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ABSTRACT 
 
One important issue in the CFD application is the 
prediction of the power demand of a new ship. For this 
purpose the interaction between the hull, rudder and the 
propeller must be correctly accounted for. This paper 
presents results of the computations performed in the 
ETSIN for different ships with the RANSE free surface 
commercial solver CFX. Some of the computational 
results are validated against experimental data in terms 
of various global and local quantities.  
The CFX code is based on a finite volume 
discretization. The turbulence model used in the 
calculations was the SST (Shear Stress Transport) 
model, and the volume of fluid method is used to model 
the free-surface flow.  
The numerical schemes use higher order cells to satisfy 
the momentum, pressure and turbulence quantities 
where each hexahedral cell is further subdivided into 
eight sub-volumes. A control volume is formed from 
the sub-volumes surrounding a grid node and a first 
order finite element basis function is used for each sub-
volume. The momentum and pressure are 
simultaneously satisfied using a coupled solution 
system. All the numerical equations are solved using 
algebraic multi-grid acceleration with implicit 
smoothing. 
Parallel computation on a 2 processors PC was adopted 
to reduce the required computational time. 
 
INTRODUCTION 

 
Design of a propeller requires knowledge of the fluid 
flow entering the region upstream of the propeller 
blades to enhance ship and submarine performance 
parameters such as fuel economy and noise generation.  
For surface ships and particularly for fishing vessels it 
is desirable that this flow is as uniform as possible but 
the appendages and their especial geometry interact 
with the flow around the hull to produce a complex, 

three dimensional, time dependant and turbulent flow. 
Detailed knowledge of the fluid velocity distribution 
enables the design of efficient and effective propulsion 
systems for a range of flow controls. 
 
Although the fluid velocity distribution can be 
measured experimentally using a scaled model in a 
towing tank there are difficulties in applying results 
obtained for the model to the actual ship due to the 
change in Reynolds number (the Froude number does 
not change between the ship and the model).  A 
complementary approach is to use Computational Fluid 
Dynamics (CFD) to predict the fluid velocity 
distribution by solving the Navier-Stokes equations 
around the ship. This approach can potentially remove 
the difficulties associated with the Reynolds number 
scaling and can obtain detailed velocity distributions 
with significant reduced time and cost. 
 
In this paper, results concerning performance 
prediction in fixed motion are presented and compared 
with experiments. 
 
COMPUTATIONAL METHOD 
 
The instantaneous equations of mass, momentum are 
solved at every time step for both fluids: air and water. 
These equations can be written as follows in a 
stationary frame:  
 
The Continuity Equation  
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The Momentum Equations  
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Where �  is the fluid density, t is the time, U is the 
velocity, p is the pressure, �  is the viscosity and S M 
represents the turbulent shear stress. In this work 
incompressible assumptions are made for both fluids. 
The wave profile calculations were based on the VOF  
capturing technique implemented in Ansys-CFX, see 
Hirt and Nichols (1981) for further details about this 
methodology.  Alternative capturing methodologies to 
VOF as the level set method have obtained good results 
calculating free surface models, see González and 
Bermejo (2005) for 2D cases and Cura and Vogt 
(2000) for 3D cases, but they are not implemented in 
the software used. 
 
 Combatant DMTB 5415 was chosen as a first 
validation test case due to the wide data base of 
experimental results; see the Gothemburg Workshop 
(2000) web page. Initially unstructured meshes were 
used for the first results, see figure 1. This decision was 
agreed with the CFX developers, specially emphasising 
that a prism boundary layer should be used around the 
free surface to obtain an accurate wave profile 
calculation, see figure 2. At this time, even a tailor-
made mesh was suggested for the Combatant model by 
the CFX developers.  Many results were obtained with 
these unstructured meshes but none of them was nearly 
comparable with the experimental ones, especially at 
the propeller plane. 
 

 
Figure 1: An unstructured version of the Combatant DTMB 
5415  
 
 

 
 
Figure 2: Detailed view of the bow and the prism boundary 
layer around the free surface for one unstructured mesh of the 
Combatant DTMB 5415.   
 
