward and leeward sides. For the sake of conciseness, computations performed with the non-linear anisotropic EARSM model are not shown here, since they are almost identical to the results obtained with the k -ω SST model. In Fig. 7 showing the leeward side, the situation appears a bit more complex. First of all, one can notice a small closed zone of recirculation located between the free-surface and the intersection between the stem of the ship and the sonar dome. The helicity is small. Then, while progressing downwards from the free-surface to the sonar dome, one can notice a first wing-body junction like vortex with a positive helicity. This vortex progresses in the junction between the hull and the sonar dome and joins SDTV. This wing-body junction vortex is accompanied by a counter-rotating longitudinal vortex which seems to detach from the upper part of the sonar dome, progresses along the hull and vanishes quickly, probably killed by the local numerical dissipation. A third longitudinal vortex with a positive helicity, emerges from the middle part of the sonar dome. This vortex was identified by [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF] as Leeward Sonar Dome Vortex (LW-SDV) and its presence is confirmed by all the present computations, independently of the turbulence closure. It looks like a tip vortex but is very quickly attracted by the main SDTV vortex which emerges from the windward side behind the sonar dome trailing edge. It is reassuring to notice that the same number of vortices and locations of onset is observed for statistical and hybrid RANS-LES closures. However, the LW-SDV and SDTV vortices predicted by DES-SST appear to be more intense, as indicated by the smaller radius of their respective iso Q * surfaces.

To complete the understanding of the topology at the sonar dome, Fig. 8 presents a bottom view of all the vortical structures created in this region. Concerning the turbulence kinetic energy, both statistical closures predict a tongue of high turbulence kinetic energy which is located above the core of the SDTV. On the contrary, DES-SST predicts a roughly circular distribution of turbulence kinetic energy in the core of SDTV with a higher value than the RANSE predictions. In agreement with the DES-SST computations, IIHR experiments show also that the turbulence kinetic energy is larger in the core of the SDTV vortex than above but the measured level of tke is lower than what is predicted by DES-SST. Figs 15 to 17 show the same data at section X/L = 0.300, where the main SDTV vortex starts to leave the vicinity of the main hull. The location of the SDTV vortex is accurately predicted by all the turbulence closures but the shape of the vortex, as revealed by the cross-section distribution of ω x seems to be better simulated by the DES-SST computations. The most remarkable difference is visible in Fig. 17 which shows the cross-sectional distribution of the turbulence kinetic energy. While both statistical turbulence closures predict a very low level of tke in the core of the vortex, a trend which is reinforced by the non-linear anisotropic model, the hybrid RANS-LES is the only one which captures the right level of tke in the core of the SDTV vortex at this location. The level of tke in the shear detachment layer which still links the core of the vortex with the hull is slightly over-predicted by the DES-SST computations compared to the experiments which reveals a somewhat more concentrated distribution of tke in the core of the SDTV vortex. The relaminarization of the core of the vortex during its progression predicted by the statistical closures is not confirmed by the IIHR experiments. It is remarkable to notice that the hybrid RANS-LES is the only model able to reproduce this salient flow feature. One will come back in the remainder of this article on this spectacular difference and will provide a physical explanation justifying these striking differences.

Figs 18 to 20 show again the cross-sectional distribution of U, ω x and tke at section X/L = 0.600, further away from the hull. The distribution of the longitudinal component of the velocity predicted by kω SST and DES-SST appears similar at first glance while EARSM-based simulation provides a lower longitudinal velocity in the core. Fig. 19 shows the progression of the SDTV but also the onset of BKTV behind the windward bilge keel. At first glance, the locations and intensity of the various vortical structures appear to be satisfactorily predicted by all the turbulence closures. However, one may notice that the extent of the SDTV is larger in the computations performed with the statistical closures while the unsteady hybrid RANS-LES model provides a more concentrated and circular SDTV cross-section in better agreement with IIHR experiments. Fig. 20 shows the distribution of tke at this section. The observations repor- ted previously are fully confirmed here. IIHR experiments reveal without any ambiguity that the high level of tke is still present and sustained in the core of the SDTV vortex. Moreover, the same characteristic is observed in the core of the BKTV vortex since a red spot of tke is also clearly visible. This high level of tke in the core of all the observed longitudinal vortices is only reproduced by the hybrid RANS-LES closure which provides results for turbulence kinetic energy in very good agreement with the measurements. Even the onset of the BKTV vortex appears satisfactorily captured despite the modeling uncertainties linked with the influence of the so-called gray region, at a location situated inside the boundary layer. Other cross-sections located further away are not shown in this article for the sake of brevity but fully confirm the analysis carried out here, revealing the same striking differences between statistical and hybrid RANS-LES closures. Up to the stern of the ship, the cores of the SDTV and BKTV vortices remain highly turbulent with no trend towards a relaminarization, a stunning physical characteristic which is only captured by the hybrid RANS-LES turbulence model.

Longitudinal evolution

The previous figures provided global cross-sectional views of the flow but it was difficult to carry out a more local and quantitative analysis of the differences between the simulations on the sole basis of these figures.

