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Local Flow around a Surface Combatant at Various Static Drift Conditions: The Role Played by Turbulence Closures

This paper presents a local and global computational study of the flow around the US Navy frigate DTMB 5415 at 10 • and 20 • static drift conditions.

A thorough validation study comparing isotropic kω SST, Reynolds-Stress Transport SSG/LRR statistical closures and the unsteady hybrid RANS-LES DDES-SST model is conducted for the two static drift configurations. This validation study includes global forces/moment comparison and detailed local comparisons with IIHR TPIV experiments. All these validations are conducted on very fine unstructured grids comprised of 163M to 184M cells with local boxes of refinement in the cores of the main vortices. For both incidences, this paper establishes that the hybrid RANS/LES turbulence model is the only closure able to capture all the physical characteristics of the flow in the core of the vortices of interest.

INTRODUCTION

Although ships and submarines are designed to develop attached flow at cruise conditions, they also routinely develop separated flows within their broader operating envelope, such as at maneuver conditions, and occasionally even at cruise. Separated flow effects cause cruise performance penalties, and can often restrict vehicle operating conditions due to such matters as stability and control since propellers and control surfaces operate in a flow field dominated by coherent vortical structures. In previous workshops on numerical ship hydrodynamics Gothenburg 2010 [START_REF] Larsson | Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF]) (G2010) and Tokyo 2015 (T2015) or research collaborative studies like NATO/AVT-183 and NATO/AVT-253 (see [START_REF] Yoon | Tomographic PIV Measurements for a Surface Combatant at Straight Ahead and Static Drift Conditions[END_REF] for IIHR experiments and [START_REF] Bhushan | Large Grid Simulations of Surface Combatant at Straight-Ahead and Static Drift Conditions[END_REF][START_REF] Bhushan | Assessment of Computational Fluid Dynamic for Surface Combatant at Straight Ahead and Static Drift β = 20[END_REF] for computations), it was established that the turbulence modelling error was the predominant source of inaccuracy with linear isotropic turbulence models while the use of anisotropic turbulence models like Explicit Algebraic Reynolds Stress (EARSM) or Full Reynolds Stress Transport models might lead to slightly better agreement with the measurements when the flow is not strongly unsteady. However, either for the Japanese Bulk Carrier (JBC) studied during T2015 or for the DTMB5415 studied in NATO/AVT-183 and NATO/AVT-253, it was noticed that the computations failed to reproduce salient flow characteristics like computed levels of turbulent kinetic energy in the core of the averaged longitudinal vortices four to five times too small than what was measured. The same issue was observed on very different ships (JBC and DTMB5415) for different types of open separation (bilge or sonar dome vortices). This intriguing fact motivated the authors to look deeper into the physical mechanisms characterizing the open separation occurring around ship hulls. A unique opportunity was offered by the availability of the remarkable IIHR experiments which provided us with detailed experimental informations on the physics in the core of the main vortices generated at several static drift conditions. This paper presents a validation study comparing isotropic k -ω SST, Reynolds Stress Transport SSG/LRR [START_REF] Cecora | Differential Reynolds-Stress Modeling for Aeronautics[END_REF]) statistical closures and an unsteady hybrid RANS-LES DDES-SST model conducted for 10 • and 20 • static drift conditions. This validation study includes detailed local comparisons with IIHR TPIV experiments and an additional physical analysis of the separation mechanisms at the sonar dome. These computations are carried out on very fine grids which are locally refined to capture flow structures close to the Taylor scale in the core of the main vortices.

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 multiphase unsteady Reynolds-averaged Navier-Stokes (URANS) solver mainly devoted to marine hydrodynamics. It is based on a fully-unstructured (face-based) finite volume discretization with specific functionalities needed for multiphase flows and industrial applications (see [START_REF] Queutey | An Interface Capturing Method for Free-Surface Hydrodynamic Flows[END_REF], [START_REF] Leroyer | Numerical Methods for RANSE Simulations of a Self-Propelled Fish-like Body[END_REF], [START_REF] Wackers | Combined Criteria for Anisotropic Grid Refinement in Free-Surface Flow Simulation[END_REF]). 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 (SSG/LRR), are available, see [START_REF] Deng | Comparison of Explicit Algebraic Stress Models and Second-Order Turbulence Closures for Steady Flows around Ships[END_REF], [START_REF] Duvigneau | On the Role Played by Turbulence Closures in Hull Shape Optimization at Model and Full Scale[END_REF] and [START_REF] Cecora | Differential Reynolds-Stress Modeling for Aeronautics[END_REF], with or without rotation corrections. All models are available with wall-function or low-Reynolds near wall formulations. Hybrid RANS/LES turbulence models based on Detached Eddy Simulation (DES-SST, DDES-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].

• AND 20 • 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.

For these experiments, 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 and contours of flow variables at the planes X/L shown in Fig. 1. Other secondary structures are visible: the LW-SDV (LeeWard Sonar Dome Vortex), the WW-FBKV and the LW-FBKV (WindWard and LeeWard Fore Body Keel Vortex), the BKV (Bilge Keel Vortex) and the ABKV (Aft Body Keel vortex), that appears in correspondence of the station X/L = 0.800. At 20 • WWand LW-freesurface vortices (FSV) are visible in TPIV measurements (Fig. 3a). The two vortices are due to the wave breaking. This study is dedicated to the so-called SDTV and BKTV vortices and their comparison for the two drift conditions.