 
Due to the poor results obtained with unstructured 
meshes an alternative mesh style was considered for the 
Combatant DTMB 5415. This decision also comes 
from the fact that many of the best results obtained by 
the different research groups during the Tokyo 
Workshop 2005 have in common the use of structured 
meshes. Just the Southampton University shows 
calculations performed with Ansys CFX and 
unstructured meshes but no wake result were 
considered.   
 
The geometry, sink and trimmed values and 
experimental data (INSEAN) used to obtain and 
compare the following results were obtained from the 
Gothemburg Workshop  web page (2000)  where the 
Combatant DTMB 5415 was considered as one 
benchmark case for validation. See figure 3.   
 
According to the instructions described in [1], 
geometry has been trimmed with the following values: 
 
Length L=5.72 m 
Beam B=0.7242 m 
Draft T=0.248 m 
Sinkage FP =-0.0028L 
 
The first structured mesh was friendly send by 
Professor Andrés Cura (Potsdam Towing Tank), which 
made possible to develop some knowledge about 
structured meshes in our research group.  
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Figure 3: Geometry given in the Gothemburg Workshop 
2000 for  the Combatant DTMB 5415. 
 
 

 
Figure 4: Combatant DTMB 5415 geometry inside the 
Control Volume used for calculations.  
 
All calculations presented in this paper were performed 
with no heel or leeway and the model was set in the 
control volume just according to the sink and trimmed 
values.  This permits to consider a symmetry plane and 
working just with half geometry, see figure 4. Under 
this assumption finer meshes can be done for the half 
geometry considered and consequently more accurate 
results are obtained.  
 
Some dimensions considered for the control volume 
based on the length of the model can be seen in table 
L1. 
 
Contour  Potsdam ETSIN 
Forward 0.5L 0.75L 
Aft 1.45L 1.75L 
Side 1.4L 1.75L 
Below 1.1L 1.25L 
 
Table L1: Dimensions considered for the Combatant DTMB 
5415 control volume.  
 
The structured mesh is based on a O-grid block 
distribution. See figure 5. 

 
Figure 5: Combatant DTMB 5415 Block distribution. 
  
The O-grid creation capability is simply the 
modification of a single block or blocks to a 5 sub-
block topology (7 sub-blocks in 3D) as shown in figure 
6 for a simple 2D case. There are several variations of 
the basic O-grid generation technique. 
 

 
Figure 6: The O-Grid generation technique.  
 
The following calculations were based on multi-block 
O-grids meshes elaborated by the ETSIN and taking 
special care on some complex geometric details that 
these models have like the asdic dome, see figure 7. To 
control the quality of the mesh around the most 
complex parts of the model geometry a determinant 
calculation was also performed. 
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Figure 7: Details of the structured mesh elaborated for the 
Combatant DTMB 5415 at the bow. Multi-Block 
distribution can be appreciated.  
 
The determinant, more properly defined as the relative 
determinant, is the ratio of the smallest determinant of 
the Jacobian matrix divided by the largest determinant 
of the Jacobian matrix, where each determinant is 
computed at each node of the element. The 
Determinant can be found for all linear hexahedral, 
quadrahedral, and pyramidal elements. A Determinant 
value of 1 would indicate a perfectly regular mesh 
element, 0 would indicate an element degenerate in one 
or more edges, and negative values would indicate 
inverted elements. There are two types of determinant, 
determinant 2x2x2 stencil and determinant 3x3x3 
stencil. The difference is that the second determinant 
added edge midpoints of blocks to the Jacobian 
computation. 
 
For the Combatant DTMB 5415, mesh quality can be 
appreciated the following graphics where the number of 
elements is represented against the determinant value, 
see figures 8 and 9.   
 

 
Figure 8: DTMB 5415 quality mesh by determinant 
2x2x2 
 
 

 
Figure 9: DTMB 5415 quality mesh by determinant 
3x3x3 
 
The second ship used for validation will be referred as 
fishing vessel 0 (FV0). See figure 10. The main 
dimensions and other important geometric parameters 
for the FV0 case are:  
 
Length=58.8 m 
Beam B=11.0 m 
Draft T=4.4 m 
Wetted Surface (without rudder) = 867.7 m2 
 

 
Figure 10: Geometry considered for the FV0 fishing vessel. 
 
 
Some dimensions considered for the control volume 
based on the length of the model can be seen in table 
L2. 
 

