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1. Introduction
Towing tank experiments are commonly used to determine the resistance components of new hull forms (ITTC, 2008). As the presence of a propeller at the stern of a ship significantly changes the flow field compared to that of a towed hull, self propelled resistance tests are also conducted. These procedures are often very expensive and there is an increasing drive to assess the resistance components numerically.
The computational cost of fully resolving the flow around a propeller geometry and hull inhibits the use of numerical simulations for commercial use. However, several groups have implemented simplified body force propeller models, as described in (Phillips et al, 2010), which accurately induce the accelerations produced by a propeller into the fluid. It is intended to use a similar body force propeller model to investigate its impact on resistance and the free surface around the stern of a self propelled ship.  

Initially it is essential to develop and validate a numerical method for evaluating the resistance components on a towed hull. This requires a free surface model that will allow the wave pattern and therefore wave resistance to be assessed. The accurate modelling of the boundary layer growth is required to capture the frictional resistance and the form drag. Extensive research has been conducted in this area and is well documented in the proceedings of the CFD workshop conducted in Gothenburg and Tokyo (Larsson et al, 2000)(Hino, 2005). One of the commonly used hull geometries is the KRISO container ship (KCS), which is used in this study. 
2. Theoretical approach
To numerically capture the free surface fluid motions a finite volume method, using a Volume of Fluid (VOF) approach was used. This method is derived from the surface integration of the conservative form of Navier Stokes’ equations over a control volume. Equations (1) and (2) are the incompressible Reynolds averaged Navier-Stokes (RANS) equations in tensor form and Equation (3) is the volume fraction transport equation (Peric and Ferziger, 2002).
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The volume fraction c is defined as (Vair/Vtotal) and the fluid density, ρ, and viscosity, µ, are calculated as 
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External forces applied to the fluid are represented as fi, which include buoyancy forces due to differences in density and momentum sources representing the influence of the propeller. The effect of turbulence on the flow is represented in Equation (2) by the Reynolds stress tensor 
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and is modelled using a turbulence model.

In this investigation both a Shear Stress Transport (SST) eddy viscosity model and a Baseline (BSL) Reynolds stress model (ANSYS, 2009) were used to evaluate the Reynolds stress tensor. The SST model blends a variant of the k-ω model in the inner boundary layer and a transformed version of the k-ε model in the outer boundary layer and the free stream (Menter, 1994). This has been shown to be better at replicating the flow around the stern of a ship, than simpler models such as k-ε, single and zero equation models (Larsson et al, 2000)(Hino, 2005). The BSL Reynolds stress model includes transport equations for each component of the Reynolds stress tensor. This allows anisotropic turbulence effects to be modelled helping to model complex flow features such as separation off curved surfaces (Peric and Ferziger, 2002). The BSL model is blend of a Reynolds stress-ω and ε model depending on the fluid regions (ANSYS, 2009).  

3. Experimental data
Total resistance and wave field data for the KRISO Container Ship (KCS), were obtained through towing tank tests (Kim et al, 2001), and are used for validating the CFD simulations. The experiments were conducted in the KRISO towing tank (200m x 16m x 7m) on a 1/31.6 scale model of the KCS hull (full scale dimensions L=230m, B=22.2m, D=19m, with a draught of 10.8m). A Froude number of 0.26 was maintained providing a model scale Reynolds number of 1.4x107. The model was fixed in heave and pitch at the full scale static draught with zero trim. 

4. Numerical model
Table 1 - Numerical simulation properties

	Property
	Fine Mesh (half hull)

	Type of mesh
	Structured (Hexahedral)

	No. of elements
	Approximately 10M 

	y+ on the hull
	Approximately = 1 (max value 1.2)

	Domain Physics
	Homogeneous Water/Air multiphase, SST or BSL turbulence model, Automatic wall function, Buoyancy model –density difference, Standard free surface model

	Boundary physics:

	Inlet
	Inlet with defined volume fraction, flow speed = 2.1966 m/s, turbulence intensity 0.05

