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A COMPARISON BETWEEN FULL RANSE AND COUPLED RANSE-BEM APPROACHES IN SHIP PROPULSION PERFORMANCE PREDICTION

The paper compares the development of the coupling between a viscous Reynolds-averaged Navier-Stokes (RANSE) method and an inviscid Boundary Element method (BEM) with application to the prediction of the propulsive performance of a propelled ship. The BEM computational model is implemented into the PRO-INS code developed by CNR-INSEAN. It is based on a boundary integral formulation for marine propellers in arbitrary onset non-cavitating and cavitating flow conditions. The RANSE approach is based on the unstructured finite-volume flow solver ISIS-CFD. An essential feature for full RANSE simulations with the ISIS-CFD code developed by ECN-CNRS is in the use of a sliding grid technique to simulate the real propeller rotating behind a ship hull. The STREAMLINE tanker and propeller are proposed as validation test case. Full RANSE simulations are performed for design speed only, while hybrid RANSE/BEM selfpropulsion computations are performed for a speed range. Both computations are compared with experimental data and show good agreement for ship resistance and for propeller thrust and torque.

INTRODUCTION

For a RANSE CFD based method to compute the viscous flow around the ship only, the propeller can be replaced by an equivalent body force acting in the r.h.s of the momentum equations. There are numerous approaches to calculating the body force field including simple prescribed distributions, which recover the total thrust T and torque Q, to more sophisticated methods which use a propeller performance code in an interactive fashion with the RANSE solver to capture propeller-hull interaction and to distribute this force field according to the actual blade loading. The latter require the development of a special interface to extract the effective wake from RANSE solution and to produce a body force field calculated by a propeller performance code.

As a first approximation, ISIS-CFD does, however, include a prescribed body force with axial and tangential components. The radial distribution of forces, is based on non-iterative calculation [START_REF] Stern | A viscous flow approach to the computation of propeller-hull interaction[END_REF], the Hough and Ordway [START_REF] Hough | The generalized actuator disk[END_REF] circulation distribution with optimum type from Goldstein [START_REF] Goldstein | On the vortex theory of screws propellers[END_REF] and without any loading at the root and at the tip. In that case, the integrated torque and thrust of the propeller can be prescribed or self-adapted according to the ship resistance for the propeller thrust or derived from open-water test for the torque.

Higher sophisticated solution can be obtained by a propeller performance code based upon the BEM theory for the potential flow around the real propeller. The body forces in axial and rotative directions result from integration over the boundaries of the fluid domain. The distributions are computed iteratively with the RANSE solver that provides the propeller inflow velocities. In that case no rotating grid is still required from the RANSE side, and the computational cost is similar to a now classical resistance test from a RANSE simulation including ship motion and freesurface effects. Description of the theoretical and computational methodology with examples about the BEM method retained and implemented in PRO-INS are given in [START_REF] Greco | Validation of a quasi-potential flow model for the analysis of marine propellers wake[END_REF][5][6].

To move a step forward, the use of full RANSE simulations of the flow around the ship and around the rotating propeller in a single numerical framework including free-surface effects could be considered now, however in calm water conditions, as a matter of routine given the currently available computational resources. A common practice to take account for the relative motions of multiple bodies is to manage multiple domains such as the overlapping technique [START_REF] Carrica | Selfpropulsion computations using a speed controller and a discretized propeller with dynamic overset grids[END_REF][START_REF] Muscari | Numerical simulation of the flow past a rotating propeller behind a hull[END_REF] and the sliding grid technique [START_REF] Visonneau | Sliding grids and adaptive grid refinement for rans simulation of ship-propeller interaction[END_REF][START_REF] Queutey | Sliding grids and adaptive grid refinement for rans simulation of shippropeller interaction[END_REF][START_REF] Visonneau | Sliding grids and adaptive grid refinement applied to ship hydrodynamics[END_REF] to allow a part of the grid (containing the propeller) to rotate within the main part of the grid, while keeping a connection between the two parts. Nevertheless, the cost is still prohibitive to be a common practice if we consider, as an example, the challenging computation of a self-propelled ship in seakeeping situations involving severe motions and multiple time scales involved, even in monochromatic waves [START_REF] Carrica | Cfd analysis of broaching for a model surface combatant with explicit simulation of moving rudders and rotating propellers[END_REF].