 
Contour ETSIN 
Forward 0.75L 
Aft 1.5L 
Side 1.5L 
Below 1.25L 

 
Table L2: Dimensions considered for the FV0 control 

volume. 
 

As in the Combatant case a structured mesh based on 
an O-grid block distribution was created. See figure 11. 
Some detailed view of the mesh performed can be 
appreciated in figures 12 and 13. 
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Figure 11: FV0 block distribution. 
 
 

 
 
Figure 12: A detailed mesh view for the FV0 aft. 
 

 
 
Figure 13: A detailed mesh view for the FV0 wetted surface. 
 
Quantitative characteristics of the meshes elaborated 
for the Combatant and the FV0 cases and memory 
requirements for the computations can be seen in tables 
L3 and L4 respectively.   
 
Grid  Potsdam ETSIN 
Nodes 1465525 3139562 
Elements 1415232 3060346 
Memory 
Allocated 
for Run 

2.3 Gb 4.8 Gb 

Table L3: Meshing data and memory requirements for the 
DTMB 5415. 
 

Grid ETSIN 
Nodes 3262576 
Elements 3178738 
Memory Allocated 
for Run 

4.82 Gb 

Table L4: Meshing data and memory requirements for the 
FV0 validation 
 
 

 
Figure 14: FV0 mesh quality measurements. 
 
For the FV0 model a more uniform mesh than in the 
Combatant case was finally elaborated, this conclusion 
can be obtained from the comparison of the 2x2x2 
determinant measurements. See figures 14 and 8.   
 
Boundary Conditions 
 
Four different types of boundary conditions were used 
in the different boundary planes: Inlet, Outlet, Opening, 
Wall and Symmetry plane. 
 
An Inlet boundary condition is used where it is known 
that the flow is directed into the domain. The boundary 
condition can be set in a number of ways depending on 
how you want to specify the conditions, and what 
particular physical models you are using for the 
simulation.  
 
An Outlet boundary condition can be used where it is 
known that flow is directed out of the domain. The 
hydrodynamic boundary condition specification (i.e., 
those for mass and momentum) for a subsonic Outlet 
involves some constraint on the boundary Static 
Pressure, velocity or mass flow.  
 
A wall is an impermeable surface; it is the default CFX 
boundary. It can be an exterior wall or a thin surface. 
The influence of the wall on the flow can be a no slip 
condition or free slip condition. In case of no slip, the 
fluid will have to have the same speed than the wall 
close to it. A roughness can be specified On the other 
hand, in case of free slip, only the shear stress is null, 
not the velocity. For the cases presented here this 
boundary condition was implemented for the top and 
bottom boundaries and also for the side boundary 
parallel to the symmetry plane.   
 
The Symmetry Plane boundary condition imposes 
constraints which ‘mirror' the flow on either side of it. 
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For example, the normal velocity component at the 
Symmetry Plane boundary and the scalar variable 
gradients normal to the boundary are set to zero 
 

                
0

0

nu

n
j

=

¶
=

¶

                                                        (3) 

 
Turbulence model 
 
The turbulence model used in the calculations was the 
k-�  based SST model accounts for the transport of the 
turbulent shear stress and gives highly accurate 
predictions of the onset and the amount of flow 
separation under adverse pressure gradients. The BSL 
model combines the advantages of the Wilcox and the 
k-�  model, but still fails to properly predict the onset 
and amount of flow separation from smooth surfaces. 
The main reason is that both models do not account for 
the transport of the turbulent shear stress. This results is 
an over prediction of the eddy-viscosity. The proper 
transport behaviour can be obtained by a limiter to the 
formulation of the eddy-viscosity. 
 
The wall-function approach in ANSYS CFX is an 
extension of the method of Launder and 
Spalding (1974). In the log-law region, the near wall 
tangential velocity is related to the wall-shear-stress, 
�� , by means of a logarithmic relation. In the wall-
function approach, the viscosity affected sub-layer 
region is bridged by employing empirical formulas to 
provide near-wall boundary conditions for the mean 
flow and turbulence transport equations. These 
formulas connect the wall conditions (e.g., the wall-
shear-stress) to the dependent variables at the near-wall 
mesh node which is presumed to lie in the fully-
turbulent region of the boundary layer. The logarithmic 
relation for the near wall velocity is given by: 
 

Cy
u
U

u t +== ++ )ln(
1
kt

                           (4) 

 
A full coloured plot of the y+ at the hull surface of the 
Combatant DMTB 5415 and the FV0 fishing vessel can 
be seen in figures 15a and 15b. 
 

