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Introduction 
� ����:������9�����������<�:�������9��������������������:�������������
�9���������������/�������
����<�:�� /������*��������������������� ������������ ���<����:�������9�<�:�� ��/�������� ���������/��;�
���/��������
� ;�:��;� �������� �������� ��� 9���;��� ������������� ��� ���/� ����;�*� =�� ������ ��� �0����� ����
:���������9�����������������;��:�������9�<�:����/�����������/���������������:������9����/�������������
�
���������������������������� ��������*�=�� ���������
�
���������������������� ��������9�������������9����
���9�����������������������*�.����������������������
� ��� �������:��/�����������������9����������
� ���
�����9�����������������9�������9�����������������������
�
�:���>	?����$�������>�?*�1���9���������������
������������9����� �������/�������/���������������� �����������������;���4@�;;��������"�������>3?
�
����;�����0��������4��;���;��������� ������:�� ����/��������9��A�<�:��/��/�;�����*�=�� ������������
�<�� /����
� ������������ ���
�<����� ��������� /������� ���� ���������:��� ��� ������� ���������;���� �9� ����
���;��������������������/�����������9�������9����������������*�=�������������/���
�������;���;�������
����
����������������9����<�����/���������/������������;�����;
�<�������/�����������
������<�������������9����
���9�����������������������
� ����/����� ����/�����������������9�������9�������:�����*�1���������������
������//�����9����A�9��<�����"�������>,?���������A�����3A�9��<���������:��������B������;���>5?
�
����:����>&?�9���9������9������;��������������;�������
����A��������������C���>6?����.�������>-?����
3A� 9��<�*� D��� �9� ���� ���� /������ ��� ��� ���� ������� �9� �� ������� ���� ��������� ���//��;� ���������� ���
����;���������9�������9�����������������������*�=��>3?
�������������������/��������4��������������;�������
������� �9� ���� �����4����9���4�������� ��/�� ���� ��<4�������� �������������� �//���7� ����� ���� ���
��//������� ��� �� ��������;� 9�������*� +���� ���� 1������� >(?� ��:�� �������� ���� ���������� �9� ���� �����
����;��������������:�����<������������������/�����;��������;�������������9�������������������7�3A�
/�������������������������������������A�����*�1������������������ �����������0/��������������<����
�������������������������<�����������/�����������������
��;�4E�������������������*��

=�������� ��� �:���� ����������������99������������� ������;����� ����;����� ���/�����������
������
����������:��/��/���������������9������;�����F������ G �������>	'?
�$�����F�����@��;�>		?
�"��������*�
>	�?)
� ����� ����������/�����;��������;�������������;��������������9�����9�����������*�1�������������"+!�
����
����������������<��>	�?���������������������������������������/���������/�������������<������������
�9� ��������*� "��� ��� ��*� >	�?� ���� ������ >	3?� ��:�� /��/����� ���/��� 9�������� ��� ���������� ����
�����;��������������������*�

=������/�������/�/��
�<��������
�������/�������������������������3A��������/�������9���������
�������9��<��9� ��������;����������:��;������� ����9�������9���� �9� ��� ��:������9����
�<����9������ ���
��9������<����� ���;��*� ����0��������4��;���;��  ���)�������� ��������<���� �����;�����F�����������
���:�� ����9�������9���
�9����<��;�>	3?�9��� ���� �����;��������� ��������7� ��������� �������������������;�
������� ������������ /�����*� 1��� �������� ���� ���/����� <���� :������� ������� ���� ���� ������� ��������
�:�������*�1�����9��������9�����/���������9�������������9��������������������:����;����*�

Problem to solve 
G �������������������/���������������:������9����
���������������������9��<*�1���������������

������:�����������:���������������������*�G ��������9������9���9������������9������ ��� ��������*�1���
<�������/��� ����������9��������� ��9�����*�=������9�����������
� ��������������������������;������<���� ����
������������������������������� ������� ����/������������:��������/���������φ 0
�
F
�)�<���������������9��

���� ��/����� ��������*� 1��� :�������� ��� ;�:��� ���  )� � � 	H 4 I J
� � �

*� D��� ��������� ���������� ��� ����

�����������9�����/�����������������9����������������9���������*�1�������������������������<���������2��

� � � � '  )� 
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 	 	H 4 I J LJ

� �
� �������� 
H � � � � ����� 3)�

=���������������������������������2�ηH'�����φH'� �������<�����������)�9��� '� O *�

Method of resolution  
������
��

=���������������
����������;���������
�����9�������9���� 	�� �������������� �� ��������������������

��������������/�����*�.�������9�������9���
������;���������/������������������������:�������������9�������
/��������������*�1������;����������������:���:����������<���������������������:������9�������9���*�1����
��������� ��� ��9���������9� ����9�������9���� ;���� ������������������������ ���>	3?� ��� ������ �������� ��� ��
��������������9���������������������������9���<�:��/��/�;������/������
��������������������������9����
����;����<�7������������������;�:�����2��� � � �� 
H LA LA ��� 
� � � � ����� ,)�

<�����H'*(&(
�µH'*�(,�����νH'*'	&*�∆0�����∆����������/���������������*�1���������������/������<����
������������*�1�����������;�������<������������������/�������:���<������0��/��������������������<�����
�����;�����/��������������*�1���������������/�����������������������9�;��:�����9�����/�����
������������
�����;���

��� �����;�������������������������������������������/����*�"�����������
�����9�������9����

���������������������������<���������2�
�

�)� A��������������������������9�������9���
� 	��P Q�  � 7� �H	
��/�
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44

R R SS �� �  5)�

<����� ��� ���������
�������;�����F������������������9�������9�������� ��� �����
�����������9�;��:�����9�

����/������������������
�

� *� '. �����������<��/����������������9�������9���*�

�

�)� #����������������������������
� �

�  P Q� � 7� �H	
����

3 3
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R R SS

� �
� � ����� ����� &)�

<����
�

�


�

����9�������
����������������������9�����������������/�����<�����������
�

� *��

G �������������������������������9�������
� 
�T �������:�*�

����������� �!��!
���"���#���
����

1���� ������� �������� ��� ���:�� ���/� ��� ���/� ���� ��0��� /������� ��9����� ��� ���� /��:�����
/���;��/�
�<������#����������������������������� ���������������:���:��������������������<�)�������
A��������������������������9�������9���� ����/���������������<�)*�����������������/
�<����:��������:����
���������������9���������������:��;�9���� ����/�����������
� ������������� ���������;�����9� ������������
�����9���;�����/��:������������������������
� 5)����� &)*�1���
�����9�������9��������������� �)����� 3)�
�������������/���������/�����������������9�������9�������:�����*��



�

Numerical results 
$������
!�����������%
�!���
�����%������

=�� ������ ��� ������ ���� �������� ���������;� ���� 9���� ���9���� ���� ��� �/����F�� ���� ������������
/���������
� <�� ��:�� �//����� ���� ������� /��:������� ���������� <���� �� ���;��� �������� ��� ����������
������*�1���9�������9����;����������������������;�����/������ <���������9���������������9�����/������
�
������������9��9�����9�������9�������;������)�<����������������;����������������<��������������0�����<����
:��������<����� ���������;��9�	'U�9�����������������������������������)*�#��;���� ������������9��� ����
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INTRODUCTION 
 
Podded propulsors present a lot of advantages compared to classical propulsion units: better manoeuvrability 
[1], a more flexible installation of the engine, a more uniform wake distribution and a lower noise level. For 
these reasons, electrically driven pod propulsion units have gained popularity since their inception in the 
early 90’s. However, the constant increasing power of the units (pod + strut + propeller) mounted on ships 
such as cruise ships or navy ships induces new problems such as cavitation, noise and vibrations. In the early 
stage of the projects, CFD tools help designers to predict the hydrodynamic performance of pod units. 
Numerical results are compared to model measurements. 
 
The different ongoing studies on these problems are not widely known mainly for confidentiality reasons. 
Szantyr [2] proposes a surface panel potential method to compute the hydrodynamic characteristics of 
podded propulsors in the vicinity of the design advance coefficient. Pustoshny and Kaprantsev [3] highlight 
problems caused by pods such as cavitation and vibrations. Terwisga et al. [4] give a review of current 
hydrodynamic issues in the design and application of steerable thrusters and podded propulsors. CFD and 
full-scale measurements are an important aid to designers. Kinnas et al. [5] use a coupled potential-Euler 
method to compute the entire flow around a podded propulsor. They do not predict the cavitation inception 
on the strut. 
 
The aim of this study is to show the feasibility of a coupling between a potential based method and a 
RANSE solver to determine the hydrodynamic loading of a pod propulsor in order to determine the possible 
risks of cavitation. 
 
 
DEFINITION OF THE PROPELLER 
 
Based on some available geometric parameters and hydrodynamic characteristics of an existing unit, a four-
bladed propeller was numerically determined using a mesh generator and a potential in-house solver. The 
open water dimensionless performance characteristics of the propeller are presented in Figure 1. A realistic 
unit similar to the one presented in Figure 2 can therefore be considered for our numerical simulations. 
 
 
DESCRIPTION OF THE METHOD 
 
The method used in this work to compute the flow around the unit (pod + strut + propeller) has been 
developed by Laurens [6] to predict the characteristics of the propeller-rudder interaction. Here, the 
velocities generated by propeller blade surface sources and doublets distributions are computed within a 
actuator disk located directly behind the propeller. This velocity field is then used as a velocity inlet 
boundary condition for the RANSE simulation of the flow around the pod and the strut. The method can be 
used for steady state simulations by averaging the velocities during a propeller rotation or for unsteady state 
simulations using the incident velocities in the rudder simulation. 
 
A hybrid mesh of 700 000 cells has been generated around the pod. Particular attention has been paid to the 
mesh density close to the strut and more precisely in the strut leading edge region. The position of the 
leading edge of the strut is very close to the inlet boundary condition. Computational tests have shown that 
this proximity of the leading edge does not interfere with the inlet boundary condition. The inlet boundary 



 

condition based on the velocity field obtained by the potential flow solver respects the no slip condition on 
the pod surface. 
 
In order to refine the grid within the pod boundary layer, a much larger mesh would have been required as 
well as a better mesh generator. At first, the intention was to solve the Euler equations around the pod. But 
the Neuman condition on the pod surface is then too close to the Dirichlet condition on the inlet velocity 
plane. It was therefore decided to solve the Navier-Stokes equations to simulate the flow around the pod. 
Zero velocity was also imposed at the blade root to avoid having two incompatible conditions within a same 
cell and to account for the forward hub boundary layer. Because of the relatively coarse grid within the pod 
boundary layer, there is no point at this stage to invoke a turbulent model. Simulations are therefore 
performed in laminar flow conditons.  
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Figure 1. Open water propeller dimensionless performance predicted by the potential flow solver. 

 

Figure 2. Schematic view of the unit (pod + strut + propeller). 
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RESULTS 
 
Y-Lift (Cl), Z-drag (Cd) and Z-moment (Cm) hydrodynamic coefficients calculated on the strut in open 
water condition (without the propeller) are presented in Table 1. Although, Cl and Cm are expected to be nil 
because of the symmetry, we considered these values to be small enough to be regarded as negligible. 

 
Pod without propeller Cl Cd Cm 

 - 0.004 0.024 -0.013 

Table 1. Hydrodynamic lift, drag and moment coefficients of the translating pod without the propeller 

 
The hydrodynamic coefficients computed on the strut for propulsion tests in steady state conditions are 
presented in Table 2. As expected the hydrodynamic coefficients of the pod change in terms of the propeller 
loading. The Cl and Cm values show a shift from zero which increases with the propeller loading due to the 
rotational flow induced by the propeller. Cd is increasing because of the lift induced drag but a better 
representation of the pod boundary layer may show a different result.  

 
Pod with propeller Cl Cd Cm 

J = 0.87 - 0.06 0.025 - 0.162 
J= 0.5 - 0.225 0.060 - 0.554 

Table 2. Steady hydrodynamic lift, drag and moment coefficients of the pod with the propeller 

 
The averaged hydrodynamic coefficients computed on the strut for propulsion tests in unsteady state 
conditions are presented in Table 3. In view of the findings of reference [6] the values of Table 3 were 
expected to be closer than those of Table 2. Further studies using a more refined mesh are necessary. 