The aim of the paper is to illustrate that a preliminary design can be achieved by the cost-effective RANSE/BEM hybrid model. Then full RANSE flow simulations allow a careful assessment of claimed design performance. This constitutes a significant step bearing in mind that one of the main goals is the simulation of ship propellers in extreme operating conditions, with accurate modelling of all the physics involved such as the effects of free-surface deformation, the ventilation and the cavitation phenomena. For first comparison purpose, the 7000 DWT tanker and propeller addressed in the EU-funded project STREAM-LINE proposed as validation test-case. Full RANSE simulation is performed for design speed only, while hybrid RANSE/BEM self-propulsion computation is performed for a speed range for which experimental data are available.

GEOMETRY AND MAIN PARTICULARS

The ship investigated is a 7000 DWT vessel which a singlescrew vessel with a bulbous bow. This "STREAMLINE tanker", as shown in Figure 1. During the project, this vessel performance has been extensively characterized through tests performed on a 16.5 scaled model.

Table 1 shows main geometrical characteristics of the hull: length between perpendiculars L PP , length of waterline L W L , draft at forward perpendicular T F , draft at aft perpendicular T A , volume displacement ∇, wetted surface S W and design speed V . The scale factor is λ = 16.5.

The ship is equipped with a propeller and a rudder. The propeller is a four-bladed fixed-pitch propeller with right rotation. Table 2 shows its main characteristics: propeller diameter D, propeller distance from aft perpendicular X P , pitch ratio at 0.7 propeller radius P 0.7 /D, effective skew angle of propeller blades θ e f f , non-dimensional hub diameter at upstream end D F /D and non-dimensional hub diameter at downstream end D A /D.

In Figure 1, the plane X P corresponds to the plane of nominal wake when the hull is without the propeller. The plane X U is located in 0.15D upstream the plane X P while the plane X D is located in 0.22D downstream the plane X P .

For the full RANSE simulations, a prescribed sinkage, -1.45 cm, is imposed as well as a trim angle, defined positive bow up, 

NUMERICS

This section is devoted to the viscous and inviscid baseline methods. A description of the rationale of the coupling strategy is presented.

RANSE Flow Solver: ISIS-CFD

ISIS-CFD, available as a part of the FINE TM /Marine computing suite, is an incompressible unsteady Reynolds-averaged Navier-Stokes (URANS) method. The solver is fully implicit, based on the finite volume method to build the spatial discretisation of the transport equations. Surface and volume integrals are evaluated according to second-order accurate approximations and the unstructured discretisation is face-based. Time derivatives are evaluated using three-level Euler second-order accurate approximations. While all unknown state variables are cellcentred, the systems of equations used in the implicit time stepping procedure are constructed face by face. Fluxes are computed in a loop over the faces and the contribution of each face is then added to the two cells next to the face. This technique poses no specific requirements on the topology of the cells. Therefore, the grids can be completely unstructured; cells with an arbitrary number of arbitrarily-shaped faces are accepted.

Pressure-velocity coupling is obtained through a Rhie & Chow SIMPLE type method: in each time step, the velocity updates come from the momentum equations and the pressure is given by the mass conservation law, transformed into a pressure equation. In the case of turbulent flows, transport equations for the variables in the turbulence model are added to the discretisation. Free-surface flow is simulated with a multi-phase flow approach: the water surface is captured with a conservation equation for the volume fraction of water, discretised with specific compressive discretisation schemes, see [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF].

