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Introduction

Recently, using the adaptive grid refinement method in the flow solver ISIS-CFD developed by our group [START_REF] Wackers | Adaptive grid refinement for hydrodynamic flows[END_REF], Queutey and Visonneau (2007)), we observed unsteady flow behaviour for RANS simulations of the Japan Bulk Carrier. Further analysis showed that Detached Eddy Simulation produces this unsteady behaviour also on non-adapted grids, in good agreement with measurements [START_REF] Queutey | RANS and Hybrid RANS-LES simulations around the Japan Bulk Carrier of the Tokyo 2015 CFD Workshop[END_REF]). However, the validity of our RANS simulations remains uncertain, since all published RANS results for the JBC are steady. Furthermore, to our surprise, a computational setup similar to the JBC has produced unsteady RANS flow even for the KVLCC2!

The goal of this paper is to determine whether these simulations using adapted grids are valid, or if the unsteadiness observed comes from numerical perturbations due to the grid adaptation technique. Therefore, the paper studies how our simulations can be unsteady, while steady results have been obtained for the same cases. Specifically, if a flow is physically unsteady but yields a steady simulation result, it may be forced to steadiness by (a) numerical diffusion, (b) a steady flow solver, or (c) forced symmetry through a vertical symmetry plane. On the contrary, if a flow is physically steady but its simulation is unsteady, then spurious energy is added to the flow numerically. A probable source of this energy would be (d) adaptive grid refinement.

These four aspects are tested through systematic variation of the simulation parameters. After a description of the two test cases (section 2), the paper presents a series of computations in which the factors listed above are modified one by one, in order to determine their effect (section 3). Then, section 4 discusses the physics of the unsteady flows to further analyse the cause of the unsteadiness. The paper ends with a conclusion.

Test cases and numerical setup

The KVLCC2 and JBC are simulated in double-model conditions using ISIS-CFD. Model scale is used with hull lengths L = 5.71m for the KVLCC2 and L = 7.00m for the JBC. Reynolds numbers are Re = 4.60 • 10 6 and Re = 7.46 • 10 6 respectively. Velocity is imposed on the inflow and side boundaries, while pressure is imposed for the outflow. The hull is modelled either with a low-Reynolds (no-slip) boundary condition or with a wall law, which means that the flow in the near-wall boundary layer is not simulated but approximated through the boundary condition. Turbulence is modelled with RANS and the anisotropic EASM model.

A 'baseline' simulation approach is defined as follows. No vertical symmetry plane is used so the entire flow is computed. Unsteady flow is solved using second-order accurate time integration. The grid is adapted with the FCH criterion [START_REF] Wackers | Can adaptive grid refinement produce grid-independent solutions for incompressible flows?[END_REF]) and refinement thresholds equal to 1.0 for the KVLCC2 and 2.4 for the JBC, which gives fine meshes with similar densities. A minimum cell size of 2.7 • 10 -4 L is imposed for the refinement. Initial meshes for the grid adaptation are created with HEXPRESS TM . For low-Reynolds (LR) boundary conditions, these grids have y + = 1 in the first nearwall layer; for the wall law (WL) this is y+ = 30. Table 1 gives the number of cells in each grid. 

Systematic variation of simulation parameters

A systematic variation of the numerical setup in section 2 is performed with five computations:

1. Baseline settings, 2. Unsteady time integration replaced by a steady solver, 3. Simulation of half the hull, with a y-symmetry condition in the the xz centre plane, 4. Twice coarser mesh (obtained by doubling the refinement threshold, see [START_REF] Wackers | Can adaptive grid refinement produce grid-independent solutions for incompressible flows?[END_REF]), 5. Adaptive refinement replaced by a fine non-adapted mesh.