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. For the 10 • static drift angle, four refinement boxes are used (see Fig. 4). Box1 includes the hull with a cell size of 10 mm in each direction, the second one, Box2, includes the sonar dome and extends until X/L = 1.000 and a third one, Box3, starts at the beginning of the windward bilge keel and extends until X/L = 1.000. For these two boxes, the cell size is ∆x = 1.5 mm and ∆y = ∆z = 0.7 mm. Finally, a last box, Box4, 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 at incidence, all these boxes are aligned with the main flow direction. The final mesh contains 162.6 million cells and in the last refinement box, Box4, the cell size is ∆x = 0.75 mm and ∆y = ∆z = 0.35 mm.

For the 20 • static drift angle, seven overlapping boxes are used for which the cell size is ∆x = 1.5 mm and ∆y = ∆z = 0.7 mm, as shown in Fig. 5. The final mesh contains 184.5 millions cells. 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 Reynolds Stress Transport Model SSG/LRR recently developed by [START_REF] Cecora | Differential Reynolds-Stress Modeling for Aeronautics[END_REF]. A hybrid RANS-LES DDES-SST turbulence model is also employed. For the RANS simulations, the time step is ∆t = 2 × 10 -2 s while for DDES-SST, the time step is ∆t = 5 × 10 -4 s and the non-dimensional averaging time, t × U/L, is 5.2. On the present grids, the RANS area represents approximately 20 cells in the normal direction to the hull. For this Reynolds number, the Taylor micro-scale could be evaluated at λ = 2.34 mm, while the Kolmogorov micro-scale is η = 0.006 mm. This means that the Taylor scale is there described by about two to four 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.

FORCES AND MOMENT COEFFICIENTS

Three computations for the 10 • (resp. 20 • ) drift condition are performed on the 163M (resp. 184M) grid described above in order to compare kω SST and SSG/LRR statistical turbulence closures with the DDES-SST unsteady hybrid RANS-LES model. Table 2 shows the longitudinal, lateral forces and yaw moment corresponding to the 10 • (resp. 20 • ) drift condition. Globally, it can be asserted that the linear isotropic kω SST model performs surprisingly well for the predictions of forces and moments for both drift angles. At 10 • , kω SST ensures a good agreement with the IIHR experiments with an error below 2.5%. The RSTM SSG/LRR model does not bring significant improvements, the lateral force prediction is degraded (4% for SSG/LRR instead of 1.7% for kω SST) while the yaw moment is improved (1% for SSG/LRR instead of 2.3% for kω SST). At 20 • drift, the scenario changes drastically. While the resistance is predicted with an error of 2.8% by kω SST, the percentage error for the resistance grows up to 9.71% using SSG/LRR. The predictive capabilities of kω SST are also very good for the lateral force (1.2%) and the yaw moment (-1.6%), while the RSTM SSG/LRR performs surprisingly better with 1.39% (resp. -0.27%) for the side force (resp. yaw moment). On the other hand, at both 10 • and 20 • drifts, the hybrid RANS-LES model is far less satisfactory in respect with the statistical turbulence closures. At 10 • (resp. 20 • ) drift the percentage error increases up to 7.2% (resp. -25.7%) for the resistance, 7.3% (resp. 4.8%) for the side force and 2.4% (resp. 13.9%) for the yaw moment. These high percentage errors have different sources. They are due to an imperfect shielding of the boundary layer, as already reported by [START_REF] Nikitin | An Approach to Wall Modelling in Large-Eddy Simulations[END_REF], although a F2-based shielding function is implemented in this specific DDES-SST formulation. The very fine grid used to capture the onset and progression of SDTV and BKTV vortices is diffused in the external region of the boundary layer, resulting in an undesired switch to the LES mode in the log law region (log-layer mismatch). In addition, for the highest drift angle, the forces are also presumably affected by the strong separation which takes place on the leeward side of the sonar dome and leads to an unsteady behavior of the free-surface, as it is visible in Fig. 15. In order to clarify the reasons why the hybrid RANS/LES turbulence closures provide unsatisfactory predictions of forces and moments, the longitudinal distribution of the resistance and side force along the DTMB5415 is now analysed for 10 • drift angle. Figs. 6 and7 show the longitudinal evolutions of the viscous and pressure resistance girth-wise integrated by section x=cst. Along the main hull, from X/L = 0.100 to 0.900, the viscous part of the resistance is significantly under-estimated by DES-SST (results not shown here), while the use of the shielding function present in DDES-SST restores a better agreement with the prediction made by the statistical closures (kω SST and SSG/LRR). However, the shielding function does not protect perfectly the boundary layer as it can be observed from the differences visible between the sections X/L = 0.400 and 0.700. The major differences between all the turbulence models occur on the sonar dome, from X/L = 0.000 to 0.080. This is related to the influence of the simulated separated region on the leeward side of the sonar dome whose prediction is very turbulence model dependent. Elsewhere, it can be noticed a very good agreement between the two statistical models kω SST and SSG/LRR. The pressure component of the resistance is not affected by the choice of turbulence closures, whether based on statistical or hybrid RANS/LES formulations. Figs. 8 and9 show the longitudinal evolutions of the viscous and pressure side force girth-wise integrated by section X/L for the same collection of turbulence models shown previously. Again, one notices the action of the shielding function implemented in DDES-SST which improves significantly both viscous and pressure components of the side force, although the improvement is not sufficient to restore the RANS solution, for instance. Finally, one can also observe that the main disagreement on the forces between statistical and hybrid RANS/LES closures occur in the main part of the hull from X/L = 0.200 to 0.900, well after the sonar dome in a region of the hull which is not directly influenced by the progression of the vortex generated at the tip of the sonar dome. This suggests that the unsatisfactory evaluation of the forces performed by hybrid RANS/LES does not call into question the local flow physics analysis in the core of the SDTV vortex which will be described in the remainder of this paper. The global and local flow characteristics are no more linked together as soon as the SDTV has left the sonar dome and moves away from the hull. This means that better forces prediction would be obtained by (i) building a grid more locally concentrated around the main SDTV vortex and (ii) avoiding too much grid concentration/diffusion in the boundary layer along the hull. Adaptive grid refinement could be an interesting lead to follow, since it allows a more locally dense grid around the vortices of interest, consequently moving the RANS/LES transition zone (also called grey zone) outside of the boundary layer over the ship hull. Computations performed with the RSTM SSG/LRR model (not shown here) are almost identical to the results obtained with the kω SST model. As a general trend, it can be noticed that DDES-SST provides an SDTV vortex with a smaller radius compared to its RANS-based counterpart all along its progression, indicating a more intense longitudinal vorticity. Generally, compared with 10 • condition, it can be noticed that for 20 • the iso-surfaces Q * = 50 are thicker, indicating the presence of wider vortices. In addition, for 20 • , using kω SST, one notices the existence of several layers of separation surrounding the main SDTV vortex which were absent at 10 • drift. 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 error. 