 
 
Figure 15a: y+ plotted around the Combatant DMTB 5415 
hull.  
 

 
Figure 15b: y+ plotted around the FV0 hull.  
 
Computational considerations 
 
Iterative convergence is assumed by means of the 
normalised residuals. The RMS residuals over the 
domain were required to fall by seven orders of 
magnitude, while peak residuals in a few cells were 
typically one order of magnitude larger.  
 
ANSYS CFX-Solver calculates solutions to various 
equations. However, many cases result in residual 
values. This is due to an equation not being fully 
satisfied. Of course, if the solution is exact, then the 
residual is zero. However, since equation results only 
approximate physics, the results in a solution do not 
always match reality. 
 
As described above, the raw residual, [r], is calculated 
as the imbalance in the linearized system of discrete 
equation. The raw residuals are then normalised for the 
purpose of solution monitoring and to obtain a 
convergence criteria. An overview of the normalisation 
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procedure is given below. For each solution variable, � , 
the normalised residual is given in general by: 
 

p

r
r

a
j

j j

� �� �� � =� � D
                                      (5) 

 
where r�  is the raw residual control volume imbalance, 
ap is representative of the control volume coefficient 
and ��  is a representative range of the variable in the 
domain. The exact calculation of ap and ��  is not 
simple and is not presented here. However, there are 
two important notes: First, the normalised residuals are 
independent of timestep choice and the initial guess. 
For multiphase flows, the volume fraction is 
considered. This prevents large residuals in locations 
where the volume fraction is negligible having a large 
influence. 
 
Timescale  
 
Steady State Timestep 
Control for steady-state problems, the ANSYS CFX-
Solver uses a robust, fully implicit formulation so that 
relatively large timesteps can be selected, accelerating 
the convergence to steady-state as fast as possible. A 
steady-state calculation will usually require between 
fifty and hundred Physical Timesteps to achieve 
convergence. If you expect that the actual flow being 
simulated would take a long time to reach a steady-state 
condition, given the initial conditions you have 
specified, then a greater number of timesteps may be 
required. In this case you can usually reduce the 
number of timesteps required by setting initial 
conditions that more closely resemble the steady state 
flow. Although relatively large timesteps can be used, if 
the timestep is too large the resulting convergence 
behavior will be “bouncy”. If this is observed, then the 
timestep size should be reduced, say, by a factor of 
four. If there is no noticeable improvement, then the 
convergence problem may be caused by another factor. 
If the timestep is too small, then convergence will be 
very slow. In addition to the advice in the following 
sections, a small physical timestep will probably be 
required for the following situations: Poor mesh quality 
transonic flow large regions of separated flow 
Openings with simultaneous inflow and outflow Free 
Surface flows. In these cases it is often sufficient to use 
a smaller timestep only for the Volume Fraction 
equations Multiphase flows 
 
Physical Timestep  
This option allows a fixed timestep size to be used for 
the selected equations over the entire flow domain. For 
advection dominated flows the physical timestep size 
should be some fraction of a length scale divided by a 

velocity scale. A good approximation is the Dynamical 
Time for the flow. This is the time taken for a point in 
the flow to make its way through the fluid domain. For 
many simulations a reasonable estimate is easy to make 
based on the length of the fluid domain and the mean 
velocity, for example: 
 

U
L

t
2

=D                                       (6) 

 
If the domain contains largely varying velocity and 
length scales, you should try to estimate an average 
value. If you get divergence, check in the Output File 
that your timestep size is not larger than the Advection 
Time Scale value given in the Average Scale 
Information at the end of the run. A “small” timestep 
can be considered to be less than 1/3 the smallest 
length / velocity scale in the simulation. Values higher 
than this can be considered a “large” timestep.  
 
Physical timesteps that are too large are characterized 
by bouncy convergence or results that do not converge. 
Timesteps that are too small are characterized by very 
slow, steady convergence. Depending on your initial 
guess, a significantly smaller timestep may be required 
for the first few iterations of a problem. A judicious 
physical timestep value usually gives faster 
convergence than specifying a Local Timestep Factor.  
 