The method features sophisticated turbulence models: apart from the classical two-equation kε and kω models, the anisotropic two-equation Explicit Algebraic Stress Model (EASM), as well as Reynolds Stress Transport Models, are available, see [START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flow around ships[END_REF][START_REF] Duvigneau | On the role played by turbulence closures in hull ship optimization at model and full scale[END_REF]. The technique included for the 6 degree of freedom simulation of ship motion is described by Leroyer & Visonneau [START_REF] Leroyer | Numerical methods for RANSE simulations of a self-propelled fish-like body[END_REF]. Time-integration of Newton's laws for the ship motion is combined with analytical weighted or elastic analogy grid deformation to adapt the fluid mesh to the moving ship.

An essential building block for the simulation of ship propellers is a sliding grid technique, which allows a part of the grid (containing the propeller) to rotate within the main part of the grid, while keeping a connection between the two parts. Sliding grid methods for unstructured grids, such as we use, are far more complicated than for structured grid solvers. Among others, the connection between the two subdomains of the grid has to be reconstructed often, as it does not follow a regular pattern. Also, it is not easy to ensure flux conservation over the interface. We have chosen a connection between the domains that does not explicitly guarantee conservation; it is based on connectivities between the cells and faces on the interface that mimic as closely as possible the connectivities for all other cells in ISIS-CFD.

Parallelization is based on domain decomposition. The grid is divided into different partitions; these partitions contain the cells. The interface faces on the boundaries between the partitions are shared between the partitions; information on these faces is exchanged with the MPI (Message Passing Interface) protocol. This method works with the sliding grid approach and the different subdomains can be distributed arbitrarily over the processors.

BEM Solver: PRO-INS

In the proposed hybrid viscous/inviscid model, propeller effects are determined through a hydrodynamic model based on a Boundary Element Method (BEM). The methodology is valid under inviscid flow assumptions and allows to describe the flowfield around a marine propeller operating in a prescribed onset flow. Considering as input the non-homogeneous velocity distribution representing the hull-induced wake, propeller operation in behind hull conditions can be analysed.

The computational model involves the numerical solution of the Laplace equation for the velocity potential via a boundary integral formulation implemented into the PRO-INS code developed by CNR-INSEAN. In its more general formulation, the PRO-INS solver includes a wake alignment model to correctly describe trailing vorticity sheeding process, as described in [START_REF] Greco | Validation of a quasi-potential flow model for the analysis of marine propellers wake[END_REF].

A simple two-phase flow model is integrated with the BEM solver to describe the effects of transient sheet cavitation on propeller loads and on induced velocity and pressure fields radiated to the surrounding flow, see [5] and [6]. In the present work, hydrodynamic loading distribution on propeller blade surface predicted by BEM is recasted as a volume force distribution to define body force terms for the RANSE solver.

RANSE/BEM Coupling

The RANSE/BEM coupling contains the following steps: The ISIS-CFD code can handle any number of boat (limited to 99) with any prescribed and/or solved motion. An arbitrary number of propeller can be attached to each boat. Parallelized computation with adaptive mesh refinement and automatic load balancing is fully supported. Each block interpolates the velocity at the inflow plane located at a prescribed position in front of the propeller for all points at the inflow plane found inside the block. The interpolated results are collected and distributed to all blocks so that each block contains required inflow conditions for all propellers. Those inflow conditions as well as all other information such as the kinematics for all boats are transferred to the potential code using a user defined dynamic subroutine. The potential code can be either integrated directly into this dynamic subroutine, or launched from it using a system call as it is the case in the present study. Data exchange is accomplished with disk files in the latter case.