GLOBAL TIME-AVERAGED FLOW FIELDS Global view of the main vortical structures

Onset at the sonar dome

Figs. 12 and 13 show the onset of the SDTV vortex on the leeward and windward sides for both drift angles. SDTV detaches from the tip of the windward side of the sonar dome, slightly before the vertical trailing edge.

Once SDTV enters the near wake of the trailing edge, the separation along the keel line takes place with a visible layer of detachment starting from the vertical plane of symmetry. On 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. This zone extends as the drift angle increases. Then, progressing downwards from the free-surface to the and15b for 20 • . It can be noticed that the pressure close to the onset is way lower at 20 • than at 10 • , indicating a zone of way higher vorticity. While at 10 • , the location of the free-surface is very similar between the two turbulence closures, with skin-friction lines parallel to the free-surface as expected for a steady free-surface, at 20 • the location of the averaged free-surface strongly differs from one model to the other. kω SST predicts a trough at the stem, while DDES-SST predicts a crest. This difference strongly impacts the wall pressure field on the sonar dome and significantly changes the topology of the skin-friction lines. Contrary to the kω SST computation, the skin friction lines predicted by DDES-SST are not everywhere parallel to the averaged free-surface, especially not close to the bow. This is probably an indirect indication of a strong unsteadiness linked to a violent wave-breaking which is not enough averaged by the present computational time-averaging process. Both turbulence closures predict close to the bow and below the free-surface a focus from which emerges a spiraling flow, associated to a local minimum of pressure. In kω SST results, below this focus, one can see a diverging streamline in correspondence of a zone of very high pressure. A saddle point is visible between the focus and the line of divergence, from which LW-FSV originates. The free-surface vortex terminates in converging streamlines. Such behavior is not observed in the DDES-SST solution because of the influence of the free-surface location. A similar diverging line is observed next to the focus, however, the flow comes from the top of the stem and not from its bottom, as it was the case for kω SST.

Finally, Figs. 16 and 17 show the skin-friction distribution on the leeward side of the sonar dome for all the turbulence closures compared in this study. The skin-friction distribution predicted by the three turbulence closures is very similar at 10 • drift. One can notice that the two valleys of low (blue) skin-friction associated with the converging skin-friction lines are predicted in a very similar way by all the computations, although a bit wider with DDES-SST. One can also notice several regions of high skin-friction close to the free-surface in the DDES-SST simulation which are not present in the RANS results. At 20 • drift, the differences noticed above on the wall pressure field are more crudely underlined by the skin-friction distribution. The results for kω SST and DDES-SST shown in Figs. 16a and16c here are time-averaged while Fig. 16b shows, due to a lack of time, the instantaneous skin-friction field computed by SSG/LRR. This might explain the awkward behaviour of the free-surface obtained by SSG/LRR. Apart from that, both RANS computations exibit many similarities with an extended region of low skin-friction in the fore-part of the sonar dome and two regions of high skin-friction separated by a divergence line in the aft part of the sonar dome. The DDES-SST result differs significantly from its RANS counterpart. Apart from the free-surface shape commented above, no more high skin-friction regions can be observed in the aft part of the sonar dome. In absence of any detailed experimental information in that region, it is impossible to conclude but there is no reason to consider that RANS turbulence models are more reliable than DDES-SST at this specific location.

LOCAL TIME-AVERAGED FLOW FIELDS

Cross-sections IIHR performed several measurements of the velocity fields, longitudinal vorticity and turbulence kinetic energy For the sake of brevity, only three stations located at X/L = 0.120; 0.400; 0.600 will be shown and analyzed here. At station X/L = 0.120, the SDTV longitudinal vortex has left the sonar dome and start to progress along the main hull.