In our calculations the time steps used, see equation (7) 
was even smaller than the one proposed by the equation 
(6) in order to obtain a better stability. 
 

U
L

t
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RESULTS 
 
First, test calculations have been performed on the 
DTMB 5415 at model scale on fixed conditions (with 
given sinkage and trim) and still water, comparing 
wave profiles, wave contours, wave cuts, ship 
resistance and wake velocity field results against the 
experimental  ones (INSEAN) published in 
Gothemburg 2000 and also used in the Tokyo 2005 
CFD Workshop, as well these results were also 
compared with another meshed model gently given by 
Professor Andrés Cura from the Potsdam towing tank 
and executed with CFX in our computers, see mesh 
characteristics and computational memory costs table 
L1. Both structured and unstructured meshes were used 
for this first validation. Unfortunately there is a big 
difference of work to create a structured mesh than a 
unstructured one, being the first much longer and 
difficult than the second. Anyway, in the comparison 
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much better results were obtained with the structured 
version, so all the results coming from the DTMB 5415 
validation are calculated on a structured mesh. The 
sailing conditions and Reynolds and Froude numbers 
used for this validation were the same ones proposed in 
Tokyo 2005 CFD Workshop, this is Re=12.6 106 and 
Fr=0.28. Although these non-dimensional parameters 
are the main data obtained, dimensional equivalent data 
must be calculated to compute in Ansys-CFX. 
 
The computations demanded roughly 20-24 hours per 
ship on a dual core intel_xeon64.sse2_linux2.3.5 PC 
with 4 Processors. PVM local parallel libraries were 
used for the parallel calculations.  
 
 
 CPU time     

(h:m:s) 
Wall clock time   

(h:m:s) 
Combatant 13: 18: 37 13: 33: 58 
FV0 15: 18: 21 15: 30: 10 
 
Table L5: Computational time comparison between both 
models. 
 
The total drag coefficient is calculated with the 
equation: 
 

2
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1
2
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=
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�
For the DTMB 5415 case the � ���� ��� ����� � � ����
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Results obtained for the converged steady solution are 
shown in Table L1. 
 
 Potsdam ETSIN Experimental 
Drag  (N) 37.2706 46.6928  
CT 3.487 4.368 4.23 
 
Table L6.  Total drag coefficients for the Combatant DTMB 
5415. The first column values corresponding to Potsdam are 
calculated for a model without trimming. 
 
Wave profiles along the hull and a wave cut at 
y/L=0.172 are also obtained and compared with 
experimental values. In general, agreement between the 
CFD predictions and measured data is very good, 
which shows the ability of the solver to accurately and 
efficiently resolve the flow and wave fields around 
DTMB 5415. Figure 16 shows wave profiles on hull 
computed by ETSIN-CFX and also comparison results 

coming from experiments (INSEAN) and other 
calculations performed with CFX in our computers with 
the model given by Potsdam. In figure 17, a different 
wave cut is shown at y/L=0.172 for the same cases. No 
published results have been found about wave profile 
calculations with CFX for the Combatant DTMB.  It 
can be seen an acceptable small loss in wave amplitude 
in the peaks of the profile due to numerical diffusion.  
 
 
 

 
Figure  16. Wave profile on hull for the Combatant DTMB 
5415. 
 
 

 
Figure  17. Wave cut at y/L=0.172 for the Combatant DTMB 
5415. 
 
Figure 18 shows the total unsteady wave pattern 
obtained by numerical simulation at the time when 
convergence was achieved. The overall behaviour of 
the experimental results is correctly recovered in long 
as well as in short wavelength components associated 
with the steady wave pattern, see experimental results 
in the Gothemburg Workshop  (2000).    

 
 
Figure 18.  Global view of the wave elevation contours for 
the Combatant DTMB 5415. 
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Figures 19-20 show detailed views of the wave 
elevation pattern at different locations of the Combatant 
DTMB 5415. 

 
 
Figure 19.  Wave elevation contours for the Combatant 
DTMB 5415. Local view at the (bow) 
 

 
 
Figure 20.  Wave elevation contours for the Combatant 
DTMB 5415. Local view at the (aft) 
 
Axial velocity plots are shown for both models in 
figures 21(Potsdam model), 22(ETSIN model) and 
23(experimental INSEAN) with a significant agreement 
between them.  
 
