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This paper studies the apparition of unsteadiness when using adaptive refinement for the RANS simulations of the flows around two ships, which are generally thought to be steady. To this end, the flows are simulated with different combinations of unsteady or steady flow solvers, fine or coarse meshes, and full geometries or symmetry planes; also, the results are compared with simulations on fine non-adapted grids. These experiences show that the unsteadiness is related to the use of wall law boundary conditions. The grid adaptation itself does not introduce any perturbation.

INTRODUCTION

One of the reasons for developing and using adaptive grid refinement in the simulation of fluid flow is that the locally fine grid can reveal details of the flow which are invisible on non-adapted grids. Thus, grid adaptation leads to new discoveries about the flow physics. However, before presenting such results, one needs to be sure that the observed flow behaviour is not due to perturbations coming from the adaptation itself.

Recently, using the adaptive refinement in the flow solver ISIS-CFD developed by our group [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF][START_REF] Wackers | Adaptive grid refinement for hydrodynamic flows[END_REF], we observed unsteady flow behaviour for Reynolds-averaged Navier Stokes (RANS) simulations of two standard ship flow test cases, which are in general thought to be steady. The first of these is the flow around the KVLCC2 tanker ship. This case was introduced about 15 years ago, a recent study by several research teams using different flow solvers [START_REF]Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF] yielded steady results for all RANS computations. The second case, the Japan Bulk Carrier (JBC) test case was created for the recent Tokyo 2015 workshop [START_REF] Visonneau | JBC local flow analysis[END_REF]. Using RANS, we found unsteady vortex shedding on the sides of the skeg which supports the propeller. Such unsteady behaviour has also been observed on non-adapted grids if Detached Eddy Simulation (DES) is used [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]. All published RANS simulations are steady.

The goal of this paper is to determine whether the simulations using adapted grids are valid, or if the unsteadiness observed comes from numerical perturbations due to the grid adaptation technique. Therefore, the paper looks at the factors which influence the flow (un)steadiness. 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 brief introduction of the flow solver (section 2) and a description of the two test cases (section 3), 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 4). Then, section 5 discusses the physics of the unsteady flows to further analyse the cause of the unsteadiness. The paper ends with a conclusion.

NUMERICAL METHOD

The ISIS-CFD flow solver

ISIS-CFD is an incompressible unsteady multifluid Navier-Stokes solver [START_REF] Duvigneau | On the role played by turbulence closures in hull shape optimization at model and full scale[END_REF][START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF]. The solver is based on the finite volume method to build the spatial discretisation of the transport equations. Pressure-velocity coupling is obtained through a Rhie & Chow SIMPLE-type method. The code is parallelised using the MPI (Message Passing Interface) protocol.

Turbulence is principally modelled with the Reynolds-averaged Navier-Stokes (RANS) equations and advanced turbulence closures, such as the anisotropic EASM model [START_REF] Duvigneau | On the role played by turbulence closures in hull shape optimization at model and full scale[END_REF]. Furthermore, several Detached-Eddy Simulation (DES) models are available. If a free surface is present, it is captured with a mixture-model approach [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF]. Finally, techniques such as mesh deformation allow the 6 DOF resolution of body motion, rotation of bodies is achieved through sliding interfaces, and coupling with other fluid or structure solvers is possible. For brevity, these options are not further described here.

Grid refinement method

An adaptive grid refinement technique is included in the solver ISIS-CFD [START_REF] Wackers | Adaptive grid refinement for hydrodynamic flows[END_REF][START_REF] Wackers | Can adaptive grid refinement produce grid-independent solutions for incompressible flows?[END_REF]. The method performs isotropic and anisotropic refinement of unstructured hexahedral meshes. Earlier refinements can be undone in order to adapt the grid to unsteady problems and to account for the convergence of steady flows. The grid refinement is performed in parallel and includes an automatic dynamic load balancing in order to redistribute the refined grid over the processors when some partitions have been refined more than the others.

For anisotropic grid refinement, the refinement criteria are metric tensors based on Hessian matrices of second spatial derivatives. The flux-component Hessian criterion used for this work is based both on the pressure and the velocity. Thus, the mesh is adapted to pressure-based flow but also to boundary layers, wakes, and shear layers.