	Outlet
	Opening with entrainment with relative pressure = hydrostatic pressure

	Bottom/side wall
	Wall with free slip condition

	Top
	Opening with entrainment with relative pressure 0 Pa

	Hull
	Wall with no slip condition

	Symmetry plane
	Along centreline of the hull

	Solver settings:

	Advection scheme
	High Resolution (ANSYS, 2009)

	Timescale control
	Physical timescale function: 0.01[s] + 0.09[s]*step(atstep-20)+ 0.1[s]*step(atstep-200) 

	Convergence criteria
	Residuary type: RMS, Target: 0.00001

	Multiphase control
	Volume fraction coupling

	Processing Parameters:

	Computing System
	Iridis 3 Linux Cluster (University of Southampton) 

	Run type
	Parallel (24 Partitions run on 3x8 core nodes each with 16 Gb RAM)


Simulations are performed using ANSYS CFX V12 (ANSYS, 2009). This is a commercial finite volume code, which uses collocated (nonstaggered) grids for all transport equations, coupling pressure and velocity using an interpolation scheme. The physical parameters and solver settings used to define the numerical solution are provided in Table 1, along with details of the computing resources used for the largest mesh.
5. Structured Meshing Technique
A structured mesh was built using ANSYS ICEM around the full scale KCS hull geometry. The domain width and depth matched the dimensions of one half of the KRISO towing tank. The length was selected to allow one ship length in front of the hull and two behind. This was then converted to model scale dimensions each time a mesh was generated.

 A blocking structure was developed that allowed a good quality surface mesh to be created over the hull (see Figure 1). It was found that collapsing the blocks under the stern down to a point provided the best overall mesh structure in this region. This approach also allowed extra mesh density to be added in this localised area where large surface curvatures needed to be captured. Elements were also clustered within the region of the free surface to allow a sharp interface to be captured.  
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Figure 1 - hull surface mesh structure (top), O-grid structure at stern from the side (left) and from the stern (right), for the initial mesh containing 0.8M elements.
Once satisfied with the surface mesh structure an O-grid blocking structure was grown out from the surface of the hull. This effectively encircles the hull with a set of blocks that maintain the surface mesh structure. The depth of the inner O-grid was matched to approximately that of the maximum expected boundary layer. This provides a great deal of control over the near wall mesh density. Another outer O-grid of the same depth was placed about the hull and manipulated so as to provide a smooth transition between the near wall radial mesh and the far field Cartesian structure. Another key feature is the continuation of the O-grids about the propeller axis, towards the outlet of the domain. The outer O-grid was expanded to match the diameter of the propeller allowing a circular propeller model to be easily added at a later date (see Figure 1).     