 
Pod with propeller Cl Cd Cm 

J = 0.87 - 0.043 0.029 - 0.108 
J= 0.5 - 0.247 0.077 - 0.599 

Table 3. Unsteady hydrodynamic lift, drag and moment coefficients of the pod with the propeller 

 
The fluctuations of these coefficients in unsteady state conditions for both propeller loadings (J = 0.87 and J 
= 0.5) are presented in Figures 3 and 4. The amplitude of the fluctuations increases in accordance with the 
propeller loading as expected. We also note that the signals present different shapes. This behaviour which 
was already shown for the rudder in reference [6] tends to indicate that a complete coverage of the propeller 
loadings range must be simulated in order to predict the risk of vibrations occurrences which are not 
necessarily limited to the BR (Blade Rate). 
 
Finally, Figure 5 shows the pressure coefficients (Cp) curve for a strut section (R = 0.9) at a given time step 
when J = 0.87. The same results are displayed in Figure 6 for J = 0.5. It is important to note that the Cp 
minimum value decreases significantly depending on the propeller loading since it may induce cavitation 
inception. The notch appearing on both curves around x/c = 0.1 is caused by the geometry. 
 
 
DISCUSSION 
 
The numerical method presented here can be used to estimate pressure fluctuations on the pod strut for 
various advance parameters. This will be useful in the early design stage and will help the designer to 
determine the dimensions of the propulsion unit. 
The strut is not only excited at the blade rate (BR) frequency. For a low propeller loading, significant 
amplitudes of the fluctuating forces appear at the multiple of the BR frequency. 
The pressure distributions computed on the strut show that the cavitation inception region is situated close to 
the strut leading edge based on the local minimal pressure value. For a more accurate prediction of 
cavitation risks, the whole strut has to be inspected. 



 

Figure 3. Unsteady strut hydrodynamic lift, drag and moment coefficients. ( J = 0.87) 
 
 

Figure 4. Unsteady strut hydrodynamic lift, drag and moment coefficients. (J = 0.5) 
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Figure 5.  Pressure coefficient distribution on the strut section situated at R = 0.9 (J = 0.87) 
 

Figure 6.  Pressure coefficient distribution on the strut section situated at R = 0.9 (J = 0.5) 
 
 
 
PERSPECTIVES 
 
Future studies will be devoted to mesh improvements in the boundary layer region. This will allow for a 
more accurate measurement of the drag effects. Additional studies of drag-induced effects will allow to 
determine any possible propulsion efficiency increase. Moreover, modifications of the geometry of the strut 
will be proposed to delay cavitation inception. Finally, estimations of vibrations induced by pressure 
fluctuations during manoeuvring phases will be discussed. 
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Uncertainty Estimation :
A Grand Challenge for Numerical Ship Hydrodynamics
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1 Introduction
For many years model testing has been used as a fundamental tool of the development of ship

hydrodynamics. Nowadays, it is standard practice in experimental fluid dynamics to indicate the un-
certainty of a specific measurement. It is hard to believe that Computational Fluid Dynamics may
establish itself as a reliable alternative and complement to model testing without indicating the nu-
merical uncertainty of a given prediction.

The quantification of the uncertainty of a numerical prediction is commonly known as Verification
of calculations, [1]. Many of the procedures proposed in the literature are based on grid refinement
studies and Richardson extrapolation (RE), like the well known Grid Convergence Index (GCI) intro-
duced by Roache, [1] and the method proposed by Stern et al. in [2]1. Other alternatives are based on
techniques applied to single grid calculations, which, if successful, would clearly be very powerful
due to the need to compute only a single grid. Examples of this type of approaches are discussed in
[4], [5] and [6].

Recently, we have investigated the difficulties of performing a reliable grid refinement study for a
practical ship hydrodynamics application, which often corresponds to a complex turbulent flow, [7] to
[12]. In [7], we have tried to estimate the numerical uncertainty of the calculation of the flow around
the KVLCC2 tanker2 using techniques based on RE. This effort led to a set of 24 grids where the
application of the standard techniques available was found to be rather troublesome. One of the most
striking features found in the data was the existence of scatter, which makes the estimation of the
uncertainty from a single grid triplet less reliable.

The difficulties found in [7] led us to address simple test cases, [9], to identify the main difficulties
of applying methods based on Richardson extrapolation to the uncertainty estimation in complex
turbulent flows. In our tests [11] and [12], we have identified several sources of scatter in the data
of a grid refinement study: the lack of geometrical similarity of the grids; the use of switches in the
turbulence models; the interpolation/integration techniques required to obtain a flow variable which
is not directly available from the flow solution at the grid nodes.

These difficulties are almost impossible to avoid in a complex turbulent flow and so we have
tested a least squares root approach, [10], to be able to deal with the existence of scatter in the data.
The reliability of such procedure has been checked in several test cases, [11], which led us to the
conclusion that the establishment of a reliable procedure for a practical calculation may be more
difficult and time-consuming than what would be desirable. Therefore, we have started a systematic
study of the procedure based on a least squares root version of Roache’s Grid Convergence Index.

The results presented in [12] for a simple turbulent boundary-layer with zero pressure gradient
are encouraging. However, further testing is required to investigate the viability of such method in a
practical application. Furthermore, it is important that this or other methods of uncertainty estimation
are applied by different groups to assess the difficulties and usefulness of each method in order to de-
velop robust and reliable procedures for uncertainty estimation. Therefore, we have selected two 2-D
steady, incompressible, turbulent flows taken from the Ercoftac Database, [14], which we propose to
the Numerical Ship Hydrodynamics community as a starting point for the joint evaluation and devel-
opment of reliable tools for uncertainty estimation. For these two test cases, we have produced sets

1This method is the basis of the procedure proposed in the ITTC Quality Manual, [3].
2This attempt follows the citation of the mathematician George Polya cited by Roache in [13] to introduce the Method

of the Manufactured Solutions: ”Only a fool starts at the beginning. The wise man starts at the end”.



of geometrically similar, single block, structured grids which can be used by almost all the numerical
approaches available.