First of all, one notices that the free-surface is much more deformed with statistical turbulence closures than with DDES-SST. This confirms what was shown in Fig. 15. The red spot on ω x associated with the main SDTV vortex is visible in Figs. 18 and 20. The vortical structure becomes more intense as the drift angle increases. The counter-rotating vortex (blue spot) captured by the kω SST and SSG/LRR computations, whose presence is confirmed by the experimental measurements, transforms into a layer of counter-rotating vorticity which envelopes the main structure for 20 • kω SST and SSG/LRR simulations. However, in the latter case the same longitudinal vorticity contours are not observed in the experimental results. Concerning the turbulence kinetic energy, for 10 • both statistical closures predict a tongue of high turbulence kinetic energy which is located above the core of the SDTV. On the contrary, DDES-SST predicts a roughly circular distribution of turbulence kinetic energy in the core of SDTV with a higher value than the RANS predictions and than the experiments, as well. The scenario is different for 20 • : SDTV in all its extent presents a higher value of turbulence kinetic energy in the core of SDTV which is marginally captured by kω SST and SSG/LRR. Numerically, this physical behavior is well captured by DDES-SST, while k is underpredicted by kω SST. SSG/LRR fails completely to simulate this high value of k, contrary to DDES-SST which exhibits a somewhat too large region of high k, as observed at 10 • for the same cross-section. Here, it is also observed that due to the higher drift angle the free surface is lower compared to the 10 • case. The vortical structure at the free surface which is clearly visible in SSG/LRR results is the LW-FSV, which appears in the TPIV measurements at this position. Nonetheless, with respect to the experiments and kω SST or DDES-SST results, the RSTM turbulence closure predicts much stronger structures which deform the free-surface. The higher strength of the breaking wake predicted by SSG/LRR results in a higher drag force prediction. Figs. ?? to 25 show the same data at station X/L = 0.400, where the main SDTV vortex is leaving 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 DDES-SST computations. As at the previous section the SDTV for 20 • is much more stronger compared to 10 • . From Fig. 25, we notice two additional vortical structures which appear for 20 • drift case and are predicted by all the turbulence models: the Leeward (LW) FBKV which is represented by the area of negative vorticity next to the bilge keel and the Windward (WW) FBKV represented by the area of positive vorticity underneath the hull. While the LW-FBKV is well predicted by all the turbulence closures, the WW-FBKV in computations shows a more elongated shape with respect to experiments, which eventually merges with the SDTV tail, as for kω SST results. The most remarkable difference is visible in Figs. 23 and 25 which show the cross-sectional distribution of the turbulence kinetic energy. Statistical turbulence closures predict a very low level of k in the core of the vortex, whatever the isotropic or anisotropic built-in characteristics, while hybrid RANS-LES is the only one which captures the right level of k in the core of the SDTV vortex at this location. The level of k in the shear detachment layer which still links the core of the vortex with the hull is slightly over-predicted by the DDES-SST computations compared to the experiments which reveal a somewhat more concentrated distribution of k in the core of the SDTV vortex. The relaminarization of the core of the vortex during its progression predicted by the statistical closures is invalidated by the IIHR experiments. For 20 • , already at this station, BKTV onset is observable in the Figs. 24 and 25. Although the boundary layer is blanked in the experiments, the contours on the windward side at the bilge keel are qualitatively expected to be as predicted by k -ω SST and SSG/LRR. BKTV's extension is underpredicted in DDES-SST simulations, because of the influence of the so-called gray region located inside the boundary layer. Figs. ?? to 29 show again the cross-sectional distribution of U, ω x and k at station X/L = 0.600, further away from the hull. The distribution of the longitudinal component of the velocity predicted DDES-SST appears in accordance with experiments, while k -ω SST and SSG/LRR based simulations provide a lower longitudinal velocity in the core. Both the main vortical structures for both drift angles are visible. 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 their diameter is larger in the computations performed with the statistical closures while the unsteady hybrid RANS-LES model provides a more concentrated and circular vortex cross-section in better agreement with IIHR experiments. Figs. 27 and 29 show the distribution of k at this station. The observations reported previously are fully confirmed here. IIHR experiments reveal without any ambiguity that the high level of k is still present and sustained in the core of the SDTV vortex. This high level of k 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 good agreement with the measurements. One can however notice that the spot of high k appears slightly larger in the DDES-SST simulation than in the IIHR experiments at 20 • . As mentioned before, the onset of the BKTV vortex for 10 • , Fig. 27, appears satisfactorily captured despite the modeling uncertainties linked with the influence of the so-called gray region. 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 along the core of vortices

Based on their accurate TPIV measurements at several X/L stations, IIHR was able to locate experimentally the centers of SDTV and BKTV vortices by determining the maximum value of the second invariant Q. At these locations, they have also measured the longitudinal vorticity ω x , the longitudinal component of the velocity U and the turbulence kinetic energy k. Figs. 30 and 31 provide a comparison between the IIHR measurements and the present computations performed for both drift angles. For 10 • , the longitudinal evolution of the centers of the SDTV and BKTV is 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 SSG/LRR and DDES-SST than kω SST for BKTV. For 20 • , few differences with respect to the experimental results can be observed for SDTV DDES-SST results towards the stern. Y coordinate is very accurately predicted, while Z is underpredicted by kω SST and DDES-SST after X/L = 0.600. For what concerns ω x and Q max in the vortex core, it can be noticed that experimentally they are considerably higher for 20 • with respect to 10 • : the longitudinal vorticity is the double and the second invariant is ten times higher. Moreover, at 10 • , SSG/LRR strongly overpredicts the second invariant Q and the longitudinal vorticity from X/L = 0.060 to X/L = 0.400. At 20 • , SSG/LRR overpredicts the smae quantitis at the onset but the progression is more accurately predicted. While at 10 • , it can be observed that for both drift angles DDES-SST provides a value of Q in better agreement with the measurements than the kω SST and SSG/LRR models, SSG/LRR performs better at 20 • , which is a worthwhile difference. Indeed, RANS models are unable to avoid the progressive damping of the vorticity during the progression of the SDTV vortex at 10 • . For 20 • , the damping of the turbulence variables predicted by kω SST and DDES-SST is faster than for 10 • . DDES-SST appears to be less accurate on the prediction of BKTV at 10 • , while it performs reasonably well at 20 • . For 10 • , 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 realized by kω SST, SSG/LRR and DDES-SST at 10 • . Differences between the two different drift angles can be observed at the first X/L stations while SSG/LRR strongly under-predicts the longitudinal velocity in the core of SDTV at 20 • . U in the vortex core is almost the double for 20 • compared to the 10 • case as predicted by DDES-SST and confirmed by the measurements. Along the vortices progression, the longitudinal velocity reaches a plateau which is 15% higher (around 1.0) than for 10 • (around 0.85) which is very well captured by DDES-SST for both incidences.