Based on their accurate TPIV measurements at several X/L sections, IIHR was able to locate experimentally the centers of SDTV and BKTV vortices by determining the maximum value of the second invariant Q. They also measured at these locations, the second invariant Q, the longitudinal vorticity ω x , the longitudinal component of the velocity U and the turbulence kinetic energy k. Fig. 21 provides a comparison between the IIHR measurements and the present computations performed with the same turbulence closures as previously on the same grid comprised of 163M cells. First of all, one notices that the longitudinal evolution of the centers of the SDTV and BKTV is remarkably well predicted by every computation. The lateral position Y is in perfect agreement with the measurements for both SDTV and BKTV while the vertical position Z appears to be marginally better predicted by DES-SST for BKTV. Large differences between the turbulence modeling approaches can be observed on the prediction of the second invariant Q and the longitudinal vorticity ω x . DES-SST provides a value of Q in far better agreement with the measurements than the kω SST model which is unable to avoid the progressive damping of the vorticity during the progression of the SDTV vortex. At some sections (e.g. X/L = 0.600 or X/L = 0.800), the value of Q predicted by DES-SST is almost ten times stronger than the one predicted by kω SST. It is interesting to notice that the non-linear anisotropic EARSM model seems to provide a better prediction of Q and ω x , but for wrong physical reasons: EARSM predicts a more marked relaminarization of the core of SDTV which is in complete contradiction with the measurements of turbulence kinetic energy. One notices also that DES-SST appears to be less accurate on the prediction of BKTV. This might be related to the fact that the onset of BKTV is located in the gray region of the hybrid RANS-LES closure. The prediction of the longitudinal velocity component U at the core of SDTV and BKTV is reasonably well predicted by both turbulence models but DES-SST performs significantly better for SDTV between X/L = 0.4 and X/L = 0.8. The most remarkable difference between the statistical and hybrid RANSE/LES turbulence models is provided by the comparison on the longitudinal evolution of the turbulence kinetic energy in the core of the vortices. DES-SST is clearly the only model able to predict the right level of turbulence kinetic energy in the core of SDTV and BKTV. kω SST and EARSM strongly underestimate by one to two orders of magnitude the turbulence kinetic energy in the core of SDTV, for instance, which illustrates the fact that the real physics of the flow is not correctly represented by these statistical turbulence closures, even if anisotropy is partially accounted for in EARSM. On the contrary, the agreement of DES-SST with IIHR measurements is remarkable, thanks to the impact of the resolved turbulence kinetic energy. The persistence of a high level of turbulence kinetic energy in the vortex core during its progression is a very interesting characteristic which will be analysed in more details in the next sections. It can be noticed that this surprising behaviour is perfectly well represented by the hybrid RANS-LES closure, while it stays out of reach of the linear isotropic and explicit non-linear anisotropic turbulence models.

Transversal evolution

As already mentioned by [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF], the normalized Q invariant in the vortex core is expected to be distributed as a Gaussian function, while the normalized ω x follows a Bell-shaped function whose parameters are defined in Fig. 22. The same figure provides the definition of the vortex diameter which is the width W . It slightly changes according to the distributed normalized quantity. In Figs 23 to 24, the distributions of the normalized Q and ω x in the SDTV core are presented for various turbulence closures on the same 163M cells grid as before. The variable r is the radial distance from the vortex core and R=W/2 is the radius of the vortex tube defined as indicated previously. For each cross-section, distributions according to y and z coordinates are reported in the figure, which means that when both y and z distributions match, the vortex has a circular section. As mentioned by [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF], IIHR experiments show Q and ω x radial distributions which have their maximum in the vortex core, then, symmetrically decrease as far as one moves from it as a Gaussian or a Bell-shaped function, respectively. kω SST SDTV Q/Q max has a symmetric profile in the range r/R ∈ [-1.5, 1.5], then Q/Q max is visibly under-estimated for some sections and over-estimated for others. The second peak observed at X/L = 0.600 is due to the existence of a second localized vortex located close to the SDTV. Indeed, for more or less all the sections, Q/Q max reaches its minimum with negative values at r/R = 2.5, -2.5, then it re-increases up to 0. This behaviour is not observed in the experiments where Q/Q max stays positive even in the outer part of the vortex. On the other hand, EARSM SDTV Q/Q max presents a more symmetric profile except in the near wake of the sonar dome where some asymmetry is observed at X/L = 0.200. Finally, DES-SST profiles are by far the most symmetric ones for every cross-section, except close to the stern of the ship (X/L = 1.000), where it was noticed that the SDTV vortex started to leave the local grid refinement box. The SDTV vortex predicted by DES-SST is more intense as indicated by Fig. 21 and, consequently, has a more circular cross-section. Otherwise, the DES-SST distribution for the previous sections is quite satisfactory. Fig. 26 shows the distributions of the normalized ω x in the BKTV core. One can notice the occurence of a second maximum of ω x at X/L = 0.600 and X/L = 1.000 which is also visible in the results provided by kω SST and DES-SST to a lesser extent. Globally, the symmetric Bell shaped profile is accurately recovered by both statistical turbulence closures while the DES-SST results seem to suffer from a lack of statistical convergence near the stern of the ship. Because of the strong pressure and velocity fluctuations associated with the unsteady separation located on the leeward side, the tip vortex which develops at the extremity of the vertical trailing edge of the sonar dome is excited and quickly destabilized in a fashion similar to what is observed on the leeward side for the LW-SDV vortex. The second mechanism consists in an additional interaction with a succession of vortices periodically shed at the vertical trailing edge of the sonar dome. This vortex shedding is visible in Fig. 30c which shows only the Q* structures associated with an helicity comprised between -0.4 and 0.5. This periodic vortex shedding creates a succession of cylindrical structures with positive helicity which contribute to an additional destabilization of the tip vortex mentionned earlier and compose the outer and inner structures of the SDTV vortex. These small tubular structures are entrained in a global rotation motion around the unsteady axis of SDTV in the separated region which takes place at the sharp corner along the keel line of the DTMB 5415 at 10 • static drift.