2 Uncertainty estimation with a least squares root approach
The basis of our procedure for the estimation of the uncertainty U of the solution on a given grid

is the standard Grid Convergence Index (GCI) method, [1], which says

U = Fs|δRE | . (1)

Fs is a safety factor and δRE is the error estimation3 obtained by Richardson extrapolation:

δRE = φi −φo = αhp
i , (2)

where φi is the numerical solution of any local or integral scalar quantity on a given grid (designated
by the subscript i), φo is the estimated exact solution, α is a constant, hi is a parameter which identifies
the representative grid cell size and p is the observed order of accuracy.

There are three unknowns in equation (2): φo, α and p. Therefore, three geometrically similar
grids are required to estimate δRE . If solutions on more than three grids are available, more than one
grid triplet can be chosen to estimate δRE . It is our experience that these estimates can vary a lot.
Therefore, we compute φo, α and p in such cases with a least squares root approach that minimizes
the function:

S(φo,α, p) =

√

ng

∑
i=1

(

φi − (φo +αhp
i
)
)2

, (3)

where ng is the number of grids available. The minimum of (3) is found by setting the derivatives of
(3) with respect to φo, p j and α j equal to zero, [11].

When we only have a grid triplet, it is not difficult4 to classify the apparent convergence condition
from the convergence ratio:

R =
φ2 −φ1

φ3 −φ2
,

where φ1 stands for the finest grid solution, φ2 for the medium grid and φ3 for the coarsest grid
solution. As mentioned by Roache, [15], we have:

0 < R < 1 ⇒ Monotonic convergence R > 1 ⇒ Monotonic divergence
|R| < 1∧R < 0 ⇒ Oscillatory convergence R < −1 ⇒ Oscillatory divergence

When more than the three grids are available and the least squares root approach is applied this
classification is not as straightforward, because the data may exhibit scatter, [11]. Therefore, we have
established the apparent convergence condition using the p obtained from the least squares solution
of equation (3). To identify the cases of oscillatory convergence or divergence we also perform a fit
using φ ∗

i = |φi −φ1| in (3). The following four conditions are applied in sequence:

1. p > 0 for φ ⇒ Monotonic convergence.

2. p > 0 for φ ∗ ⇒ Oscillatory convergence.

3. p < 0 for φ ⇒ Monotonic divergence.

4. p < 0 for φ ∗ ⇒ Oscillatory divergence.

3In this case we are talking about the discretization error. However, one should not forget that we also have the
round-off error and the iterative error that we are assuming to be negligible in this section.

4This does not mean that the classification based on a grid triplet is reliable.



Our experience with the GCI method has shown that its application in monotonic convergent
solutions which exhibit an observed order of accuracy significantly larger than the theoretical order
of accuracy may be troublesome. To avoid these problems, Roache, [16], suggests that the error
estimation should be performed with the theoretical order of the method when the observed order of
the method is larger than the theoretical one. This would mean in a simple three grids study, that the
data of the coarsest grid would be irrelevant and that the error estimation would be performed from
the data of two grids. This has been one of our criticisms, [17], on the procedure proposed by Stern
et al. in [2]. Therefore, we have considered a different alternative based on an error representation
with power series of fixed exponents, which we have tested before in [11]. The idea is simple and it
has been discussed in [18]. When the observed order of the accuracy is larger than 2, we consider an
alternative representation of the error estimation given by :

δRE2 = φi −φo = α1h2
i +α2h3

i . (4)

In equation (4), there are still three unknowns: φo, α1 and α2. This means that we still require the
information from at least three grids to perform our error estimation.

In our least square root approach, the solution of (4) becomes the minimization of the function:

S(φo,α1,α2) =

√

ng

∑
i=1

(

φi − (φo +α1h2
i +α2h3

i )
)2

(5)

that leads to a system of linear equations, [11]. The value adopted for the uncertainty estimation is
the maximum of |δRE | and |δRE2|.

In the cases of monotonic convergence, the standard deviation of the fit, Us, is used as one of the
contributions of the uncertainty. Us is given by

Us =

√

√

√

√

√

√

ng

∑
i=1

(

φi − (φo +αhp
i )

)2

ng −3
or Us =

√

√

√

√

√

√

ng

∑
i=1

(

φi − (φo +α1h2
i +α2h3

i )
)2

ng −3
, (6)

depending on the equation, (2) or (4), used to estimate the error.
The procedure for the estimation of the numerical uncertainty, valid for a nominally second-order

accurate method, is as follows:

1. The observed order of accuracy is estimated with the least squares root technique to identify
the convergence condition according to the definition given above.

2. For monotonic convergence with 0.5 ≥ p ≤ 2:

The uncertainty is estimated with the G.C.I., equation (1), using Fs = 1.25 and the numerical
error estimated with Richardson extrapolation, (2), using the least squares root technique. The
standard deviation of the fit, Us, is added to the uncertainty.

3. For monotonic convergence with 2 < p < 4.5:

The uncertainty is estimated with the G.C.I., equation (1), using U = 1.25max(|δRE |, |δRE2|).
Us, is added to the uncertainty.

4. For monotonic convergence with p ≤ 0.5 or p ≥ 4.5 and for oscillatory convergence :

U is set equal to the maximum difference between the solutions obtained in the available grids
multiplied by a factor of safety. Fs = 3 for p < 0.5 and Fs = 1.25 for p > 4.5.



5. The uncertainty estimation is not performed for the two divergence conditions.

This procedure is very similar to the one tested in [12]. However, we have introduced the power
series expansion with fixed exponents in cases where the observed order of accuracy is larger than
expected to serve as a confirmation of the error estimation obtained from Richardson extrapolation.

In the previous description, we have assumed that the iterative and round-off error are negligible,
which may not always be possible to achieve. The iterative error is a consequence of the iterative
procedures commonly applied in the solution of the non-linear systems of algebraic equations solved
in Computational Fluid Dynamics. In principle, the iterative error maybe decreased as far as the
machine accuracy permits, which defines the minimum level of the round-off error.

The evaluation of the discretization error requires grids in the so-called asymptotic region, which
usually means highly refined grids. On the other hand, the increase of the grid density may be trouble-
some to ensure that the iterative error is negligible and it also increases the round-off error. Therefore,
one should be aware that it is not possible to increase the grid refinement indefinitely in a grid refine-
ment study.

