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Introduction

This paper presents a computational study of the flow around the Japan Bulk Carrier (JBC) with the help of RANS and Hybrid RANS-LES modelling. The JBC hull was selected as one of the test cases in the framework of the Tokyo 2015 Workshop on Numerical Ship Hydrodynamics (T2015) 1 . Nine configurations of the JBC were considered for comparisons between the participants; experiments for these cases were conducted at NMRI (National Maritime Research Institute), SRC (Ship Building Research Centre of Japan) and Osaka University. These experiments include resistance tests, self-propulsion tests and PIV measurements of stern flow fields. Also, LDV measurement data in the wind tunnel are available from TUHH (Technical University of Hamburg-Harburg). Among the various simulations performed by our group, see [START_REF] Deng | Verification and validation of resistance and propulsion computation[END_REF] and [START_REF] Visonneau | Local and Global Assessment of the Flow around the Japanese Bulk Carrier with and without Energy Saving Devices at Model and Full Scale[END_REF], the emphasis of this paper is on the analysis of the local flow for the simplest configuration in resistance test conditions, namely the case C1.

The investigation is conducted with RANS (k -ω SST and anisotropic EARSM) and hybrid RANS-LES (DES-SST) models. The latter was used recently to shed some light on the flow physics. Simulations have been performed with the ISIS-CFD flow solver, which is developed by Ecole Centrale de Nantes and CNRS. In the core of the bilge vortex, it is shown that the hybrid RANS-LES model can predict the co-existence of high levels of the turbulent kinetic energy (TKE) with large levels of longitudinal vorticity which is in agreement with the experiments.

The Japan Bulk Carrier

The Japan Bulk Carrier (JBC) is a capesize bulk carrier, represented in Figure 1. Its length between perpendiculars at full scale is L PP = 280 m, its service speed is 14.5 knots and the draft is 16.5 m, leading to a Froude number Fn = 0.142. This geometry is investigated at model scale, where its length is L PP = 7 m and the Reynolds number is Re = 7.46× 10 6 , based on the length L PP and the velocity U = 1.179 m/s. Local LDV velocity profiles at three sections S2, S4 and S7 (i.e. X/L pp =0.9625, X/L pp =0.9843 and Fig. 1: Geometry of the JBC hull X/L pp =1.0000) before and after the propeller and duct were provided by the organizers. Fig. 2 shows a view of the stern with the location of the local measurement sections.

With test case C1, the main vortical structures are located at the aft-ship. An overview of the bilge vortices as obtained from RANS computation is shown in Fig. 3.

3 The ISIS-CFD flow solver ISIS-CFD solves the incompressible unsteady Reynolds-averaged Navier-Stokes equations (URANS). It is developed by Ecole Centrale de Nantes and CNRS and available as a part of the FINE TM /Marine computing suite. The solver is based on the finite volume method to build the spatial discretization of the transport equations. The unstructured discretization is face-based, which means that cells with an arbitrary number of arbitrarily shaped faces are accepted. A second order backward difference scheme is used to discretize time. The solver can simulate both steady and unsteady flows. The velocity field is obtained from the momentum conservation equations and the pressure field is extracted from the mass equation constraint, or continuity equation, 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. A detailed description of the solver is given by [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF].

The solver features sophisticated turbulence models: from the classical two-equation k-ε and k-ω models to the anisotropic two-equation Explicit Algebraic Reynolds Stress Model (EARSM), as well as Reynolds Stress Transport Models, see [START_REF] Duvigneau | On the role played by turbulence closures in hull ship optimization at model and full scale[END_REF] and [START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flow around ships[END_REF]. All these are RANS models. A Detached Eddy Simulation (DES) approach based on [START_REF] Menter | Ten years of industrial experience with the SST turbulence model[END_REF], DES-SST, has been introduced, see [START_REF] Guilmineau | Numerical simulation with a DES approach for automotive flows[END_REF].

To enable relative motions of appendages, propellers or multiple bodies, sliding and overlapping grids approaches have been implemented. Finally, an anisotropic automatic grid refinement procedure (AGR) has been developed which is controlled by various flow-related criteria, see Wackers et al. (2014)a. Moreover, the AGR procedure is fully parallelized with a dynamic load balancing working transparently.

RANS simulations

The first studies carried out for the workshop involved a verification and validation study (V&V) for the resistance test including free-surface effects with RANS. The least-squares approach was used for Richardson extrapolation, see [START_REF] Hoekstra | Testing Uncertainty Estimation and Validation Procedures in the Flow Around a Backward Facing Step[END_REF]. It is perilous to use Richardson extrapolation to conduct a solution verification exercise when the computations are performed on fully unstructured grids. However, with a special set-up, see [START_REF] Visonneau | Local and Global Assessment of the Flow around the Japanese Bulk Carrier with and without Energy Saving Devices at Model and Full Scale[END_REF] for details, it is possible to ensure grid similarity before the insertion of viscous layer. For the total resistance prediction, a series of four grids for the half domain from 0.86M (G4) cells to 9.2M cells (G1) was used to estimate the order of convergence (1.94 with wall resolved EARSM), extrapolation error (2%) and comparison error (1.8%) for the finest grid G1. On this grid, with spatial resolution about 0.00086L pp , the numerical discretization error is shown to be smaller than the difference between the SST k-ω and EARSM models. But looking at the predicted mean longitudinal component of the velocity in section S2 from various embedded grids, Fig. 4, the observed differences clearly indicate that a grid-independent solution has not been reached for the local flow field. 2014)b it was possible to produce gridindependent solutions in this similar situation, not only for the forces but also for the wake flow which is mandatory for advanced design of the propulsive system.