Finally, as illustrated by Fig. 31 which shows a cross-section of the instantaneous iso-surface Q * = 50 at X/L = 0.300, the core of the SDTV vortex appears to be composed of a multitude of unsteady ring-like vortices of various helicities coming both from the periodic shedding at the trailing edge of the sonar dome and from the unsteady separation present on the leeward side which sheds vortical structures later attracted in the core of SDTV. All these unsteady large scale vortices of various helicities create a high level of velocity fluctuation in the core of SDTV, and, consequently, a high level of resolved turbulence kinetic energy as observed in the measurements. The separation mechanism which gives rise to the onset of SDTV appears quite complex. Since the unsteady flow is computed with an hybrid RANS-LES formulation, it is necessary to know more about the location of the gray region in order to understand the relations between the implicit zonal distribution of the turbulence closures and the ability of such an hybrid turbulence formulation to represent the right physical mechanisms giving rise to such a complex separated flow.

• STATIC DRIFT -A DETAILED ANALYSIS OF THE SDTV VORTEX Introduction

In the previous sections, it has been established that, despite a very accurate prediction of the global forces and moment exerted by the flow at 10 • static drift, the statistical turbulence closures were not able to provide an accurate simulation of the local flow inside the main longitudinal vortices, namely SDTV and BKTV. A systematic decay of the vortex intensity, illustrated by the longitudinal behaviour of Q and ω x , was noticed during the progression of these vortices and confirmed on every grid tested, even when the automatic grid refinement was activated to generate a very dense cell concentration in the core of the main longitudinal vortices, see [START_REF] Rubino | Large Dynamic Manoeuvers for a Naval Vehicle[END_REF], for more details on this topic). Moreover, one noticed the remarkable disagreement on the level of the predicted turbulence kinetic energy, which was underestimated by a factor almost ten during the progression of SDTV. Actually, the use of the non-linear anisotropic EARSM model did not significantly improve the simulation, even degrading the agreement with experiments for some quantities like U and tke, for instance (see Fig. 21). The wrong physical behaviour of the turbulence kinetic energy, as predicted by both linear isotropic and non-linear anisotropic statistical closures, suggested that fundamental physical characteristics of the flow were not taken into account. The careful study of the unsteady solution provided by the hybrid RANS-LES solution shed some light on the origins of the high turbulence kinetic energy measured in the core of the vortices. However, it is necessary to analyse and characterize the turbulence in the core of the SDTV vortex from its onset to its progression up to the stern of the ship in order to identify more precisely the deficiencies of the statistical turbulence closures. These topics are addressed in the next sections.

Vortex core Analysis -Turbulence Anisotropy

In this section, a detailed analysis of the turbulence characteristics generated by the hybrid RANS-LES simulation in the core of the SDTV vortex is presented. The anisotropy is analyzed through two complementary approches, the anisotropy ratio indicator and the anisotropy invariant mapping.

Levels of anisotropy in the core of SDTV

As proposed by [START_REF] Schmitt | About Boussinesq's Turbulent Viscosity Hypothesis: Historical Remarks and a Direct Evaluation of its Validity[END_REF], one can introduce the anisotropy ratio indicator ρ RS defined by:

ρ RS = |R D i j S i j | |R D i j R D i j | |S i j S i j | (1)
which evaluates the correlation between the rate of strain S i j and the deviatoric part of the Reynolds stresses R D i j = -u i u j + 2 3 kδ i j . When the value of ρ RS is close to 1, there is a good correlation between the two tensors, which means that the linear isotropic turbulence closure is reasonable. When this indicator approaches 0, the Boussinesq hypothesis is not verified. Fig. 32 shows the distribution of this anisotropy ratio indicator in the vicinity of the SDTV at various longitudinal sections, the black cross indicating the location of the averaged SDTV core and the black lines the intersection of the averaged Q * = 50 surfaces in the cross-section. At X/L = 0.060, close to the onset of SDTV, the amount of anisotropy is noticeable in the core of SDTV while the turbulence appears relatively isotropic at the next two sections X/L = 0.100 and X/L = 0.120 in significant portions of the vortex core. However, during the progression of the vortex, from X/L = 0.200 to X/L = 1.000 (not shown here), the anisotropy of the turbulence in the core of SDTV vortex is greatly amplified with a level of correlation lower than 0.3 from section X/L = 0.400 to the last one in major parts of the vortex core. This explains why the statistical kω SST closure can not represent what is found by the unsteady DES-SST simulation. It is worthwhile to remind that on the grid used for this simulation, from X/L = 0.100 up to the last section, the SDTV vortex is located far from the gray region and is therefore entirely computed in the so-called LES mode.

Anisotropy invariant maps in the core of SDTV

To characterize more precisely the anisotropy existing in a turbulent flow, see [START_REF] Lumley | Computational Modeling of Turbulent Flows[END_REF], J.L. Lumley proposed to introduce the non-dimensional anisotropy tensor by:

a i j = u i u j 2k - 1 3 δ i j (2)
where k = 1 2 u i u j and δ i j is the Kronecker symbol. The tensor a i j has three scalar invariants: I a = a ii = 0; II a = a i j a i j ; III a = a i j a jk a ki .