3 Example of application
As an example of the problems that we may face, figure (1) presents the convergence of the

friction resistance coefficient, CF , with the grid refinement of the flow around the KVLCC2 Tanker at
model scale Reynolds numbers. The calculations were performed with PARNASSOS, [19], and the
integration of the wall shear stress was performed with a third order technique, [11]. The error bars
estimated with our procedure for the two finest grids are plotted in figure (1). Although these results
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Figure 1: Friction resistance coefficients as a function of the typical cell size. Turbulent flow around
the KVLCC2 tanker.

are not discouraging, it is clear that it is not easy to perform a reliable uncertainty estimation with this
behaviour of the data.

4 An invitation to the numerical ship hydrodynamics community
Our experience so far has shown that it is important to test the uncertainty estimation procedures in

simple test cases to build confidence and to investigate the origins of the difficulties that we may have
to face in practical applications. Therefore, we have selected two test cases of 2-D, steady, incom-
pressible, turbulent flows from the Ercoftac Classic Database to evaluate our uncertainty estimation
procedure: Case 18, [20], the flow over a hill and Case 30, [21], the flow over a backward facing step.
In both cases there are experimental data available.

For the flow over the hill we have generated two sets of 11 geometrically similar, single block,
structured grids. The first set includes nearly-orthogonal grids whereas the second set includes vertical



straight lines. The grids range from 101×101 to 401×401 grid nodes. The coarsest grids of each set
in the hill region are depicted in figure (2).

Nearly-Orthogonal Cartesian
Figure 2: Coarsest grids for the flow over a 2-D hill.

For the backward facing step we have generated three sets of 7 geometrically similar grids ranging
from 101×101 to 241×241 grid nodes. The grid sets include also single block, structured grids and
so the two kinks of the wall geometry are included at the boundary line. In two of the sets, there is
always a grid node at the two kinks, whereas for the third set there are no grid nodes at the wall kinks.
Figure (3) illustrates the coarsest grids of each set.

Set A Set B Set C
Figure 3: Coarsest grids for the flow over a 2-D hill.

For these two test cases we have generated inlet conditions for the velocity components and for the
turbulent quantities of the following turbulence models: Menter’s one-equation model, [22], Spalart
& Allmaras one-equation model, [23], Low Reynolds Chien’s k− ε model, [24], and TNT and STT
k−ω models, [25] and [26].

For all these turbulence models we have computed the flow field in the available grid sets and
reduced the iterative error to machine accuracy. With these results we have performed uncertainty
estimates with the method described above to check if the intervals of the solution of a given flow
variable obtained from different grid sets overlap.

All the grids and boundary conditions of these two test cases are available to all the groups of the
Numerical Ship hydrodynamics community which are interested in performing this verification exer-
cise. We believe that we could learn a lot from the experience of performing uncertainty estimations
with different procedures and using CFD methods based on different approaches in a common grid
set. Therefore, we invite all the groups to perform such calculations, which could then be confronted
in a Workshop that should lead us on the way to produce a reliable procedure for the uncertainty
estimation in numerical ship hydrodynamics.
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RANSE and Vortex-Lattice Simulation for Podded Rudders 
 

Ould El Moctar, Afred Junglewitz, Germanischer Lloyd, moct@GL-Group.com 
 
Podded drives have been developed and successfully introduced in the marked during the 
last two decades. Despite of some problems of single components, podded drives have 
proven their suitability and capability as the main propulsion and steering device. They are 
used mostly in the segment of cruise liners and ferries which need especially at low ship 
speed a good manoeuvrability. The installed power ranges from 5 up to about 20 MW per 
piece. The most spectacular ship with podded drives will be launched this year: the Queen 
Mary 2 with four pods totalling about 80 MW driving power. The ship with a length over all of 
345 m will have a speed of 30 kn.  
In contradiction to conventional rudder propellers, podded drives produce the lateral steering 
force not only by changing the propeller jet direction, but also by using a considerable area of 
the shaft like a conventional rudder. In this respect the pod can be regarded as the Sphinx of 
steering. 
Traditional rules can not be applied on a pod due to the mixed nature of steering device. 
Consequently, new approaches have to be developed based on CFD calculations and 
mechanical considerations. Since the traditional rules incorporate decades of positive 
experience a new approach should be based on traditional formulae or at least should show 
a connection or comparative philosophy. 
The current paper deals with the steering capability of a pod. As an example a SSP-type pod 
( Siemens Schottel Propulsor) has been chosen. The calculation results of propeller in 
inclined flow obtained with different methods will be presented. Steering forces and moments 
are calculated with a RANSE and a Vortex- Lattice code and correlated to those of a 
conventional rudder. Traditional formulae are applied for both – conventional rudder and pod 
– and conclusions are drawn, how the gap could be closed with a view on further steps in the 
near future.  
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1 Introduction

The growth of storage capacity and computers power
enables more and more complex simulations. Therefore,
Navier-Stokes flow solvers integrate new physical fea-
tures to deal with more and more realistic applications.
Viscous flows around moving bodies is one of them. Ap-
plications are numerous, especially in the hydrodynamic
field : seakeeping, slamming, bio-mimetism, ...

This paper deals with this feature recently implemen-
ted into the ISIS flow solver developped by D.M.N. (i.e.
CFD Department of the Fluid Mechanics Laboratory). In
particular, it describes the methods used to achieve such
simulations (regridding strategies induced by bodies mo-
tion, Fluid-Structure coupling). Lastly, some applications
are presented to illustrate the new possibilities of the flow
solver.

2 Description of the ISIS features

ISIS uses the incompressible unsteady Reynolds-
Averaged Navier-Stokes equations (RANSE). The solver
is based on a finite-volume method to build a second or-
der accurate spatial discretization of the transport equa-
tions on unstructured grids. Pressure field is obtained from
the mass conservation constraint transformed in a pres-
sure equation. Hydrodynamic flows can be simulated by
using a capturing method with appropriate discretisation
schemes to keep the sharpness of the interface between air
and water. Several turbulence models ranging from one
equation to full RSTM closures are also available.

Flows around an arbitrary number of bodies in free or
imposed 3D motion can now be simulated by ISIS. Bodies
can be rigid or flexible with a prescribed law of deforma-
tion in time.
For each body, the motion can be :

– imposed by giving an explicit temporal law provi-
ding the space position of the body.

– resolved at each time step by coupling the RANS
equations and Newton’s Laws. Only the intial kine-
matic screw is imposed. Imposed external forces or
moments can be added too.