Body force transfer from the BEM code to the RANSE code, the distance of the inflow plane to the propeller, and the way the propeller induced velocity is computed are the key points in a RANSE/BEM coupling implementation. The most accurate way to achieve the body force transfer is to communicate all cells in the RANSE mesh within the swept volume by propeller blades to the BEM code, and then map the forces acting at the blades to those grid cells directly. However, such implementation is not only too complex, but also too expensive, especially when an unstructured grid, possibly updated dynamically by adaptive grid refinement, is employed by the RANSE code. In the present study, a very simple procedure is adopted. The forces acting on the propeller blades are mapped to a two dimensional cylindrical grid. Based on this two-dimensional distribution, body forces are distributed into a cylindrical volume swept by the propeller blades in the RANSE code. A uniform body force distribution in the axial direction is assumed. Such simple implementation has an impact on the choice of inflow plane distance to the propeller. The BEM code needs the effective velocity which is the difference between the total velocity provided by the RANSE code and the propeller induced velocity. In our implementation, the propeller induced velocity is computed by the BEM code using the real geometry of the propeller, while the total velocity is com-puted by the RANSE code using body forces. Due to the simplification made for the body force transfer from the BEM code to the RANSE code, it is expected that numerical error increases as the inflow plane moves toward the propeller. On the other hand, even without the propeller, the velocity field always changes in space in the wake. To obtain a better prediction, it is desirable to locate the inflow plane as close as possible to the propeller. Numerical experiences show that a distance of 0.15D in front of the propeller is a good compromise. This value is chosen for all the computations in the present study.

As the objective of the present computation is selfpropulsion simulation to predict the forces, a steady BEM computation is performed while unsteady RANSE is always considered to solve the air/water interface. The inflow velocity is averaged in the circumferential direction for such computation. The output body force from the BEM code is also averaged in the circumferential direction. To save computational time, only half domain computation is performed by the RANSE code. Tangential body force is not taken into account in the computation.

MESH AND NUMERICAL DATA

The size of the computational domain is [-16.5 m, 13.5 m] x [-10.0 m, 10.0 m] x [-10.0 m, 1.0 m] in X, Y and Z directions respectively. Z=0 corresponds to the free surface location at rest. The mesh is generated by the unstructured mesh generator Hexpress TM which is a part of the FINE TM /Marine. This software generates meshes only containing hexaedrals.

A grid dependency study has been performed for resistance computation. Three systematically refined grids are generated. The number of grid nodes are indicated in the first three lines of Table 3. In the case where the propeller is present, the part of the grid containing the propeller consists of approximately 1.72 million cells. To allow a better comparison with two other grids including the propeller, the number of nodes indicated in the table correspond to a mesh with a whole domain, while the computations are performed with half boat with mirror boundary condition. For all simulations, the non-linear EASM turbulence model is used.

The mesh size around the propeller is based on a grid convergence analysis achieved about an isolated propeller [START_REF] Visonneau | Sliding grids and adaptive grid refinement for rans simulation of ship-propeller interaction[END_REF] in order to evaluate the minimum settings for the generation of a hexahedral mesh.

RESULTS

First, hull resistance tests are performed. Then, propulsion tests with a hull with and without the rudder are carried out. 

Resistance Simulations

Table 4 presents resistance model test results where R T M is the total model resistance, C T M the resistance coefficient, C F0 , C F the numerical friction coefficient and C P the numerical pressure coefficient. At the model scale, the ITTC-57 friction resistance coefficient C F0 is 3.036×10 -3 . Quantity w m corresponds to the normalized mean axial velocity component inside the propeller region in plane X P . That propeller region corresponds to the interior of the disk limited by the black circle in Figure 2. Richardson extrapolation gives a resistance of 63.53 N with an observed order of convergence of 3.7. With such a high observed order of convergence, extrapolation with assumed second order of accuracy is considered to be more reliable. Such extrapolation gives a resistance of 62.38 N, about 1.9% higher than the measured value. Based on this analysis, we can conclude that numerical discretization error for resistance is about 3%. The predicted numerical result agrees with the measurement data within the uncertainty level.