Examples of the meshes are found in figure 1, which shows the JBC cut plane S4 (corresponding to x/L = 0.9843). The number of cells in each mesh is given in table 1. The coarser grid (figure 1b) is, as expected, about twice coarser than the baseline grid, while a significant difference between LR and WL boundary treatment is evident in the adapted meshes (figures 1a andc). The fine non-adapted grid uses boxes of fine cells in the wake region (figure 1d); the size of the finest cells corresponds to the smallest cell sizes found in the shear layer on the coarse grid 1b.

The results are presented in the S4 plane for the JBC and in the propeller plane x/L = 0.9825 for the KVLCC2 (figure 2). Only the axial velocity is shown here; the other flow parameters behave similarly.

Low-Reynolds boundary conditions

When LR boundary treatment is used, the result at the end of the baseline simulation is indistinguishable from the averaged flow over the last 1000 of 3000 time steps (figures 2a and d). Furthermore, the solutions obtained with a steady solver are identical to the baseline solutions which use second-order time integration, even though these two computations are completely separate. Thus, the baseline LR simulations are steady and the result is independent of the solution method.

A comparison with the solutions that use a y-symmetry plane (mirrored in figure 2b to reproduce a full solution, shown only for JBC), shows that the difference between the baseline and y-symmetry simulations is negligible. Therefore, the flow physics is not modified by a symmetry plane. As expected, the solutions on coarse grids are different from the baseline, due to the greater numerical diffusion (figure 2c shows the JBC). However, the solutions are similar so the baseline solutions are nearly grid converged. Finally, the solution computed for the JBC on a very fine non-adapted mesh corresponds well with the adapted meshes (figure 2c); it almost coincides with the coarse-grid solution. This shows that the grid adaptation does not introduce any major perturbation of the solutions for LR.

Wall-law boundary conditions

Compared to the LR boundary treatment, the wall law radically changes the results. For both ships, the baseline instantaneous and average solution do not coincide (figures 2a and d), so the baseline solution is unsteady. However, the flow is different for the two cases: the KVLCC2 has unsteadiness in the centre plane, below the propeller axis (z = -0.05), while the JBC shows wiggles in the shear layer around the main vortices. This shear layer is thicker in the average solution than in the instantaneous result, so its position is oscillating during the computation. The KVLCC2 average flow is non-symmetric, which means either that the dominant flow is asymmetric or that the averaging period was not long enough.

The steady solver does not produce a result which coincides with the average of the baseline. For the JBC (figure 2b) the tell-tale wiggles in the shear layer are present for the steady resolution. Thus, a steady solver does not stabilise the flow. The y-symmetry solution for the JBC has wiggles and the instantaneous flow does not correspond to its average (not shown), so even the symmetric solution is unsteady. Finally, the coarse-grid solution is more perturbed than the baseline. However, even our 'coarse' grid is locally quite fine compared with other studies so it is possible that real coarse grids stabilise the flow.

While the solution on a non-adapted fine grid for the JBC differs from the baseline (figure 2c), it too shows signs of unsteadiness. Some wiggles are present in the shear layer and the 0.3-isoline is asymmetric: the line around the main vortex is larger on the left side. Thus, the unsteady behaviour depends on the mesh but its main cause is not the adaptive refinement.

Physical analysis of the unsteady flow

From the previous section, it appears that the unsteady flow behaviour is related to the use of wall functions. Therefore, we study if the unsteadiness can be explained by the physical behaviour of the wall function. For this boundary condition, the flow in the viscous sublayer very close to the wall is not present in the simulation, but replaced by a wall law model. Since this model is based on attached, two-dimensional boundary layers, it is inaccurate for strong shear flow or separation.

For the JBC, unsteadiness appears in the shear layer which is created when the flow on the bottom of the ship flows upwards around the aft part of the ship and separates (figure 3c,A). As noted, the wall law solution does not contain the low-velocity sublayer close to the wall. Since the actual separation of the fluid takes place in this sublayer, there is not enough low-velocity fluid after the separation: the dead-water zone above the separation is too small and the shear layer is thicker than for the LR solution.