One can freeze some degrees of freedom (DOF) to control
possible kinematic links.

3 Resolution of the Newton’s Laws

The aim is to calculate the temporal evolution of the
kinematic characteristics of a rigid or flexible body sub-

mitted to the hydrodynamic forces.

The first step consists in the definition of an initial iner-
tial frame of referenceR0, linked to the physical space, as-
similated to a Galilean referential. It is called the primary
referential. The origin of this referential is fixed to the
mass center of the body at the initial time. Then, one spe-
cifies the referentialR1 linked to the body, coincident with
R0 at initial time. Therefore the transformationR0→ R1

can be parameterized (position and orientation).

Note : as far as flexible bodies are concerned, their
shape is imposed in the primary configuration. Their po-
sition in space is obtained after carrying out the transfor-
mationR0→ R1.

1Ot=t0

t=t1

����

����
�	�


���


�� ����� ���

O

rotation

translation

imposed deformation

primary referencial
before deforming the body

FIG. 1 – Flexible body with rigid transformation

In the frame of this general 3D resolution, classical des-
cription of the body orientation by 3 successive rotations
(like Euler Angles), written (ψ,θ,φ), is unsuitable because
of singular configurations for which the triplet (ψ,θ,φ) is
not unique. The use of a quaternion eliminates these pro-
blems (quaternion can be roughly considered as a spatial
extension of the plane representation of complex number).
The integration scheme to solve motion is second-order
accurate as in the flow solver.

4 Regridding strategies

To implement bodies motion in a flow solver, the mesh
must be adapted to the new position of bodies in time.
In order to keep an appropriate grid, three methods have
been integrated :

– Spring analogy regridding
– Rigid transformation of the mesh
– Analytical weighted regridding



4.1 Spring analogy regridding

With this method, the mesh is viewed as a mechanical
structure composed by compression and torsion springs
([1]) The new mesh is obtained by resolving a system after
imposing the new position of nodes belonging to bodies.
This technique is very convenient because of its capacity
to deal with any deformation. Nevertheless, the calcula-
tion cost is quite expensive.

4.2 Rigid transformation

Here, all the nodes are moved with the solid motion
of the body, coming from the resolution of the Newton’s
Laws or from an imposed law. This approach is operatio-
nal only for a simulation with one body in an infinite fluid
domain, but tolerates movement of arbitrary amplitudes.

4.3 Analytical weighted regridding

This method can be considered as an alternative to the
spring analogy for solid motion. It is derived from the ri-
gid transformation. But in this case, the displacement of
each node is weighted by a factor varying between one
and zero according to the distance of the body. This fac-
tor is allocated to each node of the mesh. It is imposed
to one for nodes belonging to the studied body and zero
for nodes of other domain boundaries. The values of this
factor are calculated at the beginning of the simulation by
solving a Laplacian operator. This approach is faster than
the spring analogy one because nodes position are recom-
puted analytically without solving any system.

Note : in the flow solver, mesh mobility is taken into ac-
count by calculating on each face a moving velocity flux.
The latter is obtained by computing the exact volumes
swept by cell faces, which ensures the space conservation
law ( [2]).

5 Fluid-Structure coupling

In the case of prescribed motions, bodies are displaced
at every time step. After recomputing the new mesh, flow
is solved. Therefore, there is no real coupling when mo-
tion is imposed, due to the lack of fluid feedback on the
body position. Problem is different when motion is solved
with Newton’s Law. As a matter of fact, bodies kinema-
tic is linked to the flow at the same time step by forces
carrying on them.

In the first method, called weakly coupled method, hy-
drodynamic forces and moments provided by the RANS
equations are calculated only at the end of every time step.
They are used to obtain the new position of bodies. In this
case, a one time step discrepancy between flow and bodies
motion appears in the resolution (hydrodynamic forces on
bodies calculated at time t are used to create the t+dt ki-
nematic configuration). Consequently, errors may be ac-
cumulated. Moreover, instabilities may appear as soon as
a body density is close to the density of one fluid. A stron-
ger coupling is then necessary.

5.1 Non-linear coupling

In order to stabilize coupling, the estimated flow during
the non-linear iteration is used to calculate forces and mo-
ments acting on bodies and then new bodies position.

This is described by algorithm Fig. 2.

non−linear residual reduction

> desired reduction
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FIG. 2 – Non-linear coupling

This coupling clears away the time discrepancy pro-
blem between flow and bodies kinematic. However, even
if this procedure is definitely more stable, divergent oscil-
lations may remain in severe configurations. To achieve
a stable coupling, a specific treatment of the equations of
motion needs to be applied.

5.2 Stabilization of the non-linear coupling

As Söding showed in [3], the instability comes from
the dependence of fluid forces on body acceleration. This
force is usually formulated by splitting it in an unlinked
part with acceleration and in a linear linked one. The latter
is the added mass term.

f = f̄ −aγ with γ : body acceleration

This characteristic is used to modify the resolution of
the Newton’s Laws equations in order to produce a stable
coupling.
Look at the 1D problem. The equation of the motion is
reduced to :

mγ = f

The two side of this equation are increased of an added
mass term in which the right hand side is evaluated at the
previous non-linear iteration.
The equation to solve is then :

(m+a)γnlit = f +aγnlit−1

At convergence (γnlit = γnlit−1), the initial equation is re-
covered. The terma needs not be accurately assessed,
since it does not affect the converged solution. It must
only be chosen just high enough to ensure stability.



6 Application

6.1 Free fall of a prismatic hull

These simulations are based on experimental symme-
tric and asymmetric drop tests with a 20˚ deadrise prisma-
tic wedge (See [4] and [5]). The hull is dropped with an
initial zero speed from different heights H, with various
heel angleα (Fig. 3). The dynamic characteristics of the
hull (mass, inertia, position of the mass center) are para-
meters of experiments too.

C

G

H

α

air
free surface

water
FIG. 3 – Experimental overview

Owing to the high aspect ratio of the hull (0.61m x
2.44m) , 2D hull section simulations were able to be done.
The results of vertical and angular accelerations were
compared with the experimental data (Fig. 4 ).
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CG 0.216m

FIG. 4 – Example of comparaison for an asymmetric case

Good agreement is noticed. Fast variations on experi-
mental data are not captured by simulations since they are
produced by structural vibrations.