To give equal importance to the different Hessian matrices, they are weighted in the way in which they appear in the flux. A typical flux is for example p+ρu 2 , so the criterion is chosen as:

C = max H(p) , ρV H(u) , ρV H(v) , ρV H(w) α , (1) 
where the velocity

V = √ u 2 + v 2 + w 2 .
H is the Hessian operator and the absolute value of a matrix • corresponds to a matrix having the same eigenvectors as the original one and the absolute values of its eigenvalues. In the same way, the power α of a matrix is obtained by taking its eigenvalues to the power α while keeping the eigenvectors. In general we take α = 1 2 . The criterion is described in more detail in [START_REF] Wackers | Can adaptive grid refinement produce grid-independent solutions for incompressible flows?[END_REF]. 

TEST CASES AND NUMERICAL SETUP

Both the KRISO Very Large Crude Carrier (KVLCC2) [START_REF]Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF] and the Japan Bulk Carrier (JBC) [START_REF] Visonneau | JBC local flow analysis[END_REF] are examples of modern cargo ships with bulbous bows. While their hulls are globally similar (figure 1), the JBC has a fuller aftship with a more abrupt tapering towards the skeg which supports the propeller (not modelled here). The flow around these ships has an attached boundary layer on the bow and midship. At the aftship, the fluid flows upwards and separates from the skeg; this separated flow turns inwards to create two counter-rotating vortices visible as low-velocity regions in figure 1. This main separation is followed by secondary vortices further aft (see for example [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]). Due to the sharper angle of the JBC aftship, its main vortices are stronger than for the KVLCC2.

The ships are simulated in double-model conditions: the water surface is replaced by a horizontal symmetry plane, so waves are not computed. 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 [START_REF] Duvigneau | On the role played by turbulence closures in hull shape optimization at model and full scale[END_REF].

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 (section 2.2) and refinement thresholds [START_REF] Wackers | Adaptive grid refinement for hydrodynamic flows[END_REF] equal to 1.0 for the KVLCC2 and 2.4 for the JBC, which gives 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 near-wall layer; for the wall law (WL) this is y+ = 30. Table 1 gives the number of cells in each grid. 4 SYSTEMATIC VARIATION OF SIMULATION PARAMETERS

Cases and meshes

As noted in the introduction, unsteady flow behaviour appears for both test cases in certain simulations, but not in others. This means either that the flow is physically unsteady but can be artificially stabilised by the numerical procedure, or that it is physically steady but perturbed by the numerical method, especially the adaptive grid refinement.

To test these influences, a systematic variation of the numerical setup in section 3 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 [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 2, which shows the JBC cut plane S4 (corresponding to x/L = 0.9843, i.e. the second cut from the right in figure 1b). The number of cells in each mesh is given in table 1. The refined meshes clearly show the two main vortices, located on either side of the propeller axis. The shear layers coming from the flow separation below the hull are located below the main vortices. The coarser grid (figure 2b) 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 2a andc). The fine non-adapted grid uses boxes of fine cells in the wake region (figure 2d); the size of the finest cells corresponds to the smallest cell sizes found in the shear layer on the coarse grid 2b.

The results are presented in the S4 plane for the JBC (figure 4) and in the propeller plane x/L = 0.9825 for the KVLCC2 (figure 3). Only the axial velocity is shown here; the behaviour of the other flow parameters is similar. 

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 3a and 4a). This means that for both ships, there are no significant fluctuations in the flow. 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 and could have resulted in different adapted meshes. 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 figures 3b and 4b to reproduce a full solution), shows that the baseline computations are symmetric in the xz centreplane. The difference between the baseline and y-symmetry simulations is negligible. Therefore, in the LR simulations there is no modification of the flow physics when a symmetry plane is introduced.