For both 20 • and 10 • cases, k in SDTV core presents the same behavior with a remarkable plateau during the progression with higher values for the higher drift angles (about two times). This trend is particularly well predicted by DDES-SST during the vortex progression for both drift angles while SSG/LRR appears more diffusive than kω SST for the higher drift angle. Major differences can be observed for BKTV. While k is progressively damped after the vortex onset for 20 • , for 10 • it is constant. This difference, visible both in the experiments and the simulations, relies on the fact that BKTV detaches faster from the hull for 20 • and the high value of k in the vortex is not sustained by the fluctuations in the boundary layer, as it is the case for 10 • . However, independently from the drift angle, the analysis of the longitudinal evolution of k reveals a major difference between the statistical and hybrid RANS/LES turbulence models. DDES-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 SSG/LRR 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 should be accounted for in a Reynolds Stress Transport model. On the contrary, the agreement of DDES-SST with IIHR measurements is remarkable, thanks to the impact of the resolved turbulence kinetic energy, as it will be explained in the next sections.

ONSET OF SEPARATION

In order to better understand the mechanisms controlling the onset of separation at the sonar dome, it is necessary to come back to the unsteady flow which provides us with the true flow physics. First of all, on the leeward side, a population of ring vortices is created between the free-surface and the top of the sonar dome, indicating that the time averaged closed separation and wing-body junction like vortices mentioned in the section are actually characterized by very intense velocity fluctuations. This unsteadiness is reflected by the periodic shedding of ring vortices of various helicities which are deformed, convected along the hull in the vicinity of the top of the sonar dome and finally enter the core of the SDTV vortex. This unsteady region of separation contributes to feed the core of SDTV with ring-like vortices of negative helicities. For 20 • , one can also 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 characterized by small helicity. The same figure shows, just after the onset of the LW-SDV vortex, a quick destabilization characterized by a succession of ring-like vortices of weak positive helicities. Viewed from the leeward side, the SDTV vortex appears also composed of a succession of intense ring-like vortices of positive helicities. Let us try now to identify more precisely the mechanisms of destabilization of the SDTV vortex which give rise on the windward side to this succession of ring-like intense vortices, all sharing a positive helicity.

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 periodic vortex shedding creates a succession of cylindrical structures with positive helicity which contribute to an additional destabilization of the tip vortex mentioned 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 both drift. Finally, as illustrated by Fig. 33 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. 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 Rubino ( 2017), 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 a complex Reynolds Stress Transport model did not significantly improve the simulation (see Fig. 30).

The wrong physical behaviour of the turbulence kinetic energy, as predicted by both linear isotropic and Reynolds Stress Transport 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. 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 first part is devoted to a comparison of measured and computed Reynolds stresses at various cross-sections while the second part will use the anisotropy invariant mapping to compare measured and predicted evolutions of the anisotropy from the onset and all along the progression of SDTV. Since it was not possible to get experimental data on the Reynolds stresses from IIHR at 20 • , this analysis will be restricted to the 10 • static drift configuration.

Reynolds stress tensor analysis

This section is devoted to an analysis of each individual component of the Reynolds stress tensor at several sections around the hull.

Fortunately, IIHR also measured the six components of the Reynolds stress tensor at the same experimental cross-sections as before. These measurements provide us with an extensive set of experimental data which can be used to assess the performances of the linear isotropic kω SST closure and the hybrid RANS-LES DDES-SST model in a more detailed way, component by component. It gives us an opportunity to explore the role played by turbulence anisotropy and determine the reasons why the statistical turbulence closures fail to reproduce the right evolution of k in the core of SDTV from its onset at the sonar dome and during its progression to the stern.

Figs.34 to 57 show some zoomed-in views of the core of SDTV to compare more easily the spatial distributions of Reynolds stresses. At X/L = 0.120, the SDTV vortex has just left the sonar dome and starts to progress in the wake. The following observations can be made: i). The normal stresses u u and v v predicted by DDES-SST agree perfectly well with IIHR measurements, in terms of shape of isolines and values while kω SST fails on both aspects. It is interesting also to notice that w w is slightly overestimated by DDES-SST although the shape of the iso-contours is accurately captured and the anisotropic trend is correctly captured. Again, kω SST provides, as expected, an isotropic representation of the normal stresses which does not correspond to the measurements (see Figs.34,35 and 36).

ii). The trend noticed in the previous sections is confirmed here. DDES-SST provides a distribution of u w and v w which is in very good agreement From X/L = 0.300 to X/L = 0.600, the SDTV vortex continues its progression in the wake and leaves progressively the domain of influence of the boundary layer on the hull. The behaviour of the Reynolds stresses follow some common trends which are described below and compared with the available computations: In conclusion, this subsection has presented a brief analysis of each component of the Reynolds stress tensor. This study confirms that DDES-SST is the only model able to capture all the physical characteristics shown by IIHR experiments from the onset of SDTV and during its progression down to the stern. The marked anisotropy of "cigar" type is accurately simulated with a remarkable quantitative agreement between measurements and DDES-SST simulations. The prominent role played by the shear stress v w in the core of SDTV is also remarkably well captured by DDES-SST. None of these remarkable trends can be captured by the linear isotropic kω SST or anisotropic Reynolds Stress Transport turbulence closures. This detailed analysis of the Reynolds stress tensor, component by component, shows that the high value of k in the core of the vortex comes mainly from the transversal normal fluctuations v v and w w , as shown in the unsteady flow simulated by DDES-SST and confirms the reliability of these DDES-SST computations.