6.2 The self-propelled fish-like body

This case deals with the free motion of one flexible
body (Fig. 5).

Y

Z

X

FIG. 5 – 3D fish-like body

Only the shape of the body is imposed, and the response
of the fluid induced by the deformation of the body creates
fluid forces on it and then movement. Hence, the position
of the "virtual fish" in space is an additional unknown of
the computation.

The deformation of the body shape imposes to have
recourse to the spring analogy method at every new step
time to compute a fish-fitted mesh. This mesh is then
moved by a rigid transformation to position the body in
space. Here, a non-linear coupling with an added mass
term is required to achieve a stable coupling.

2D and 3D simulations were already performed by im-
posing a periodical fish-like deformation law, with an ini-
tial zero body speed. One observes that after a transitio-
nal state, the speed of the fish becomes periodical with a
constant mean speed (Fig. 6).
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FIG. 6 – Time evolution of the speed of the fish

This periodical behaviour can also be viewed on Fig. 7
since the curve tends to be superimposed on itself.
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FIG. 7 – Transerval versus longitudinal velocity



6.3 Free motion of a floating box on waves genera-
ted by a wave-maker

This study used experiments realized at the Technical
University of Berlin and described in [6]. Here, two bo-
dies are involved. The water-maker which angle is impo-
sed in time by experimental data, generates a large wave
package. The other one is the free-floating box, which
density is 0.68g/cm3 (See Fig. 8).

Preliminary simulations were performed. The non-
linear coupling without added mass term ensures the sta-
bility of the coupling for the floating body. The spring
analogy technique is invoked at each new time step. Ad-
ditionally, the analytical weighted reggridding is required
during the non-linear iterations to adjust the body posi-
tion. Two meshes have been employed, one with a no-
slip condition on the body surfaces, the other with a slip
condition. Comparisons with the experimental body posi-
tion measurements already show that viscous effects are
important. Fig. 10 confirms that the motion of the floating
box is greatly influenced by the type of boundary condi-
tion on it. Nevertheless, these meshes have to be improved
even these first simulations are encouraging.
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7 Conclusion

This paper was focused on techniques which were ad-
ded in the flow solver ISIS, to achieve coupling between
body motion and flow simulation. These described appli-
cations demonstrated the robustness of the chosen metho-
dology.

However, parallelization of the spring analogy regrid-
ding remains to be completed to compute finer grids wi-
thin reasonable CPU time. All the presented test cases will
be assessed to evaluate the influence of the discretization
error before the computation of seakeeping configuration.
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1 Introduction

This paper intends to show a comparison between two di�erent free surface 
ow solvers.
The �rst one is a fast potential 
ow method based on a spectral technique. This one-phase potential


ow model is limited to non-breaking 
ows, due to a single-valued free-surface formulation. However,
its features of fast calculation, high accuracy and robustness up to almost vertical slopes may be of
interest. It will also be the occasion to compare di�erent spectral techniques, including a new variant of
fully-dealiased High-Order Spectral method.

The second model solves the Navier-Stokes equation and uses a 'Volume Of Fluid' method for predic-
ting the free surface in a fully-coupled approach to calculate the 
ow motion. This VOF method includes
no reconstruction. Indeed, to ensure the accuracy of the method, the sharpness of the interface is conser-
ved using a High Resolution scheme for the convection discretisation. The discretisation is made by a
�nite volumes technique such that structured or unstructured meshes are usable.

Previous validating two-dimensional cases will �rst be presented. Comparisons of simulations of slo-
shing waves in a three-dimensional tank will then be presented and discussed, including the post-breaking
stage in the VOF-model calculations.

2 Spectral Solver

The application of spectral methods to potential 
ow simulations are limited to a few examples up to
now (including e.g. [13] [8], [10], and [14]), despite their well-known quick convergence and high accuracy
features. However, their application was limited until recently to simulations of wave �elds starting from an
initial sea-state. Le Touz�e & Ferrant [15] have proposed an extended model able to generate and propagate
accurately fully-nonlinear wave �elds starting from the rest. This model is included in the novel Spectral-
Wave Explicit Navier-Stokes Equations (SWENSE) model recently derived by Ferrant et al.[1] to calculate
the di�raction on bodies submitted to a fully-nonlinear wave �eld in viscous 
ow. To compare with the
VOF method here, only the kernel of the spectral model is employed, i.e. a three-dimensional wave tank
without generating device, in which fully-nonlinear free surface conditions (FNFSCs) are modelled. Both
the direct method by Fenton & Rienecker [9], and the High-Order Spectral technique by West et al.[10]
will be used and compared.



Under potential 
ow theory considering the free surface to be single-valued, the potential and the free
surface elevation verify in the 
uid domain D of the Lx � Ly � 1 tank :
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Then the potential is expressed by means of a spectral expansion on the natural modes of the 
uid domain
D [9] :

�(x; y; z; t) =
X

(nx;ny)

Anxny (t)
cosh[knxny (z + 1)]

cosh[knxny ]
ei(knxx+knyy) in D (2)

This expansion is plotted in the preceding set of equations. Then collocation nodes are spread over the
free surface at its instantaneous position, and from the two FNFSCs one can get the time derivatives of
� and of the time modal amplitudes Anxny (t) in a pseudo-spectral manner, involving the resolution of a
linear system at each sub-step of the time-marching process. � at the collocation nodes and the Anxny (t)
are then advanced in time using a 4th-order Runge-Kutta scheme.

Alternatively, the FNFSCs can be written by means of the Zakharov surface potential [17]. The only
remaining non-surfacic quantity in their expression is the potential vertical derivative @�=@z. The so-
called High-Order Spectral (HOS) technique consists then in expanding this last quantity located at
the exact free surface position, in Taylor series about the undisturbed free surface position z = 0. An
iterative process can then be settled to obtain @�=@z through that development, starting from known
surface quantities (such as the surface potential). This iterative process is also solved in a pseudo-spectral
manner, this time by means of FFTs, bene�ting from the evaluation at the �xed surface z = 0. However,
by plotting in the FNFSCs the solution obtained for @�=@z out of this iterative process, one gets the
full expression of these FNFSCs still at their exact position. The surface quantities, again at this exact
position, can next be updated through the time-marching scheme. This is to say that the HOS technique
retains the fully-nonlinear feature of the solution, despite the Taylor expansion and the following iterative
resolution, which is inner and not correlated to the main resolution. This model is therefore not linked
to classical perturbation series expansions.