With this in mind, computations with AGR and the FCH criterion were performed tentatively to obtain a more accurate solution for the JBC. The minimum cell size was refined to about 0.00009L pp . But with such a fine grid, a flow instability developed leading to an unsteady behaviour of the large vortex structure, Fig. 5. Due to this unexpected unsteadiness, the predicted wake flow becomes quite different from what is obtained on the previous series of meshes.Such unsteadiness is also observed when the mesh is refined manually in the wake with similar grid resolution, although in that case, the amplitude of the unsteady fluctuation is not exactly the same.

During the T2015 workshop, see analysis by [START_REF] Visonneau | JBC local flow analysis[END_REF], at least for those who found RANS solutions which appear to be converged, a satisfactory agreement between computations and experiments was observed for the mean longitudinal component of the velocity in the core of the JBC bilge vortex. On the other hand all the RANS contributions underestimate the turbulence kinetic energy (TKE) by a factor three to ten. As our AGR results indicate, this difficulty to predict the flow around the naked JBC hull may come from a likely unsteady behaviour of the main vortex structure. Additional unsteady computations based on hybrid RANS-LES modelling are analysed in the next section in order to shed some light on this flow with complex physics.

Hybrid RANS-LES simulations

A time-accurate DES-SST computation is compared to statistical turbulence closure on the same case, neglecting the free-surface effects and using a symmetry plane instead (double-body). This choice was justified by additional RANS simulations showing that the mean flow topology remains the same in the core of the aft-body vortex. In double-body flow configuration the predicted axial velocity in the core of the vortex is higher than measured (0.3U), while for free-surface computations, the predicted value is lower (0.2U) and closer to experiments. The grid around the complete double-body hull contains 66×10 6 cells with typical isotropic cell sizes of 0.0008L PP complying with the Taylor scale. For the hybrid RANS-LES simulations time step is 0.006s and averaging time 24.2 (about 144s); this means that As shown in Fig. 7 for section S4 with two DES-SST snapshots separated in time by 0.6s, it appears that averaged bilge vortex obtained is actually a superposition of intense and strongly unsteady smaller vortical structures. Transversal evolutions along Y and Z lines across the vortex centre (Y V1 ,Z V1 ) defined as the local maximum value of the time-averaged Q (see the cross in Fig. 7) are computed and compared to NMRI measurements: Figs. 8 with the averaged axial velocity component; and Figs. 9 for averaged TKE (both resolved and modelled for DES). While RANS and DES-SST simulations produce similar mean axial velocity component in agreement with the experience, only the DES-SST simulation predicts the unsteady motion of smaller scale vortical structures which leads to higher levels of TKE associated with large-scale, low-frequency fluctuations. These results are consistent with the results obtained by Abbas and Kornev (2015) with a Hybrid RANS-LES approach. The flow around the naked JBC hull of the Tokyo 2015 CFD Workshop appears to be difficult to predict accurately with statistical turbulence closures because of the unsteady behaviour of the main vortex structure as seen by RANS modelling. This unsteadiness, detected with the advanced AGR method, explains the difficulty to conduct a Richardson extrapolation from series of embedded grids. Furthermore, even Unsteady RANS solutions have a systematic deficiency by a factor three to ten of the turbulent kinetic energy whereas a time-accurate DES-SST computation produces consistent results, both for the velocity and the turbulence of the time-averaged flow.

Moreover, the DES-SST computation provides a new interpretation of the averaged stern flow which removes the apparent contradiction between high levels of vorticity and turbulent kinetic energy in the core of the averaged vortex. In the case of the JBC, what is called an averaged bilge vortex is actually a superposition of intense and strongly unsteady and coherent structures structures that contribute dominantly to the turbulent kinetic energy.
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 2 Fig. 2: Side view of the JBC hull with location of three measurement sections
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 4 Fig. 4: U velocity contours at section S2 -Grid influence with wall resolved RANS from coarse (far right G4) to fine (far left G1)
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 5 Fig. 5: Section S4 with AGR. Left: U velocity contours at two different instants -Right: corresponding AGR grid cut for the complete hull

Fig. 6 :

 6 Fig. 6: Side view of the main aft-body vortex visualized by iso-surface of dimensionless invariant Q=25
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 7 Fig. 7: Instantaneous vorticity distribution in section S4 at two arbitrary time instants: on the right 0.6s after that left one -DES-SST simulation
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