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NUMERICAL SIMULATIONS OF THE FLOW AROUND A SURFACE COMBATTANT AT 10 • STATIC DRIFT

This paper presents a computational study of the flow around the US Navy frigate DTMB 5415 at 10 • static drift. Two RANS (Reynolds Averaged Navier-Stokes) turbulence models, as the isostropic kω SST and the non linear anisotropic EARSM (Explicit Algebraic Reynolds Stress Model) and one hybrid RANS-LES model, the DES (Detached Eddy Simulation) based on the k-ω model, are used. The validation study includes detailed local comparisons with IIHR TPIV experiments and an additional physical analysis of the flow in the core of Sonar Dome Tip Vortex (SDTV). All these validations are carried out on a very fine unstructured grid comprised of 163M cells with local boxes of refinement in the cores of the main vortices. This paper shows that the use of DES model offers a significant advantage over RANS models, particularly for the prediction of the turbulence kinetic energy in the core of the vortices, which commes essentially from the resolved eddies contribution.

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, see Larsson et al (2014) (G2010) and Tokyo 2015 (T2015) or research collaborative studies like NATO/AVT183, see Yoon et al (2014), 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 iso-wakes 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 turbulence kinetic energy in the core of the aver- The geometry used is DTMB 5415, Figure 1, a 1:46.6 scale, which have a length between perpendiculars L PP = 3.048 m. At the model scale, the ship's draught is T = 0.248 m and the attitude of the hull is fixed. The model is un-appended except for port and starboard bilge keels, i.e. not equipped with shafts, struts, propulsors or rudders. The Reynolds number, based on the length, L PP , and the velocity, U = 1.531 m/s, is Re = 4.65×10 6 and the Froude number is Fr = 0.28. 

ISIS-CFD at glance

ISIS-CFD, developed by Ecole Centrale de Nantes and CNRS and available as a part of the FINE/Marine computing suite, is an incompressible unsteady Reynolds-averaged Navier-Stokes (URANS) method. 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 Queutey and Visonneau (2007). Adaptive grid refinement is based on a combined refinement criterion, see Wackers et al (2014), which detects both the free surface and the flow below it through the use of second spatial derivatives of the pressure and the velocity components. The method refines unstructured hexahedral meshes by isotropic or anisotropic division of the cells.

RANS turbulence models available are the classical two-equation SST model of Menter (1994) (k-ω SST) and the anisotropic two-equation Explicit Algebraic Reynolds Stress Model (EARSM) presented by [START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flow around ships[END_REF]. For this turbulence model, the turbulent velocity and length scales are determined by using two transport equations, the k-ω BSL model proposed by Menter (1994). One hybrid RANS-LES method used is the Detached Eddy Simulation (DES), based on the k-ω model as proposed by Menter et al. (2003). Recently, some modifications of this formulation proposed by [START_REF] Gritskevich | Development of DDES and IDDES formulations for the k-ω shear stress transport model[END_REF] includes recalibrated empirical constants in the shielding function and a simplification of the original Spalart-Allmaras-based formulation. This new model is called Improved Delayed Detached Eddy Simulation (IDDES).

In this paper, the turbulence closures used are k-ω SST, EARSM and DES.

Numerical set-up

The computational domain starts 1.5L PP in front of the model and extends up to 2.5L PP behind the hull. The width of the computational domain is 4L PP and the height is 2L PP with 1.5L PP below the free surface at rest. The mesh is generated by Hexpress TM , an automatic unstructured mesh generator. Three refined boxes are used: one which includes the hull with a cell size of 10 mm in each direction, the second includes the sonar dome and extends until X/L PP = 1.0, which corresponds to the stern of the hull, and the last starts at the beginning of the windward bilge keel and extends until X/L PP = 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 until X/L PP = 0.45. In this box, every cell is twice smaller. The computational grid, which contains 162.6 million cells, has a wall normal resolution y + ≤ 0.2.

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 PP , is 5.2. Even, more far along the hull, the spot of turbulence kinetic energy in the core of the vortex is pre- dicted with the DES approach, see Figure 6.