(3) Fig. 33 displays the admissible state of turbulence in a flow with respect to its anisotropy where 

II a = 2 9 + 2III a (4)
while when two components of the velocity are comparable in magnitude, the turbulence is called axisymmetric and satisfies:

II a = 3 2 { 4 3 |III a |} 2 3
(5)

Figs 34 to 37 show the distribution of the II a and III a invariants for various cross-sections in the vicinity of the SDTV vortex shown in the same figures. Globally, all the invariant maps confirmed the fact that the turbulence generated by the hybrid RANS-LES closure is far from isotropic in the core if the SDTV vortex since very few points are located exactly at the bottom corner of the triangle. Fig. 34 shows the invariant map at X/L = 0.060 close to the onset or the longitudinal structures. The points cover large parts of the Lumley triangle with some points exhibiting a marked 2D behaviour and others showing pancake or cigar-like axisymmetric characteristics. The 2D turbulence corresponds to points located in the first five layers of the boundary layer in the immediate vicinity of the hull where such a 2D behaviour is expected. Axisymmetric turbulence is found away from the wall in small dispersed parts of the Q * = 50 iso-surface. This behaviour is observed up to X/L = 0.1000 (not shown here) where a large portion of the invariant map is covered by the points inside the vortex core at this location. This means that the turbulence structure varies from cigar-like to pancake-like nearly axisymmetric configurations with some points exhibiting a two-component structure. This is a behaviour expected in a flow which is in a transitional phase with no clear organization of the turbulent structures. Such a complex highly unstable behaviour, if it is confirmed by experiments, is obviously out of reach of any statistical turbulence model. At X/L = 0.120 (Fig. 35), the turbulence structure appears to get more organized, exhibiting a pronounced axisymmetric cigar-like behaviour with probably a longitudinal velocity fluctuation dominating the other ones.

No more bidimensional turbulence is observed from this section up to the last one, as it is expected since the flow has left the vicinity of the hull. From X/L = 0.200 to X/L = 1.000, a similar anisotropy structure is noticed (see Figs 36 and37 showing sections X/L = 0.200; 0.400, for instance). The marked anisotropy of the turbulence in the core is confirmed and most of the points are located in the bottom of the map and close to the cigar-like axisymmetric boundary. This suggests a canonical structure of the turbulence which is conserved during the progression of the vortex away from the hull. The generation, transport, destruction and diffusion of the turbulence kinetic energy is governed by the following exact equation:

∂ ρk ∂t + ∂ ρu j k ∂ x j = ∂ ∂ x j µ ∂ k ∂ x j + D + P + ε (6)
where the production P is defined by:

P = -ρu i u j ∂ u i ∂ x j (7)
the diffusion term D by:

D = - ∂ ∂ x j ρ 2 u j u i u i + p u j (8)
and the dissipation ε by:

ε = -µ ∂ u i ∂ x k ∂ u i ∂ x k (9)
In hybrid RANS-LES models, the turbulence kinetic energy is composed of two parts. The first one comes from the resolved flow unsteadiness which is computed by evaluating the instantaneous velocity fluctuation u i and the second part is the modeled turbulence kinetic energy which is provided by a modified two-equation transport turbulence model. In case of the DES-SST closure, the transport equation for the modeled turbulence kinetic energy reads:

∂ ρk mod ∂t + ∂ ρu j k mod ∂ x j = ∂ ∂ x j µ ∂ k mod ∂ x j + D mod + P mod + F DES * ε mod (10)
with:

P mod = µ t ∂ u i ∂ x j + ∂ u j ∂ x i ∂ u i ∂ x j D mod = ∂ ∂ x j µ t σ k ∂ k ∂ x j ε mod = -β * ρωk (11) 
where:

µ t = ρk/ω (12) F DES = Max L t C DES ∆ , 1 (13) 
C DES = 0.78;

L t = √ k β * ω (14)
∆ is a typical measure of the local cell size. In the so-called LES region, the coefficient F DES will be greater than 1, increasing the destruction of the modeled turbulence kinetic energy which makes the flow more prone to destabilize and gives rise to a resolved turbulence kinetic energy created by the unsteadiness of the flow structures captured on the current grid.

The DES-SST results can be used to reconstruct in the core of SDTV the source terms P, D and ε by adding the resolved and the modeled parts of each terms. The resolved parts being recomputed by using the exact differential definitions, it is expected that such an evaluation will be reliable for the production, perhaps for the diffusion but not for the dissipation which is created by structures which are too small to be captured by this grid, despite the very high local grid density built in the core of SDTV. The authors are aware of the difficulty of writing a rigorous tke transport equation for an hybrid RANS-LES formulation, taking into account all the resolved and modeled contributions. What is attempted here is just to show the behaviour of some source terms in the core of the vortex without trying to be exhaustive.