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 (1) 
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 .

(2) Fig. 58 displays the admissible state of turbulence in a flow with respect to its anisotropy where the various boundaries correspond to bidimensional or axisymmetric limit states of turbulence. The left (resp. right) branch of the axisymmetric curve with III a < 0 (resp. III a > 0) corresponds to "pancake-shaped" (resp. "cigar-shaped") type of axisymmetric turbulence for which one eigenvalue of a i j is lower (resp. greater) than the two other ones. The region comprised between the boundaries is called the anisotropy-invariant map and contains all the physically realizable turbulence states. Isotropic states of turbulence will be located close to the lower corner where II a = III a = 0. If one component of the velocity is much smaller than the two other ones, one has a two-component turbulence which is characterized by:

II a = 2 9 + 2III a (3)
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 (4)
Figure 58: Anisotropy invariant map.

Figs. 59 to 62 show the distribution of the II a and III a invariants for various cross-sections in the vicinity of the SDTV vortex, both for IIHR experiments and DDES-SST computations. Interestingly, the experiments reveal that the turbulence is characterized by a cigar-shaped axisymmetry since most of the points are close to the right axisymmetric edge of the Lumley triangle. This is due to the fact that u u is smaller than v v and w w which both have similar intensities, as shown in Figs. 40, 41 and 42, for instance. This cigar-shaped axisymmetry is preserved all along the progression of the vortex with, however, a trend towards a return to isotropy as indicated by the fact that more and more points are gathered in the bottom corner of the triangle as the SDTV progresses towards the stern. However, all the invariant maps confirmed the fact that the turbulence in the core of SDTV, from the onset to the end of its progression, is far from a truly isotropic state since very few points are located exactly at the bottom corner of the triangle. The DDES-SST simulations follow remarkably well this trend except just after the onset at X/L = 0.100 (see Fig. 59). At this cross-section, the computational points cover large parts of the Lumley triangle with some points exhibiting a marked 2D behaviour and others showing pancake-shaped or cigar-shaped axisymmetric characteristics and intermediate states. The bidimensional turbulence is observed in the first five layers of the computed boundary layer in the immediate vicinity of the hull where such a bidimensional behaviour is expected.

Axisymmetric turbulence is found away from the wall in small dispersed parts of the Q * = 50 iso-surface. This means that the computed turbulence structure varies from cigar-shaped to pancake-shaped nearly axisymmetric configurations with some points exhibiting a two-component structure. The authors think that a bidimensional behaviour would have been detected in the measurements if it had been possible to perform measurements close enough to the wall. However, the simultaneous presence of cigar-shaped, pancake-shaped and non-axisymmetric structures in between at this specific cross-section seems to indicate that the computations predict too high levels of velocity fluctuations, specifically u u , which is probably not in agreement with the real turbulence structure on the leeward side of the sonar dome. This is likely related with the fact that DDES-SST model tends to provide too high velocity fluctuations in the leeward separation zone. It is very difficult to draw firm conclusions in absence of any detailed experimental informations at the leeward side of the sonar dome but this is a plausible hypothesis. This might be related with the fact that DDES-SST behaves like a ILES model in the LES zone when a very fine grid is used. The lack of numerical diffusion for such a fine grid might give birth to too large fluctuations which could be reduced if an explicit sub-grid eddy-viscosity model was added, which is not done in DDES-SST. At X/L = 0.120 (Fig. 60), the turbulence structure appears to get more organized, exhibiting a pronounced axisymmetric cigar-shaped behaviour with probably a longitudinal velocity fluctuation dominated by the two 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. 61,62 and 63 showing sections X/L = 0.300; 0.400; 0.600, 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-shaped axisymmetric boundary and the agreement between computations and IIHR measurements is excellent. This suggests a canonical structure of the turbulence which is conserved during the progression of the vortex away from the hull as confirmed by additional cross-sections located further downstream which are not shown in this paper in this paper for the sake of conciseness. 

CONCLUDING REMARKS

In this paper, a complete validation study of the flow around the DTMB 5415 at 10 • and 20 • static drift conditions has been presented. Very fine grids equipped with local boxes of refinement in the core of the SDTV and BKTV vortices were built, enabling us to perform reliable hybrid RANS-LES computations to complement the analysis of the two linear isotropic and RSTM RANS simulations on the same grid. The flow for both drift angles presents the same topology, nonetheless quantitatively the turbulence variables inside the vortex core are higher as the drift angle increases. Main differences are related to the free surface predictions. While for the 10 • case, the free-surface has been observed to be steady, at 20 • , it is locally lower, much more unsteady and interacts with the onset of the vortices at the sonar dome, leading to flow physics which is not yet satisfactorily reproduced by all turbulence closures. The differences in the free-surface among the three presented approaches are probably related to the strong unsteadiness linked to a violent wave-breaking at the bow and they affect the forces and the flow topology at the sonar dome, as well. For the 10 • case, a very satisfactory prediction of the global forces and moment is assured by both RANS approaches, kω SST and SSG/LRR. In the latter case, the larger error in the forces calculation using DDES-SST is allegedly related to the log-layer mismatch which is incompletely solved by its shielding function. Despite the differences of the flow physics at the different drift angles, the detailed local and global analysis of the flow conducted for both cases leads to the same common conclusion. Hybrid RANS/LES DDES-SST model is the only able to provide the explanation of the origin of the high level of turbulence kinetic energy measured by IIHR in the core of the vortices and linked this characteristic to the unsteady complex separation taking place at the leeward side of the sonar dome and at the vertical trailing edge of the sonar dome. None of the tested statistical turbulence models is 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. The hybrid RANS-LES model is the only modeling 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. Moreover, it is the only model which is able to represent the right distribution of turbulence among the six Reynolds Stress components all along the progression of the main SDTV vortex. Nonetheless, the model needs further improvements, namely for (i) the inclusion of the free-surface, (ii) the control of the switching from RANS to LES inside the attached boundary layer and (iii) the reduction of level of velocity fluctuations in the separation zone on the leeward side of the sonar dome.