Figure 2 shows the computed and experimental nominal wake fields (both axial velocity component and streamwise velocity vectors normalized by the ship speed) in plane X = X P . The black circle figures the limit of the propeller. On both meshes, the computed streamwise vectors are interpolated on the same circular zone in order to simplify the comparisons. Except on the coarse mesh for the low speed region, the predictions on the medium and on the fine meshes are qualitatively similar. The relative difference of the mean velocity coefficient w m , see Table 4, is only 0.5% between the medium and the fine mesh, and is about 3.6% between the computed value on the medium mesh and the experimental value. For the extrapolated grid converged value the relative error is less than 2% with the measurement that can be explained with the remaining sources of uncertainty, both from the numerics with the error induced by the turbulence modelling and from the experiments considering the noticeable asymmetry in the measured wake. This justifies the use of the medium mesh for this kind of computation. The computed w m underestimates the measurement which means that the mean axial speed at the propeller plane is lower than expected. As a con-sequence it is expected that the thrust will be overestimated but it should be mentioned that a propulsion test is performed with the rudder. Therefore, considering the significantly lower value of the computed w m with the rudder, 0.684 instead of 0.720, it is hard to anticipate now on the behavior of the computation with propeller.

Table 5 presents full scale ship resistance where R T S is the total resistance for ship, C T S the resistance coefficient. The other coefficients are identical to those defined in table 4. The extrapolation to full scale ship is made on the assumption that residuary resistance in dimensionless form is identical for model and ship at the same Froude's number. A roughness allowance of 0.575 × 10 -3 is included in the extrapolation to full-scale of the measurements. This explains why the extrapolated ship resistance measured is higher than the numerical result predicted without taking into account wall roughness.

Figure 3 compares the isowake contours at both model and full scale without propeller at station X = X P . The scale factor of 16.5 gives a ratio of about 63 for the Reynolds numbers between the model (Re = 9.35 × 10 6 ) and the ship (Re = 5.87 × 10 8 ). The first clearly visible consequence is the dramatic reduction of the boundary layer thickness in full scale. This results in increased axial velocity magnitude in the wake of the upper hull region. An other interesting phenomena which can be observed in the same figure at full scale is the reduction of the low velocity region located on the external side of the propeller shaft. This could be correlated with the reduction of the strength of the upper longitudinal vortex.

Propulsion Simulations

While self-propulsion simulation is performed with RANSE/BEM approach, full RANSE computations are performed with prescribed propeller revolution rate using the value obtained in the measurement for model scale computation, and the extrapolated value for full scale computation. A time accurate full RANSE simulation is still time consuming and self-propulsion prediction could be considered from the thrust identity method as we used about the KCS container ship [START_REF] Visonneau | Sliding grids and adaptive grid refinement for rans simulation of ship-propeller interaction[END_REF]. In the self-propulsion RANSE/BEM computation, propeller revolution rate is adjusted every 10 time steps such that the estimated propeller thrust is in balance with the ship resistance and the added additional friction correction towing force F D = 13.86 N. Table 6 presents propulsion model test results where F X is the resistance of the hull, n the propeller rate of revolutions, T M the propeller thrust and Q M the propeller torque. Table 7 presents propulsion results at full scale with corresponding propeller thrust T S and propeller torque Q S .

The propeller thrust in the computation is obtained by integrating forces on the propeller blades without the propeller hub. The hub is not included in the BEM computation. Results obtained by RANSE/BEM coupling approach are in good agreement with the measurement data for all quantities with discretization error less than a few percents. However, unlike in the measurement, the rudder is not included in those computations. Full RANSE computation indicate that without the rudder, propeller thrust is under-estimated by about 6% in model scale. With rudder included as in the measurement, the full RANSE simulation with prescribed propeller revolution rate under estimates propeller thrust by about 4% in model scale and by about 4% in full scale. Similar result is observed in our previous computation for the KCS test case [START_REF] Visonneau | Sliding grids and adaptive grid refinement applied to ship hydrodynamics[END_REF]. Using the total velocity provided by the full RANSE computation including the rudder, the BEM code over estimates the thrust by about 4% in model scale but under estimes it by about 5% in full scale. Based on those observations, as regards the model scale simulation, we could conclude that a full RANSE simulation under estimates the propeller thrust while a RANSE/BEM coupling approach over estimates it. While turbulence modelling error might be the main reason for the under-estimation observed in a full RANSE computation, the over-estimation observed in the RANSE/BEM coupling computation in model scale could come from sources of uncertainty or inaccuracy related with the RANSE/BEM coupling strategy. In particular, the propeller induced velocity employed in the RANSE/BEM coupling procedure is computed by the BEM code in a open domain without taken into account the effect of the hull and the appendages. A careful analysis of those aspects of a RANSE/BEM coupling are beyond the scope of the present work.