First of all, Figs 38 to 40 show the respective weight of the resolved, modeled production, resolved diffusion and dissipation terms in the tke budget computed from the hybrid RANS-LES solutions for experimental cross-sections located close and in the near wake of the sonar dome. For the sake of conciseness, it is impossible to show the tke budget for all the experimental cross-sections. It has been decided to show only X/L = 0.120; 0.200; 0.400 for which canonical results can be obtained. The black lines represent the contours of Q * = 50 and can be used to visualize the location of the vortex core. It should be reminded that, for almost all these sections except X/L = 0.060, the core of SDTV is clearly located in the LES region far from the gray zone. Globally, one can notice that the orders of magnitude of these source terms are quite different, the resolved production being ten times greater than the resolved diffusion and one hundred times greater than the resolved dissipation. Moreover, the resolved production dominates the modeled one, a behaviour which is expected since SDTV lies in the LES region. From sections X/L = 0.400 to X/L = 0.800 corresponding to the progression of the vortex (see Fig. 40 for X/L = 0.400), similar characteristics are observed: the production is maximum in the vortex core but is more or less regularly spread in the vortex while the resolved dissipation reaches its maximum at the very core of the vortex. The diffusion term is distributed into four regions with different signs. The high level of the resolved production is of course related with the high level of turbulence kinetic energy observed in the experiments as in the DES-SST results.

Figs 41 to 43 provide a comparison of the turbulence kinetic energy production between the DES-SST, kω SST and EARSM turbulence closures of the source terms for the same experimental cross-sections previously selected. For DES-SST, the total production is the sum of the resolved and modeled productions.

One can notice that the level of production of turbulence kinetic energy predicted by the unsteady hybrid RANSE-LES closure is ten times higher than what is computed by the statistical closures. Although not shown here, this spectacular discrepancy appears immediately on the sonar dome as soon as the vortex shedding induced by the unsteady separation on the leeward side takes place around X/L = 0.060. This high value of the production is kept unchanged all along the progression of the vortex from the sonar dome to the detached boundary layer. For the kω SST model, the modeled production is already ten times smaller at X/L = 0.060 and continues to decrease when the vortex leaves the vicinity of the sonar dome, from X/L = 0.200 to the final experimental section. Very similar results are obtained with EARSM. This explains the very low level of turbulence kinetic energy predicted by these statistical closures. It is interesting to notice that the production is not at all affected by the non-linear terms added by the EARSM model which probably do not reflect the true anisotropy in that case. The spatial distribution of the dissipation term is very different between the two turbulence closures but the resolved dissipation term evaluated for the DES-SST simulation and shown here for the record, is obviously not reliable since the grid is way too coarse to capture the small scale fluctuations which contribute to this term. It is therefore impossible to draw any conclusion from this comparison. The resolved diffusion term might be less sensitive to the small eddies, which led us to expect some similarities between the DES-SST based exact resolved and the modeled expressions. It is surprising to notice that the modeled and reconstructed terms have nothing in common. The distribution of the diffusion in the core of the vortex exhibit a periodic spatial behaviour for the DES-SST simulation while it seems way smaller and uniform in case of the kω SST results. It is worthwhile to indicate that these different behaviours are canonical for the core of the SDTV vortex since they are kept unchanged during the progression of the vortex up to the stern.

10 • static drift -Concluding remarks
The detailed analysis of the 10 • static drift flow condition carried out in this section leads to several important results which are summarized here. First of all, the origin of the high level of turbulence kinetic energy which was detected by the experiments in the core of the SDTV vortex has been identified and accurately captured by the unsteady DES-SST closure. None of the tested statistical turbulence models were able to catch this flow physics because it is essentially unsteady and linked with vortex shedding on the leeward side and trailing edge of the sonar dome. Adding explicitly some turbulence anisotropy in the Reynolds stress algebraic formulation seems to increase the local vorticity in the core of the vortex but at the expense of a degradation of the predicted turbulence kinetic energy. The unsteady RANS-LES model is the only modelling approach able to represent the true flow physics which shows a co-existence of a high level of turbulence in the core of the vortex and a high level of vorticity which is not attenuated by turbulent diffusion during the progression of the vortex to the end of the ship.

A tke budget analysis established that the production of turbulence kinetic energy is maintained at a high level in the core of the vortex with DES-SST all along its progression while it vanishes almost completely when the vortex leaves the sonar dome when statistical closures are used.

These results were obtained for a steady time-averaged flow configuration. For this configuration, it was established that the global forces were not significantly influenced by the local flow field inside the core of the main vortices since the best forces and moment predictions were obtained by the statistical closures. However, for dynamic flow configurations like zig-zag, dynamic sway maneuvers, etc... the vortex-vortex or vortex-boundary layer interactions may have a stronger impact on the temporal evolution of the forces since these vortices operate in close proximity with the surface of the ship and its control surfaces. Consequently, they might significantly affect its maneuvrability. It is not insane to imagine that local flow physics inside the core of the vortices will have a strong influence on their breakdown or coalescence, which might be reflected in the temporal evolution of the forces. Establishing a hierarchy of models and computational requirements is therefore needed in such dynamic conditions. This is the reason why a preliminary computational study of the 10 • dynamic sway is now presented in the last section of this paper.

• DYNAMIC SWAY -IIHR EXPERIMENTS

The experiments were conducted in the towing tank facility at IIHR. Most of the details have been already discussed. However, for the sake of clarity, we are going to briefly report the main important ones. The towing tank is 100m long, 3.048m wide and 3.048m deep. The hull form used in the test was the DTMB 5512, a 3.048m long model, which is a geosim of the DTMB 5415. TPIV (Tomographic PIV) system has been used to acquire the 3-D velocity field. It has been opted for an asymmetric arrangement of the cameras in the horizontal and vertical planes in order to ensure an accurate acquisition of the data. TPIV measurements are done on the starboard side only. The port side flow is mirrored from the starboard measurements at the corresponding sway phases by considering the anti-symmetric motion. From a single carriage run, TPIV recording is done for 21s, about 3 sway cycles. The ship trajectory is defined by the following equations:

x PMM = U • t, y PMM = -y max • sin(ωt), (15) 
where the towing speed is U = Fr √ gL, with Fr = 0.28, the sway amplitude is y max = 0.087L and the sway frequency is ω = 0.567• g/L. The experimental test conditions are summarized in the Table (3). 