Figure 7 provides a comparison between the IIHR measurements and the numerical results of vortex core variables along the core of the SDTV and the BKTV. The longitudinal evolution of the centers of the SDTV and BKTV is remarkably well predicted by all computations. The prediction of the axial velocity component, U, at the core of SDTV and BKTV poorly predicted by the EARSM turbulence model while the DES approach performs significantly better for SDTV between X/L PP = 0.4 and X/L PP = 0.8. Large differences between the turbulence modelling approaches can be observed on the prediction of the second invariant Q and the axial vorticity component ω x . The most remarkable difference between the statistical and hybrid RANS-LES turbulence models is provided by the comparison on the longitudinal evolution of the turbulence kinetic energy at the core of the vortices. DES is clearly the only model able to predict the right level of turbulence kinetic energy in the core of SDTV and BKTV. k-ω SST and EARSM strongly underestimate by one or two orders of magnitude the turbulence kinetic energy. Figures 8 and9 show a detailed comparison between experiments and numerical results of the transversal distribution of the second invariant and the turbulence kinetic energy, respectively, across the core of the SDTV vortex. One can notice the very good agreement reached by the hybrid RANS-LES formulation. With a RANS model, the level of Q is maximum in the core of the core but it is undesrestimated compared with the experimental data while the level of tke is minimum in the core of the vortex contrary to the experiments and the DES simulation.

To understand these remarkable differences, Figure 10 shows an instantaneous view of the nondimensional second invariant iso-surfaces, Q * = 50, colored by helicity obtained with the DES approach.

One can see a population of ring-shaped transversal vortices which result from the instability of the longitudinal vortex after its onset and flow separation initiated on the leeward side of the sonar dome. These ring-shaped vortices are shed periodically and are rotating around an axis of revolution roughly aligned with the axis of the intially stable longitudinal vortex. The population of these rotating transversal vortical structures form, once time-averaged, a longitudinal vortex, named SDTV, emanating from the surface of the sonar dome and progressing along the hull. The succession of these secondary vortical structures creates a temporal variation of the velocity in the core of the vortex, which explains the high level of turbulence kinetic energy, TKE, observed in the time-averaged experiments. Contrary to what is often claimed, this high level of TKE is not associated to vortex meandering since the vortex-meandering concept refers to low-frequancy motions of a coherent longitudinal vortex. On the contrary, the present eddy-resolving simulation reveals a succession of self-sustained higherfrequency transversal vortices rotating around an unsteady core, which provides a more convincing explanation of the high level of turbulent kinetic energy encountered in the core of these vortices, see Figure 11 which shows a cross section of the sonar dome vortex.

Conclusions

An investigation of RANS, k-ω SST and EARSM, and hybrid RANS-LES, DES, models has been conducted for the DTMB 5415 at 10 • static drift. A detailed flow analysis in the core of the SDTV vortex is presented. It has been shown that the use of a hybrid RANS-LES model offers a significant advantage over RANS models, particularly for the prediction of the turbulence kinetic energy in the core of the vortices, which comes essentially from the resolved eddies contribution. 

  aged longitudinal vortices four to five times too small 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).
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 1 Figure 1: Photographs of DTMB model 5415. The top view highlights the bilge keels.

  Figures 2 and 3 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 an iso-surface of the non-dimensional second in-
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 2 Figure 2: k-ω SST -Global view of the time-averaged Q * = 50 surfaces colored by the helicity.
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 3 Figure 3: DES -Global view of the time-averaged Q * = 50 surfaces colored by the helicity.
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 4 Figure 4: Comparison of the axial velocity, U, at X/LPP = 0.4.
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 5 Figure 5: Comparison of the turbulence kinetic energy, k, at X/LPP = 0.4.
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 6 Figure 6: Comparison of the turbulence kinetic energy, k, at X/LPP = 0.8.
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 7 Figure 7: Comparison of longitudinal evolution of Y and Z core coordinates, axial velocity U, axial vorticity ωx, second invariant Q and turbulence kinetic energy k along the core of the sonar dome tip vortex (SDTV) and the bilge keel tip vortex (BKTV).
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 89 Figure 8: Comparison of transversal evolution of the second invariant Q at X/L = 0.4 across the core of the sonar dome tip vortex (SDTV).

Figure 10 :

 10 Figure 10: Instantaneous bottom view at the trailing edge of the sonar dome.

Figure 11 :

 11 Figure 11: Instantaneous sectional view in the core of the sonar dome longitudinal vortex.
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