 

 
Figure 21.  Contour axial velocity isolines at the propeller 
plane for the Combatant DTMB 5415. CFX-Potsdam 
 
 
 

 
Figure 22.  Contour axial velocity isolines at the propeller 
plane for the Combatant DTMB 5415. ETSIN 
 
 

 
Figure 23.  Contour axial velocity isolines at the propeller 
plane for the Combatant DTMB 5415. INSEAN 
 
 
 
A global comparison joining all the computational and 
experimental models can be done plotting the axial 
velocity along the horizontal direction at the propeller 
plane. See figure 24.  Experimental values and those 
calculated by ETSIN show good agreement. 

 
 
Figure 24.  Axial velocity profiles at the propeller plane for 
the Combatant DTMB 5415.  
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The second ship used for validation will be referred as 
fishing vessel 0 (FV0) and experimental values are 
obtained from the experimental towing tank CEHIPAR. 
The sailing conditions were the same ones used in 
CEHIPAR and Reynolds and Froude numbers used for 
this validation, were Re=4.83 108 and Fr=0.34. Anyway 
there is one important difference between the 
experimental model and the computational one; this is 
that the last one has been calculated without any kind of 
appendix while the experimental model had them 
attached. 
 
Total dimensional drag values are calculated for the 
particular values of FV0 and compared with the 
experimental ones, see Table L7. 
 
 ETSIN CEHIPAR 
Drag (N) 113.78 108.24 
 
Table L7.  Total drag values for the Combatant DTMB 5415.  
 
 
Defining the wake � p coefficient as: 
 

p
pv v

v
w

-
=                                                      (9) 

 
where v is the ship velocity and vp   is the fluid axial 
velocity. See figures 25-28 where experimental and 
computational values can be compared.  
 
In this context, an average azimuthal wake coefficient 
can be also defined as:��
 

qw
p

w
p

dpmc �=
0

1
                                                 (10) 

 
Finally similar computations were also performed for a 
new fishing vessel (FV1) designed by Baliño S.A, see 
figure 31. Wake coefficient computations for this 
model can be seen in figures 29-31. For this last model 
there are not experimental values for validation.   
 
 
 
 
 

 
Figure 25b.  Wake coefficients against azimuthal angle for 
different radius at the propeller plane for the FV0. 
experimentally obtained by CEHIPAR 
 

 
Figure 26.  Wake coefficients against azimuthal angle for 
different radius at the propeller plane for the FV0. Computed 
by ETSIN 
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Figure 27.  Wake coefficients isolines at the propeller plane 
for the FV0. Experimental values CEHIPAR. 
 

 
Figure 28.  Wake coefficients isolines at the propeller plane 
for the FV0. Computed values ETSIN. 
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Figure 29. Velocity field contours and cross plane vectors at 
propeller plane for the FV 1. 
 

 
 Figure 30. Variation of the wake coefficient �  as a function 
of the angle for different non-dimensional radius at the 
propeller plane for the FV 1. 
 

 
Figure 30. Variation of the average wake coefficient � mc as a 
function of the normalized radius for different non-
dimensional radius at the propeller plane for the FV 1. 
 

�
Figure 31.  Geometry of the fishing vessel FV1. 
 
 
CONCLUSIONS 
 
A numerical study with the Ansys-CFX computational 
tool has been performed. Two models have been 
investigated, first a classical benchmark test case like 
the Combatant DMTB 5415 which has been used for 
verification, after this the results for the FV0 fishing 
vessel are also presented. As a good design of a 
propeller requires knowledge of the fluid flow entering 
the region upstream of the propeller blades to enhance 
ship and submarine performance parameters such as 
fuel economy and noise generation, our computation 
was especially interested in the velocity field 
calculations at the propeller plane as well as further 
wake calculations.  Other local calculations like wave 
profiles, local wave elevations and global resistance 
values have been also obtained. Different calculations 
have been done with unstructured and structured 
meshes obtaining qualitative and quantitative better 
results with the last ones. This points out that although 
structured meshes are much more complicated to 
create; they give much better results especially at the 
ship wake. Comparisons between experimental and 
computed values show a relatively good agreement 
between them using structured meshes.  
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