The flow field is averaged during the last period of rotation to generated the mean flow quantities. The specific wake plane X D is selected to analyse the mean wake flow downstream of the propeller as shown in Figures 4 and5 for model and full scale simulations respectively. In both cases the simulations with and without rudder are included.

The axial velocity contours are characterized by two regions inside and outside the propeller disk. With the rudder at both model and full scale and inside the propeller disk, one notice an asymmetric behavior with high normalized velocity between 1.1 and 1.3 on the left and between 1.1 and 1.2 on the right. This differs from the case without rudder characterised by a moon crescent-like shape of the high velocity region. The presence of two separate regions indicates already the influence of the rud- der leading edge located downsteam this plane. This explains why a single region with high axial velocity immediately downsteam of the propeller has been split into two parts in that plane.

The main visible scale effect concerns the region of low velocity between the hull and the top of the propeller. To compensate for the increase in mass flow rate through the propeller disk, the surrounding mass flow rate is decreased and particularly on the top of the propeller. In model scale the upstream effect of the rudder is to significantly reduce the intensity of the axial velocity component. This is also verified in full scale but with higher distorsion of the contour lines.

Figure 6 shows a comparison of a iso-surface of dimensionless second invariant at model and full scales. Both simulations predict the same topology of flow behind the propeller. The tip vortices generated by the propeller are dissipated in the far wake since the mesh is not dense enough to maintain these structures accurately. In both cases, one significant effect of the rudder and propeller interaction is to deflect upwards the helical shape formed by the tip vortices.

An important point of the simulations concerns the CPU cost. The full unsteady RANSE simulation uses a small time step to resolve the propeller (0.0006s) but the RANSE/BEM computation is much faster with a time step adpated to free-surface capturing only (0.08s) since the objective is the prediction of the forces. The cost-effectiveness is that the CPU effort for the steady RANS/BEM coupling is divided by a factor of 50 compared to the full RANS simulation CPU effort. 

CONCLUSIONS

The objective of this paper is the validation of the development of a RANSE/BEM coupling with comparison to a full RANSE approach for the the prediction of the propulsive performance of a propelled ship. A 7000 DWT tanker and propeller addressed in the EU-funded project STREAMLINE is used as validation test-case. The steady RANSE/BEM coupling is performed in three steps to exchange iteratively the total inflow velocity predicted by unsteady RANSE to steady BEM and the body force field representing the propeller effects in RANSE from BEM. Grid convergence analysis has been conducted about a resistance test simulation and the self-propulsion test involving the RANSE/BEM coupling in model scale. Promising results are obtained with the hybrid RANSE/BEM self-propulsion computations as regards the forces at both model and full scale with comparison to the time resolved full RANSE approach and also with the experiments. Furthermore the computational cost is incomparably lower with the hybrid approach so that preliminary design can be effectively achieved that way.
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 1 FIGURE 1. GEOMETRY OF THE TANKER.

  (a) The RANSE code computes the flow around the hull and provides total velocity as inflow condition to the potential code. (b) Using the total velocity provided by the RANSE code, the potential code performs a simulation for a rotating propeller. Effect of the propeller is represented by body forces. (c) Those body forces are added into the right hand side of the Navier-Stokes equation in the RANSE code. They are also taken into account when solving the motion equation for the boat.

  (a) COARSE MESH. (b) MEDIUM MESH. (c) FINE MESH. (d) EXPERIMENTS.

FIGURE 2 .