Figure 1 :

 1 Figure 1: Experimental measurement locations and coordinate system.

Figs. 2

 2 Figs. 2 and 3 show for both drift conditions an overview of the vortical structures with the help of the isosurface Q* = 50 colored by the helicity. Figs. 2a and 3a show the results of the TPIV IIHR measurements, taken from Yoon et al. (2014), while Figs. 2b and 3b present the ISIS-CFD numerical simulation based on the hybrid RANS/LES DDES-SST model. For both incidences a common flow topology can be observed. Two major co-rotating structures can be clearly distinguished: the SDTV (Sonar Dome Tip Vortex) originates from the sonar dome end tip and it progresses along the hull in a straight line fashion and the BKTV (Bilge Keel Tip Vortex) originates from the windward bilge keel surface.Other secondary structures are visible: the LW-SDV (LeeWard Sonar Dome Vortex), the WW-FBKV and the LW-FBKV (WindWard and LeeWard Fore Body Keel Vortex), the BKV (Bilge Keel Vortex) and the ABKV (Aft Body Keel vortex), that appears in correspondence of the station X/L = 0.800. At 20 • WWand LW-freesurface vortices (FSV) are visible in TPIV measurements (Fig.3a). The two vortices are due to the wave breaking. This study is dedicated to the so-called SDTV and BKTV vortices and their comparison for the two drift conditions.

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: 20 • 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 4 :

 4 Figure 4: 10 • static drift -Locations of the boxes of refinement used to generate Hexpress TM grid adapted to SDTV and BKTV.

Figure 5 :

 5 Figure 5: 20 • static drift -Locations of the boxes of refinement used to generate Hexpress TM grid adapted to SDTV and BKTV.

Figure 6 :

 6 Figure 6: 10 • -Longitudinal distribution of the viscous resistance integrated by section for k-ω SST, SSG/LRR and DDES-SST turbulence models.

Figure 7 :

 7 Figure 7: 10 • -Longitudinal distribution of the pressure resistance integrated by section for k-ω SST, SSG/LRR and DDES-SST turbulence models.

Figure 8 :

 8 Figure 8: 10 • -Longitudinal distribution of the viscous side force integrated by section for k-ω SST, SSG/LRR and DDES-SST turbulence models.

Figure 9 :

 9 Figure 9: 10 • -Longitudinal distribution of the pressure side force integrated by section for k-ω SST, SSG/LRR and DDES-SST turbulence models.

Figs. 10

 10 Figs. 10 and 11 provide a global view of the main time-averaged vortical structures created around the DTMB 5415 at 10 • and 20 • static drifts. The main longitudinal vortices are 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.Computations performed with the RSTM SSG/LRR model (not shown here) are almost identical to the results obtained with the kω SST model. As a general trend, it can be noticed that DDES-SST provides an SDTV vortex with a smaller radius compared to its RANS-based counterpart all along its progression, indicating a more intense longitudinal

  Figure 10: 10 • -Global view of the time-averaged Q * = 50 surfaces colored by the helicity on the windward side of the DTMB 5415.

  Figure 11: 20 • -Global view of the time-averaged Q * = 50 surfaces colored by the helicity on the windward side of the DTMB 5415.

  (a) kω SST Windward side (b) DDES-SST Windward side (c) kω SST Leeward side (d) DDES-SST Leeward side

Figure 12 :

 12 Figure 12: 10 • -Time-averaged Q * = 50 structures on the windward and leeward sides of the sonar dome for various turbulence closures.

  Figure 14: 10 • -kω SST and DDES-SST -Surface streamlines on the pressure field show the onset of SDTV on the leeward side.

  Figure 15: 20 • -kω SST and DDES-SST -Surface streamlines on the pressure field show the onset of SDTV on the leeward side.

  (a) kω SST Leeward side (b) RSTM SSG/LRR Leeward side (c) DDES-SST Leeward side

Figure 16 :

 16 Figure 16: 10 • -Time-averaged skin-friction lines and shear stress distribution on the leeward side of the sonar dome for various turbulence closures.

  (a) kω SST Leeward side (b) RSTM SSG/LRR Leeward side (c) DDES-SST Leeward side

Figure 17 :

 17 Figure 17: 20 • -Time-averaged skin-friction lines and shear stress distribution on the leeward side of the sonar dome for various turbulence closures.

  Figure 18: 10 •ω x longitudinal vorticity component at X/L = 0.120.

  Figure 19: 10 • -k Turbulence kinetic energy at X/L = 0.120.

Figure 20 :

 20 Figure 20: 20 •ω x longitudinal vorticity component at X/L = 0.120.

Figure 21 :

 21 Figure 21: 20 • -k Turbulence kinetic energy at X/L = 0.120.

  Figure 22: 10 •ω x longitudinal vorticity component at X/L = 0.400.

Figure 23 :

 23 Figure 23: 10 • -k Turbulence kinetic energy at X/L = 0.400.

Figure 24 :

 24 Figure 24: 20 •ω x longitudinal vorticity component at X/L = 0.400.

  Figure 25: 20 • -Turbulence kinetic energy at X/L = 0.400.