10 • DYNAMIC SWAY -K -ω SST SIMULATION

Numerical settings

The computational domain starts 1.5L in front of the model and extends up to 2.5L behind the hull. The width of the computational domain is 4L and the height is 2L with 1.5L below the free surface at rest. The mesh is generated by Hexpress TM . Two boxes are used: one with a cell size of 10 mm in each direction and the second with ∆x = 3 mm and ∆y = ∆z = 1.5 mm. Finally, the mesh contains 177.4 millions cells. On this grid, the averaged value of y + is 0.110.

For this test case, only the kω SST turbulence model is used. The time step used is ∆t = 1.715s which corresponds to 1 degree of the ship motion.

Forces and moment

The temporal evolution over one period of non-dimensional surge, sway forces and yaw moment is presented in Fig. 47.The curves labelled Experiment 1 and Experiment 2 refer to two different sets of experiments performed by IIHR. Both experimental results are related to the third period, while the computations are reported for the sixth period, once the global forces and moment are considered as phase-converged. The agreement between computations and experiments for the surge force and yaw moment appears satisfactory for the surge and the yaw moment while larger differences are observed for the sway force, which is slightly out of phase with respect to Experiment 1. This gap is likely to be due to different starting moving procedures between the numerical simulation and the experiments. Fig. 49 shows the vorticity contours. At the first two phases, computations predict the presence of a counter-rotating (blue spot), with respect to SDTV and SDBV, vortical structure which is slightly visible in the experiments. The maximum amplitude is reached at γ = 90 • and, as the ship starts reapproaching y PMM = 0 axis, the vorticity changes sign in respect of the previous phases. By the experiments, two anti-symmetric tongues of vorticity are expected to be detected, which do not appear so well defined in the computations.

In , SDTV is numerically detected as a small isolated round structure, while experimentally it appears as a tongue detaching from the body, in correspondence of the keel line.

In Fig. 53 are shown tke contours. At the phases γ = 0 • , 45 • k-ω SST strongly underestimates the turbulence kinetic energy. Experiments predict much more diffused contours, while numerically tke appears to be uniquely concentrated in the vortical structures, as they can be imagined by the longitudinal vorticity contours. In the computations, tke reaches its minimum in the vortex core, where it is supposed to assume its maximum value according to the experiments. The same trend has been largely discussed for the static drift test case. The situation turns over at the phases γ = 90 • , 135 • . k-ω SST strongly overestimates the turbulence kinetic energy in comparison with experiments. Neither from the vorticity nor from the tke contours, the vortical structure below the free-surface (FSV) is visible in the computations.

(a) Experiment, γ = 0 • (b) k-ω SST, γ = 0 • (c) Experiment, γ = 45 • (d) k-ω SST, γ = 45 • (e) Experiment, γ = 90 • (f) k-ω SST, γ = 90 • (g) Experiment, γ = 135 • (h) k-ω SST, γ = 135 •

CONCLUSIONS AND PERSPECTIVES

In the first part of this paper, a complete validation study of the flow around the DTMB 5415 at 10 • static drift has been presented. A very fine grid equipped with local boxes of refinement in the core of the SDTV and BKTV vortices was built, enabling us to perform reliable hybrid RANS-LES computations to complement the analysis of and needs to be extensively exploited at locations different from the experimental ones. This may give access to some specific flow physics out of reach of statistical closures which look to be reasonably well captured with this level of grid density. Future DES-SST based computations on the dynamic sway configuration are planned and would bring unique information about the influence of the vortex core flow physics on the dynamic vortex-vortex and vortex-boundary layer interaction. However, such computations will be very heavy if a grid as fine as the one used in the study of the static drift is employed to cover the whole region of presence of the oscillating longitudinal 

(a) Experiment, γ = 0 • (b) k-ω SST, γ = 0 • (c) Experiment, γ = 45 • (d) k-ω SST, γ = 45 • (e) Experiment, γ = 90 • (f) k-ω SST, γ = 90 • (g) Experiment, γ = 135 • (h) k-ω SST, γ = 135 •
(a) Experiment, γ = 0 • (b) k-ω SST, γ = 0 • (c) Experiment, γ = 45 • (d) k-ω SST, γ = 45 • (e) Experiment, γ = 90 • (f) k-ω SST, γ = 90 • (g) Experiment, γ = 135 • (h) k-ω SST, γ = 135 •
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(a) Experiment, γ = 0 • (b) k-ω SST, γ = 0 • (c) Experiment, γ = 45 • (d) k-ω SST, γ = 45 • (e) Experiment, γ = 90 • (f) k-ω SST, γ = 90 • (g) Experiment, γ = 135 • (h) k-ω SST, γ = 135 •
Question 1: First, the switch between RANS and LES in the hybrid model is mentioned and correctly noted as a problematic modelling issue for this class of models.

It is mentioned that the switch occurs approximately 20 cells of the hull; how does this relate to the prismatic boundary layer extrusion and the interfacing to the octree mesh region I assume is present in the Hexpress mesh? Or rather, do the authors foresee an additional problem with the (assumed) change in mesh structure and the switch of turbulence model? Additionally, how is the LES filter width treated in the interface between refinement boxes?