 2 FIGURE 2. DISTRIBUTION OF NOMINAL WAKE AXIAL VELOCITY AND TRANSVERSAL COMPONENTS AT MODEL SCALE.

  (a) MODEL SCALE. (b) FULL SCALE.

FIGURE 3 .

 3 FIGURE 3. COMPARISON OF DISTRIBUTION OF NOMINAL WAKE AXIAL VELOCITY AND TRANSVERSAL COMPONENTS AT MODEL SCALE AND FULL SCALE.

  (a) WITHOUT RUDDER. (b) WITH RUDDER.

FIGURE 4 .

 4 FIGURE 4. FULL RANSE: INFLUENCE OF THE RUDDER FOR THE AXIAL VELOCITY AT X = X D AT MODEL SCALE.

TABLE 1 .

 1 MAIN DIMENSIONS OF HULL.

		Model	Full scale
	L PP [m]	5.696970	94.000
	T F , T A [m] 0.363923	6.005
	∇ [m 3 ]	1.518355	6820.6
	S W [[m 2 ] 8.335159 2269.247
	V [m/s]	1.773	7.2022

TABLE 2 .

 2 PROPELLER PARAMETERS

		Model	Full scale
	D [m]	0.233333	3.85
	X P [m]	0.128121	2.114
	P 0.7 /D [-]	1.0	1.0
	θ e f f [deg]	13.0	13.0
	of -0.2 degrees. For the resistance and the RANSE/BEM simula-
	tions, the hull is free in trim and sinkage, and the values obtained
	are similar.		

TABLE 4 .

 4 RESISTANCE AT MODEL SCALE. Rudder R T M [N] C T M [10 -3 ] C F [10 -3 ] C P [10 -3 ]w m

	Experiments	No	61.19	4.676			0.747
	Coarse mesh	No	66.43	5.076	3.047	2.029	0.712
	Medium mesh	No	64.75	4.948	3.057	1.892	0.720
	Fine mesh	No	64.09	4.898	3.072	1.826	0.724
	Extrapolation	No	62.38	4.766		1.682	0.733
	Medium mesh	Yes	65.05	4.971	3.071	1.901	0.684

TABLE 5 .

 5 RESISTANCE AT FULL SCALE. Rudder R T S [kN] C T S [10 -3 ] C F0 (ITTC) [10 -3 ] C F [10 -3 ] C P [10 -3 ]

	Extrapolation	No	218.00	3.641	1.637		
	Medium mesh	No	211.88	3.509	1.637	1.757	1.752
	Medium mesh	Yes	214.29	3.540	1.637	1.770	1.769

TABLE 6 .

 6 PROPULSION RESULTS AT MODEL SCALE.

	Experiments		Yes	72.54	8.92	58.68	2.254
	Coarse mesh	RANSE/BEM	No	74.61	9.01	60.94	2.307
	Medium mesh RANSE/BEM	No	72.50	8.92	58.64	2.233
	Fine mesh	RANSE/BEM	No	71.60	8.90	57.88	2.218
	Medium mesh RANSE/BEM	Yes	76.80	9.02	62.91	2.386
	Fine mesh	FULL RANSE	No	69.87	8.92 *	52.52	2.164
	Fine mesh	FULL RANSE	Yes	71.73	8.92 *	56.16	2.247
							

CFD Model

Rudder

F X [N] n [rpm] T M [N] Q M [Nm] * Computation with imposed revolution rate

TABLE 7 .

 7 PROPULSION RESULTS AT FULL SCALE. CFD Model Rudder F X [kN] n [rpm] T S [kN] Q S [kNm]

	Extrapolation		Yes	271.00	132.2	271.00	171.00
	Medium mesh RANSE/BEM	No	244.28	131.7	244.50	155.40
	Medium mesh RANSE/BEM	Yes	256.92	131.9	256.87	160.42
	Fine mesh	FULL RANSE	No	244.53	132.2 *	237.31	154.27
	Fine mesh	FULL RANSE	Yes	280.00	132.2 *	260.44	161.78
							

* 

Computation with imposed revolution rate
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