6. Free surface deformation and mesh refinement
The initial mesh created contained 0.8M elements, with a y+ on the hull of 30-60. The mesh density was then increased to 7M elements and the y+ reduced to approximately 1 so as to resolve right through the boundary layer. The wave pattern captured by both these meshes, and a comparison made to the experimental data, can be seen in Figure 2. The increased mesh density has a significant impact on capturing the free surface deformation close to the hull. As the wave pattern propagates away from the hull the resolution of the free surface reduces significantly. On closer inspection of the mesh, it was found that the blocking structure adopted towards the stern of the vessel actually placed the areas of high mesh density above the free surface away from the hull. To solve this problem additional splits were placed within the far field blocks, alongside and astern of the hull. The region of high mesh density, correctly positioned on the parallel mid body, could then be forced to the correct height over the rest of the domain. This was combined with increasing the number of elements within this free surface region to provide a half body mesh of approximately 10M elements. The increased resolution of the far field free surface can be seen in Figure 2.
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Figure 2 – Free surface elevation, z/Lpp, of global wave pattern for (Top Down) Experimental data, CFD results for 0.8M, 7M and 10M element meshes. Contours range from z/Lpp = -0.005 to 0.010 in steps of 0.0005. The straight lines represent the positions of the wave cuts.
Comparisons between the free surface elevation from experimental and CFD data can also be seen in Figure 3. This provides the wave height seen along the surface of, and at a fixed distance away from, the hull. The position of the wave cuts are shown as straight lines in Figure 2.
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Figure 3 - Comparison between experimental (EFD) and CFD wave elevation on the surface of the hull (top) and at a distance of y/Lpp=0.15 from the ship centerline (bottom)
It can be seen that all the CFD data agrees well with the experimental data along the majority of the surface of the hull. Some differences are observed at the bow and stern, however it should be noted that the experimental data was obtained through photo analysis (Kim et al, 2001) and therefore is subject to increased error compared to wave probe data. Another discrepancy is observed as a dip in the free surface as it starts rising towards the stern. This was found to occur over a slight discontinuity in the surface mesh structure which is believed to be the cause. Interestingly alterations to the mesh had almost no impact on the free surface on the hull, however did have a significant impact on the wave cut traces. It can be seen in Figure 3 that the 7M mesh was sufficient to accurately capture the magnitude and position of the wave crests and peaks up until the stern (x/Lpp=1), however, beyond this the 10M mesh was required to obtain the correct wave amplitudes. Based on the comparisons made with the experimental data, displayed in Figures 2 and 3, it was decided that the 10M mesh structure and element distribution would be adopted as the basis mesh.    
7. Mesh sensitivity study
To evaluate how the number of elements within the mesh affected the solution the 10M mesh was subjected to two
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global element distribution reductions, creating 4M and 1.5M element meshes. Both these maintained a y+ value of approximately 1 on the surface of the hull and were only modified so as to provide smooth mesh expansion ratios. To evaluate the impact this had on the free surface three different wave cuts were compared, see Figure 4. It is clear that the mesh density has the greatest impact astern of the hull and closest to the centre line. However, some slight differences in wave amplitude can be seen further forward. This would indicate that to accurately capture the wave pattern, and therefore the wave resistance of a model hull, the 4M element mesh could be used with added mesh density astern of the hull. This should help to minimise the computing power required for the simulation.  
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Figure 4 - Influence of mesh density on free surface elevation at wave cuts positioned at y/Lpp = 1.5 (top), 3 (middle) and 4.5 (bottom) from the ship centreline
8. Resistance components and influence of turbulence model
Once confidence had been gained that the wave pattern was accurately being captured it was important to verify that the hull resistance was being correctly obtained.
During the experiments conducted by (Kim et al, 2001) the coefficient of total resistance CT was calculated to be 3.557x10-3. To evaluate this from the CFD results the total force acting on the hull in the x-direction was evaluated and non-dimensionalised using equation 4, where AW is the static wetted surface area of the model (9.5121 m2) and U0 is the tow velocity (2.196 m/s). 

[image: image20.wmf]

 EMBED Equation.DSMT4  [image: image21.wmf]2

0

0.5

T

T

w

R

C

AU

r

=


(4)
The total resistance obtained from all three meshes (1.5, 4 and 10M) was significantly higher than the experimental findings. To understand the cause of this the individual components of resistance were evaluated. In (Kim et al, 2001) the coefficient of frictional resistance, CF, was calculated using the ITTC correlation line (ITTC, 2008) to be 2.832x10-3. By subtracting this, the coefficient of residuary resistance, or pressure resistance, CP, was calculated to be 0.725x10-3. Within CFX-Post the frictional resistance acting on a body can be calculated by performing an area integral of the wall shear in the x-direction. This was evaluated for both the hydrodynamic and aerodynamic   frictional resistance and presented in coefficient form. The aero and hydrodynamic pressure drag was similarly calculated by integrating the x-component of the pressure over the relevant areas of the hull through using the volume fraction. The force components obtained by the different meshes can be seen in Table 2
Up until this point all the simulations had been conducted using the SST turbulence model. However the results clearly indicate that both the frictional and pressure resistance components were being over estimated. It is also apparent that although increasing mesh density seems to have some impact on improving the hydrodynamic pressure component, it doesn’t seem to have any impact on the frictional component of resistance.
To establish if these discrepancies were linked to the use of the SST turbulence model a BSL Reynolds stress model was compared. It was hoped that through modelling the anisotropic turbulence in the flow a more accurate representation of the boundary layer would be obtained, especially towards the stern of the ship where separation is most likely to occur. The resistance components obtained from these simulations are also presented in Table 2. Immediately it can be seen that both resistance components have been reduced compared to the SST model. It is also apparent that the BSL model is far more sensitive to mesh density than the SST model, with all components of resistance varying significantly. Interestingly, as the mesh density increased both aerodynamic and hydrodynamic CF rose whilst the hydrodynamic CP dropped significantly. In contrast to this the aerodynamic CP increased to the same magnitude as the hydrodynamic CP. Therefore the net result of increasing mesh density was to increase the total resistance acting on the hull whilst actually reducing the hydrodynamic resistance.