Figure 26 :

 26 Figure 26: 10 •ω x longitudinal vorticity component at X/L = 0.600.

Figure 27 :

 27 Figure 27: 10 • -k Turbulence kinetic energy at X/L = 0.600.

  Figure 28: 20 •ω x longitudinal vorticity component at X/L = 0.600.

Figure 29 :

 29 Figure 29: 20 • -k Turbulence kinetic energy at X/L = 0.600.

Figure 30 :

 30 Figure 30: 10 • -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 31 :

 31 Figure 31: 20 • -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.

  Fig. 32 shows the instantaneous vortical structures at the leeward and windward sides computed with the help of the hybrid RANS-LES model for both drift angles. The instantaneous views reveal striking differences concerning the structure of the longitudinal vortices with regard to what observed in Figs. 12 and 13.

  Figure 32: 10 • and 20 • -DDES-SST -Instantaneous Q * = 50 structures on the leeward and windward sides of the sonar dome.

  10 • 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

Figure 33 :

 33 Figure 33: 10 • and 20 • -DDES-SST -Cross-sectional view of the instantaneous SDTV vortex at X/L = 0.300.

10•

  Static Drift -Analysis of Turbulence Anisotropy in the Vortex Core

  Figure 34: X/L = 0.120 -Turbulent normal stress u u -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 35: X/L = 0.120 -Turbulent normal stress v v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 36: X/L = 0.120 -Turbulent normal stress w w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 37: X/L = 0.120 -Turbulent shear stress u v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 38: X/L = 0.120 -Turbulent shear stress u w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 39: X/L = 0.120 -Turbulent shear stress v w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  i). The three normal components have a maximum at the core of the vortex but exhibit a marked anisotropy since u u is lower in the core of SDTV than both v v and w w . The spatial extensions of v v and w w in the core are not circular, contrary to u u . v v (resp. w w ) has an elliptical region of influence with a main axis aligned with y (resp. with z) (see Figs. 40, 41 and 42, for instance). These remarkable characteristics are perfectly reproduced in the DDES-SST simulations and totally missed by the kω SST computations. ii). Due to the lower value of u mentioned previously, the shear stresses u v and u w are significantly smaller than the v w in the core of SDTV. This experimental observation is perfectly reproduced by the DDES-SST simulation although the quantitative agreement is less good probably due to the small values of these shear stresses. On the contrary, the clover leaf behaviour of the predominant shear stress v w is very well captured by DDES-SST. The distribution over the four quadrants in the core of SDTV is accurately reproduced by DDES-SST, especially at X/L = 0.300 and downstream (see Figs. 45 and 51 for instance). Again, kω SST and SSG/LRR fail completely to reproduce these characteristics.

  Figure 40: X/L = 0.300 -Turbulent normal stress u u -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 41: X/L = 0.300 -Turbulent normal stress v v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 42: X/L = 0.300 -Turbulent normal stress w w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 43: X/L = 0.300 -Turbulent shear stress u v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 44: X/L = 0.300 -Turbulent shear stress u w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 45: X/L = 0.300 -Turbulent shear stress v w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 46: X/L = 0.400 -Turbulent normal stress u u -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 47: X/L = 0.400 -Turbulent normal stress v v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 48: X/L = 0.400 -Turbulent normal stress w w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 49: X/L = 0.400 -Turbulent shear stress u v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 50: X/L = 0.400 -Turbulent shear stress u w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 51: X/L = 0.400 -Turbulent shear stress v w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 52: X/L = 0.600 -Turbulent normal stress u u -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 53: X/L = 0.600 -Turbulent normal stress v v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 54: X/L = 0.600 -Turbulent normal stress w w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 55: X/L = 0.600 -Turbulent shear stress u v -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 56: X/L = 0.600 -Turbulent shear stress u w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

  Figure 57: X/L = 0.600 -Turbulent shear stress v w -Comparisons between IIHR experiments, kω SST, RSTM SSG/LRR and DDES-SST turbulence models.

Figure 59 :

 59 Figure 59: Anisotropy invariant map in the core of the SDTV at X/L = 0.100.

  Figure 60: Anisotropy invariant map in the core of the SDTV at X/L = 0.120.

Figure 61 :

 61 Figure 61: Anisotropy invariant map in the core of the SDTV at X/L = 0.300.

Figure 62 :

 62 Figure 62: Anisotropy invariant map in the core of the SDTV at X/L = 0.400.

Figure 63 :

 63 Figure 63: Anisotropy invariant map in the core of the SDTV at X/L = 0.600.

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 DTMB5415 at 10 • and 20 • static drifts -Forces and moment coefficients.

	Force and moment coefficients [*10 3 ] IIHR exps.	k -ω SST	SSG/LRR	DDES-SST
	10 •				
	C x	-19.61	-19.94 (1.7%)	-19.99(1.9%)	-18.20 (-7.2%)
	C xp		-6.60	-6.53	-4.93
	C xv		-13.34	-13.46	-13.27
	C y	58.46	59.47 (1.7%)	60.78 (4.0%)	62.72 (7.3%)
	C N	28.61	29.26 (2.3% )	28.90 (1.0%)	29.30 (2.4%)
	20 •				
	C x	-28.57	-29.37 (2.8%)	-31.34 (9.71%) -21.24 (-25.7%)
	C xp		-14.60	-16.15	-7.95
	C xv		-14.77	-15.19	-13.29
	C				

y 153.57 155.41 (1.2%) 155.70 (1.39%) 160.85 (4.7%) C N 59.61 58.67 (-1.6% ) 59.45 (-0.27%) 67.92 (13.9%) sonar dome, one can notice a first wing-body junction like vortex with a positive (red) helicity.
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