Question 2: With respect to the vortex anisotropy in the core of the SDTV (the discussion related to Fig 32)

it is noted that the isotropic k-ω SST naturally can not represent this flow state. But how does the EARSM behave? Will it manage better to reinstate anisotropy, despite the errors in predicting the tke? Or, as I suspect, is the anisotropy too tightly connected with the unsteady flow behavior and thus completely without hope for a statistical turbulence closure?

AUTHOR'S REPLY

Thank you very much for your kind comments.

Answer 1: The change of grid structure/aspect ratios between the extruded grid and the unstructured hex-only outer grid does not impact significantly the transition between RANS and LES. First of all, most of the time, the switch occurs outside of the so-called viscous extruded region. Moreover, everywhere in the flow domain, the characteristic length (used as local grid filter) is defined by the cubic root of the cell volume, which is regular enough for grids built with HEXPRESS T M .

Answer 2: Additional figures 54 show the Lumley maps obtained with EARSM at stations X/L = 0.200 and X/L = 0.400. One can observe that the EARSM closure creates a significant amount of anisotropy which is very comparable to what is observed for DES-SST. Based on that, one can probably deduce that the anisotropy can hardly be used to distinguish between EARSM and DES-SST with respect to their ability of providing the right level of tke in the core of the vortex. A detailed tke balance analysis should guide us to evaluate the role played by each source term (in particular, convection and production terms) and might be very helpful to identify the weaknesses of the EARSM model implemented in our code from this point of view. Simulations have been performed using isotropic/anisotropic URANS and hybrid RANS/LES (DES) models using large grids consisting of up to 163M cells. Results are impressive and explain that the high TKE in the vortex core is fed from instabilities of the vortices. DES models perform better than URANS models for the prediction of high TKE in the vortex core due to its ability to predict the resolved turbulence production throughout the vortex progression, but shows large errors for forces and moment.

Question 1: The study validates the advantages of hybrid RANS/LES model over URANS models. However, the large errors for forces and moment are unexpected. DES models are expected to behave in URANS mode close to the wall (in the boundary layer) as the grid sizes (in the boundary plane) are typically much larger than those required for LES. Thus, the prediction of integral quantities should be similar. The discrepancies could be because: (1) either the grid design in the study is such that LES is activated in the boundary layer region. Authors should look at the URANS and LES regions in the flow to confirm this; or (2) the resolved turbulent structures interact significantly with the boundary layer. This seems less likely as the primary vortices advect away from the hull and the mean vortical structures look very similar in DES and URANS.

Question 2: Other suggestions:

1. It would be better to show turbulence analysis (TKE budget and anisotropy) along not across vortex progression.

2. The TKE spectrum in Fig. 3 shows a short -5/3 slope, perhaps this is because of grid resolutions.

Authors should also show the frequency corresponding to the grid resolution. It is expected that slope change is because of the transition between super-grid and sub-grid scales.

AUTHOR'S REPLY

Thank you very much for your kind comments and valuable questions.

Answer 1: Actually, even if the SDTV vortex progresses at the edge (near the sonar dome) and then outside of the boundary layer, the grid which is very dense in the core of the vortex, is diffused outside of it (to maintain an acceptable spatial regularity), which means that it is also refined in a significant part of the boundary layer on the hull. This creates a region of the hull where the cell size is smaller than the turbulent length used in DES-SST, which results in a transition from RANS to LES in the boundary layer. This leads to a reduction of the modeled turbulent stresses which are not replaced by the resolved turbulent stresses, leading to a kind of partial relaminarization in the log region of the boundary layer. To remedy this well-known limitation, better flow-oriented shielding functions should be tested to avoid a premature switch to LES in the attached boundary layers.

Answer 2: Thank you for the suggestions. We will complement the crosswise analysis of tke budget and anisotropy by a longitudinal analysis which will provide us with additional information on the convective (history) effects on the turbulence anisotropy. The tke spectrum was provided at only one location in the SDTV vortex and is not necessarily representative of the whole core. Based on the local grid size in the core of the SDTV vortex, one evaluates the cut-off frequency at about 10 3 Hz. We will perform additional tke spectrum extractions at several longitudinal sections in order to check the evolution of the -5/3 slope during the progression of the vortex.

Figure 1 :

 1 Figure 1: Experimental measurement locations and coordinate system

Figure 2 :

 2 Figure 2: 10 • : Static Drift. Iso-Q surfaces (Q = 50) colored by the normalized helicity level by TPIV measurements and by ISIS-CFD using hybrid RANS-LES

Figure 3 :

 3 Figure 3: DES-SST -Turbulence kinetic energy spectrum at X/L = 0.1217 in the core of the SDTV vortex

Figure 4 :

 4 Figure 4: kω SST -Global view of the time-averaged Q * = 50 surfaces colored by the helicity on the windward side of the DTMB 5415
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 56 Figure 5: DES SST -Global view of the time-averaged Q * = 50 surfaces colored by the helicity on the windward side of the DTMB 5415

Figure 7 :Figure 8 :

 78 Figure 7: Time-averaged Q * = 50 structures on the leeward side of the sonar dome for various turbulence closures

Figure 9 :

 9 Figure 9: U longitudinal velocity component at X/L = 0.060

Figure 12 :