Table 2 - Components of resistance for the model hull simulations

	Mesh
	Turbulence model
	Cf
	Cp
	Ct

	
	
	Hydro
	Aero
	Hydro
	Aero
	Combined
	Hydro

	1.5M
	SST
	2.968E-03
	3.824E-05
	1.006E-03
	-2.766E-05
	3.985E-03
	3.975E-03

	4M
	SST
	2.999E-03
	2.849E-05
	9.348E-04
	-7.944E-07
	3.962E-03
	3.934E-03

	10M
	SST
	3.010E-03
	3.215E-05
	8.615E-04
	5.662E-05
	3.960E-03
	3.871E-03

	
	
	
	
	
	
	
	

	1.5M
	BSL
	2.648E-03
	7.318E-05
	8.208E-04
	2.204E-05
	3.564E-03
	3.469E-03

	4M
	BSL
	2.700E-03
	6.699E-05
	6.430E-04
	1.447E-04
	3.554E-03
	3.343E-03

	10M
	BSL
	2.916E-03
	9.779E-05
	3.819E-04
	3.957E-04
	3.791E-03
	3.298E-03

	
	
	
	
	
	
	
	

	Experimental
	(ITTC) 2.832E-03
	7.250E-04
	3.557E-03


If we try and compare these results with the experimental data we are posed with an interesting dilemma, we do not know what the components of air resistance are for the model tests.  The experimental components of resistance are determined purely using the ITTC correlation line which is an empirical relationship, used for effectively scaling model data. The recommended procedures for towing tank resistance tests, outlined in (ITTC, 2008), make no allowances for the air resistance for models up to a Froude number of 0.45. Therefore models do not necessarily have the correct freeboard or bow configurations, or a deck. This is because at low Froude numbers the aerodynamic component of resistance is considered small. However if we look at the BSL results from Table 2 we can see that the aerodynamic component of resistance  varies from 2.6 to over 10%. It should be remembered however that the mesh structure was not focused on accurate aerodynamic modelling so these values could be subject to large errors. 
The key point still remains, however, to fully asses the validity of the CFD resistance components more detail of the above water model configuration is required. It could be that significant changes from the full scale hull geometry, along with the addition of a towpost etc could significantly alter the total resistance measured. Due to the use of the ITTC correlation line these changes are represented in the residuary/pressure resistance component, despite containing aerodynamic frictional and pressure components. This means that direct comparison of experimental results could be misleading.
Another important point that should be mentioned is that if the aerodynamic components of resistance are significant then more focus should be placed on accurately modelling the aerodynamic flow features around the hull.  

In general, it seems that the BSL Reynolds stress turbulence model provided a closer match to the experimental results indicating that maybe the different components of resistance can be successfully modelled using this methodology. However more work is undoubtedly required to investigate the impact of mesh density on the different components of resistance, especially aerodynamic.
9. Conclusions

A numerical methodology has been developed to accurately simulate the flow around a towed hull. A mesh structure has been developed that efficiently captures the free surface wave pattern, whilst allowing for easy implementation of a propeller model in the future. The numerical wave pattern generated has been validated against experimental data showing good correlation.

An assessment of the aero and hydrodynamic components of drag highlighted the need for more detailed information about the ‘above water’ experimental set up from towing tank experiments, if accurate validation is to be achieved. 
The impact of two different turbulence models on the components of resistance has been evaluated, concluding that the Baseline (BSL) Reynolds stress model provided the best comparison to experimental data.  It is therefore now envisaged that this numerical methodology can be used to evaluate the impact a propeller model has on the free surface near the stern and how this affects the resistance components of a self propelled ship.        
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