As expected, the solutions on coarse grids are different from the baseline, due to the greater numerical diffusion (figures 3c and 4c). However, the solutions are similar so the baseline solution is nearly grid converged. There is no indication that the baseline solution is closer to instability than the coarse-grid one: the shape of the isolines does not change radically between solutions and there are no points where the distance from the coarse to the baseline isolines is much larger than elsewhere (except at the outside of the boundary layer to the right of the pictures, where the coarse grid has large cells, figure 2b). Thus, unsteady flow is unlikely even on grids that are finer than the baseline, i.e. there is no modification of the flow physics due to numerical diffusion.

Finally, the solution computed for the JBC on a very fine non-adapted mesh corresponds well with the adapted meshes (figure 4c); it almost coincides with the coarse-grid solution. This completes the evidence 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 the KVLCC2 and the JBC, the baseline instantaneous and average solution do not coincide (figures 3a and 4a), so the baseline solution is unsteady. However, the flow is different for the two cases: the KVLCC2 has unsteadiness in the centreplane, 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 chosen long enough.

The steady solver, for both ships, does not produce a result which coincides with the average of the baseline. For the JBC the tell-tale wiggles in the shear layer are present for the steady resolution. Thus, steady solvers do not stabilise the flow, which is logical: if a flow problem has no steady solution, one cannot expect a steady solver to converge.

The y-symmetry solutions are symmetric by construction so we cannot judge their unsteadiness based on symmetry. For the KVLCC2, many authors have found steady solutions with wall functions and a symmetry plane [START_REF]Numerical Ship Hydrodynamics, An assessment of the Gothenburg 2010 Workshop[END_REF][START_REF] Wackers | Can adaptive grid refinement produce grid-independent solutions for incompressible flows?[END_REF]. Thus, the symmetry plane probably stabilises the flow. For the JBC, the y-symmetry solution has wiggles and the instantaneous flow does not correspond to its average (not shown), so the symmetric solution is unsteady. This difference may be caused by the position of the unsteady flow: close to the centreplane for the KVLCC2 and further away for the JBC. Thus, the y-symmetry condition has a more stabilising effect for the KVLCC2 than for the JBC.

The coarse-grid solution for the KVLCC2 is closer to symmetry than the baseline solution, but for the JBC the coarse-grid solution is more perturbed than the baseline. However, even our 'coarse' grid is locally quite fine compared with other studies [START_REF] Visonneau | JBC local flow analysis[END_REF] 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 4c), 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 law boundary condition. The difference between WL and LR conditions is that the wall law uses a model for the flow in the viscous sublayer very close to the wall. Since this model is based on attached, two-dimensional boundary layers, it is inaccurate for boundary layer regions with strong shear flow or separation.

For the JBC, the 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 5c,A). 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 5d,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] 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]. 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 5a,C), this has no influence on the turbulence kinetic energy (figure 5b,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 5a,E). Figure 6 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 does not 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 flow around two ship hulls, the KVLCC2 and the JBC, have been presented. These show that for the use of 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.

When wall laws are used, the solutions are unsteady both on adapted and on fine nonadapted grids. Coarser grids and the use of a vertical symmetry plane artificially reduce this unsteadiness for the weakly unsteady KVLCC2 flow, but have less effect for the stronger instability of 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 4 to 20 times less cells than the fine non-adapted grids in this study.

Figure 1 :

 1 Figure 1: Hull geometry of the KVLCC2 (a) and JBC (b) with axial velocity in selected cut planes. The ships move from left to right.

Figure 2 :

 2 Figure 2: 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).

Figure 3 :

 3 Figure 3: Variation of simulation parameters for the KVLCC2: axial velocity in the propeller plane x/L = 0.9825. Modification of the temporal treatment (a), the vertical symmetry plane (b), and the mesh resolution (c). Left: LR boundary conditions, right: WL conditions.

Figure 4 :

 4 Figure 4: Variation of parameters for the JBC: axial velocity in the S4 plane x/L = 0.9843. Modification of the temporal treatment (a), the vertical symmetry plane (b), and the mesh resolution (c). Left: LR boundary conditions, right: WL conditions.

Figure 5 :Figure 6 :

 56 Figure 5: 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).

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	???
	JBC WL	0.29	8.17	2.34	3.98	???
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