 12 Figure 12: U longitudinal velocity component at X/L = 0.120

  Figure 15: U longitudinal velocity component at X/L = 0.300

  Figure 18: U longitudinal velocity component at X/L = 0.600

Figure 21 :

 21 Figure 21: Longitudinal evolution of Y and Z core coordinates, second invariant Q, longitudinal vorticity ω x , longitudinal velocity component U and turbulence kinetic energy k along the core of SDTV and BKTV vortices

Figure 22 :-

 22 Figure 22: Gaussian f (r) = e -(r-a) 2 2b 2 and Bell-shaped (Bell) f (r) = 1 1+ r-a b 2 functions and definition of the width W of the curves, by Yoon et al. (2014)

Fig. 24

 24 Fig. 24 shows the same distribution of the normalised ω x in the SDTV core. IIHR experiments follow closely the Bell shape, except close the onset on the sonar dome. The distributions provided by kω SST

  Figure 26: Distribution of the BKTV normalized ω x along y and z at the analyzed X/L sections

Figure 27 :

 27 Figure 27: DES-SST -Time-averaged and instantaneous Q * = 50 structures on the leeward side of the sonar dome

Figure 29 :

 29 Figure 29: DES-SST -Time-averaged and Instantaneous Q * = 50 structures -Bottom view

  Figure 30: DES-SST -Windward side -Detailed instantaneous views of the iso-Q* structures close to the trailing edge of the sonar dome selected according to various levels of helicity

Figure 31 :

 31 Figure 31: DES-SST -Cross-sectional view of the instantaneous SDTV vortex at X/L = 0.300

Figure 32 :Figure 33 :

 3233 Figure 32: Anisotropy ratio indicator ρ RS in the vicinity of SDTV at various X/L locations

Figure 34 :Figure 35 :Figure 37 :

 343537 Figure 34: Anisotropy invariant map in the core of the SDTV at X/L = 0.060

  Figure 38: DES-SST -TKE source terms at X/L = 0.120

Figure 39 :

 39 Figure 39: DES-SST -TKE source terms at X/L = 0.200

  Figure 43: TKE production at X/L = 0.400

  Figure 44: TKE resolved and modeled diffusion and dissipation at X/L = 0.120

  Cross-sections analysisUp to the present day, IIHR performed measurements of the velocity fields, longitudinal vorticity and of the turbulence kinetic energy for the two sections X/L = 0.120, 0.200. For this reason, computations and experiments are compared and discussed only at previously mentioned sections. Data have been collected at eight phases angles γ s, imposing a step ∆γ = 45 • . Since the flow is anti-symmetric, it has been opted to show the flow variables contours at the first four phases (γ = 0 • , 45 • , 90 • , 135 • ). Figures 48 to 50 show the cross-sectional distribution of U, ω x and tke at the section X/L = 0.120. As the ship starts to move, vortical structures are formed in the opposite direction in which the body proceeds. The numerical contours of the axial velocity U are quite in good agreement with the experiments. Nevertheless, in the computations the vortex core detected by the crossflow streamlines appears to be slightly dislocated in comparison to the experimental results. At γ = 90 • , kω SST computation predicts two centers of rotation, whose presence is not confirmed by experiments.

  Fig.50, Tke appears to be more localized with respect to experiments. Turbulence kinetic energy contours differs in shape, extension and values. k-ω SST strongly over predicts tke values far from the vortex core. On the contrary, the experimental results appear uniformly distributed. Figs 51 to 53 show the same data at the section X/L = 0.200, where the SDTV starts detaching from the portside of the hull. Good agreement between experiments and computations is observed for the axial velocity contours.

Figure 47 :

 47 Figure 47: Time-histories of surge X and sway Y forces and yaw moment N

Figure 48 :

 48 Figure 48: Contours of axial velocity, U, at X/L = 0.120
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 4950 Figure 49: Contours of axial vorticity, ω X , at X/L = 0.120
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 51 Figure 51: Contours of axial velocity, U, at X/L = 0.200
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 5253 Figure 52: Contours of axial vorticity, ω X , at X/L = 0.200

Figure 54 :

 54 Figure 54: Anisotropy invariant map in the core of the SDTV for EARSM at X/L = 0.200 and X/L = 0.400

Table 1 :

 1 Hull particulars: Full-Scale, DTMB 5415 and DTMB 5512

		Full-Scale DTMB 5415 DTMB 5512
	Scale	1:1	1:24.83	1:46.6
	L (m)	142	5.72	3.048
	L wl (m)	142.18	5.7273	3.052
	B wl (m)	19.10	0.769	0.410
	T m (m)	6.16	0.248	0.132

Table 2 :

 2 DTMB at 10 • static drift -Forces and moment coefficients Force and moment coefficients [*10 3 ] IIHR exps.

	C xp		-6.85	-6.75	-5.36
	C xv		-12.56	-12.60	-11.01
	C y	58.46	55.63 (-4.84%)	58.18 (-0.47%)	63.96 (9.41%)
	C N	28.61	29.35 (2.60% )	29.28 (2.35%)	29.41 (2.80%)

kω SST EARSM DES-SST C x -19.61 -19.41 (-1.03%) -19.35(-1.33%) -16.37 (-16.54%)

Table 3 :

 3 Experimental test conditions

	Variables Unit	Value
	L	m	3.048
	U	m/s	1.531
	y max	mm	266
	f	Hz	0.162
	T = 1/ f	s	6.173
	ω f	rad/s 1.0179