The thicker shear layer has an effect on the turbulence model: the production of turbulence kinetic energy, which depends on the gradients of the velocity, is reduced near the wall. Thus, the turbulence intensity in the shear layer (figure 3d,B) is less for the WL solution. As a result, the flow damping due to turbulent viscosity is reduced, which allows the shear layer to become unsteady.

This phenomenon resembles the effect of a DES turbulence model, where the modelled turbulence is intentionally reduced in order to simulate the largest scales of the turbulence. Indeed, DES simulation for the JBC produces similar unsteadiness of the shear layer [START_REF] Queutey | RANS and Hybrid RANS-LES simulations around the Japan Bulk Carrier of the Tokyo 2015 CFD Workshop[END_REF]). However, for RANS this destabilisation is erroneous.

This mechanism is absent for the KVLCC2. While the dead-water zone above the separation is slightly more developed for the LR case (figure 3a,C), this has no influence on the turbulence kinetic energy (figure 3b,D) so the shear layer remains stable even for WL. However, the flow becomes unsteady below the propeller axis, where a second separation appears (figure 3a,E). Figure 4 shows that for the WL solution, there is no fluid with a velocity lower than 0.7 below the hull. Thus, when the flow separates, the WL solution cannot produce a stable dead-water zone with low velocity like LR. On the contrary, it contains a re-entrant jet of high-velocity fluid which destabilises when it touches the hull. This explains the appearance of unsteady flow below the propeller axis. Thus, the approximative modelling of separated flow by the wall law boundary condition explains the apparition of unsteadiness both for the KVLCC2 and for the JBC. This confirms that the wall law model is the cause of the unsteady flow.

Conclusions

Systematic variation studies for the simulation of the KVLCC2 and the JBC show that with low-Reynolds (wall-resolved) boundary conditions on the hull, unsteady simulations on adaptively refined grids produce steady solutions. Stabilising mechanisms such as the use of a steady flow solver, a coarser grid, or a vertical symmetry plane, do not modify the solution. Furthermore, a solution on a fine non-adapted grid is very close to the adaptive-refined solutions. Thus, low-Reynolds solutions for both cases are steady.

With wall laws, solutions are unsteady both on adapted and on fine non-adapted grids. Coarser grids and a vertical symmetry plane do not reduce the instability for the JBC. In both cases, the properties of the wall law explain the unsteadiness: the JBC has insufficient production of turbulence close to the wall, while for the KVLCC2 there is a lack of low-velocity fluid close to the wall in a separation.

Thus, there is no evidence that the unsteadiness observed is an artefact due to the use of adaptive grid refinement. On the contrary, grid adaptation allows to predict the unsteadiness on grids which have 3 to 25 times less cells than the fine non-adapted grids in this study.

Fig. 1 :

 1 Fig. 1: Cuts of the mesh at the plane S4, for the JBC. Baseline case with LR walls (a), coarser adapted grid with LR (b), baseline with WL (c), and fine non-adapted LR mesh (d).

Fig. 2 :

 2 Fig. 2: Dependence of the axial velocity on the simulation parameters. JBC (S4 plane): modification of the temporal treatment (a), the vertical symmetry plane (b), and the mesh resolution (c). KVLCC2 (propeller plane): modification of the temporal treatment (d); further KVLCC2 results are not shown but are similar to the JBC. Left: LR boundary conditions, right: WL conditions.

Fig. 3 :

 3 Fig. 3: Cut planes showing the axial velocity (a, c) and the turbulence kinetic energy (b, d) around the aftship of the KVLCC2 (a, b) and the JBC (c, d). The planes 'PP' (a, b) and 'S4' (c, d) represent the cuts of figure 2.

Table 1 :

 1 Numbers of cells (in millions).

	Case	Initial mesh Baseline Coarse y-symm. Non-adapted
	KVLCC2 LR	0.48	16.66	3.51	9.40	-
	KVLCC2 WL	0.29	10.59	1.49	4.74	-
	JBC LR	0.63	24.45	6.37	11.04	90.6
	JBC WL	0.29	8.17	2.34	3.98	63.0
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