This HOS technique has been proposed independently and almost simultaneously by Dommermuth
& Yue [8] and West et al.[10]. However, as noticed by Tanaka [14], the West et al.version should rather
be considered since its consistent development in orders of � fully retains the Hamiltonian conservative
structure of the solution. So here a new fully-dealiased version of the West et al.solution is used, formulated
in a bounded tank whereas theirs is for unbounded periodic free surfaces.

3 Free Surface Capturing Solver

The 2D Free Surface Capturing method used in this comparison has been presented during the Nutt's
of 2002 [4]. The novelty in the code is the used of a new correction method for volume fraction �eld,
and the new ability of it to simulate three dimensional application. Practically, the 'Volume Of Fluid'
method employed has been investigated by several authors as Ubbink[16], Peri�c[11, 5] and Didier[7]. This
method calculate the 
ow in the two 
uids (air and water), considered as one single 
uid whose physical
properties vary across the interface. The physical characteristics � and � are determined using the value
of an additional variable (c) the volume fraction, given in equation (3). The value of (c) is such that, if
a cell is �lled with 
uid 1, (c=0), and if it is �lled with 
uid 2, (c=1). The behaviour of the free surface
is calculated through an additional advection equation (4). Consequently, the computation is performed
on one a large �xed grid, which is one of the advantages of the method.

� =
c�1 + (1� c)�2

�1
� =

c�1 + (1� c)�2
�1

(3)

@c

@t
+
�!
r � (c�!u ) = 0 (4)



The disadvantage of the method is the diÆculties to conserve correct global volume of 
uid. In
the correction method employed, di�erent level of neighbour of the free surface are de�ned, the level 1
corresponding to the cells crossed by the interface. Then the cell which have a level higher to 4, the volume
fraction is corrected to 0 or 1. The others with a level lower than 4 is corrected in order to obtained the
exact initial volume of 
uid. So, the conservation of the global volume is ensured and the transition is
thin.

The 
ow is calculated using the incompressible Navier-Stokes equations which drive the motion of
the 
uid. In order to discretise the system, their dimensionless conservative form, as presented below
(5, 6), is employed using a fully implicit �nite volume method. To ensure the accuracy of the solver,
the integrals are approximated to second order and the 
ux approximation is evaluated with a deferred
correction. One critical issue of the VOF method is the choice of the di�erencing schemes employed to
solve the convective term of the volume fraction equation. Low order schemes like central di�erencing
schemes are not suitable because bounded solution is not ensured. And other di�erencing schemes like
�rst-order upwind scheme are too di�usive, smear the interface and introduce arti�cial mixing of the two

uids over a wide region. Therefore high order mixing schemes have been designed for this application
such as the CICSAM scheme developed by Ubbink[16]. It preserves a sharp transition zone with a checked
boundedness criterion.
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As indicated before the system is built through a Fully Coupled method. Numerically this technique
presents the advantage of accelerating the velocity-pressure coupling and fasten the convergence. More
precisely, the Rhie and Chow[12] velocity 
ux reconstruction is applied to the conservation of momentum
Navier-Stokes equation to obtain a single system using the pressure, the velocity and an added variable the
second velocity. The solution is calculated with an iterative algorithm BiCGSTAB-$ using an incomplete
LU decomposition preconditionner.

The VOF solver capabilities have been checked on di�erent applications [3, 4, 2], such as the 
ow in
a sloshing tank or the simulation of a Rayleigh-Taylor instability.

4 Results

The �rst sloshing 
ow used to compare the solver is an two-dimensional test case . It has been
compared to experiment made by Corrignan[6]. The tank employed is 0.4 m wide, 0.2 m high and is �lled
to 60% of water. The movement of the tank is an horizontal oscillating displacement. It is ruled by the
equation (7). The VOF calculations were performed on a structured of about 3500 control volumes and
the time step is about dt = 0:001.

x(t) =

�
A � (sin(2�f1t)� sin(2�f2t)) if 0 � t � 3:43s
0 otherwise

(7)

A = 7:5:10�3m
f1 = 1:598Hz
f2 = 1:307Hz

(8)

On the following �gures, the exact interface shape of the experiment, the spectral and the VOF
simulation is showed. the numerical results are in good agrement withe the experimental one. And it
can be notice that the transfers between the potential energy and kinetic energy seem to be correctly
simulated for the VOF solution and the numerical di�usion seems to be negligible.
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The second application has been made in a three-dimensional tank. The tank is B=25 m and L=25 m
wide and contains 1 m 
uid. The translational movement is explain in 9, where !0x and !0y are calculated
using 10, the terms with m=1,3,5... ,n=0 and n=1,3,5... m=0 correspond to the symmetric motions in
the x and y directions, respectively. in our case each �rst frequencies are obtained by taking m=1, n=0
and n=1, m=0. �

x(t) = A � sin(0:998!0xt)
y(t) = A � sin(0:998!0yt)

(9)
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Fig. 1: Free surface elevation in the tank at t=10
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Fig. 2: Free surface elevation in the tank at t=21
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Fig. 3: Free surface elevation in the tank at t=44.1

The di�erent views show the free surface shape obtained using the VOF (left) and spectral (right)
models. Four selected instants of the simulation are presented, as the forced motion of the tank leads
to steeper and steeper slopes in the free surface. Contours on the various snapshots represent the water
elevation, the levels shown are exactly the same in the two simulations. On the �rst pair of views, one
can notice a nice agreement between the two potential and viscous 
ow models. With the increase of the
energy given to the 
uid, the free surface motion becomes more and more violent, leading to dissipation
in the viscous model. Therefore one can observe small di�erences increasing with time between the two
solutions, in particular less pronounced crests and slopes in the VOF results. However, the much faster
potential model and the VOF solution are in close agreement up to the time of the third pair of views,
where a violent crest occurs in one corner of the tank. Of our two spectral models, only the direct method
is able to keep on, with the inclusion of smoothing, up to the time of �rst breaking shortly after (fourth
pair of snapshots). The very fast HOS technique (without smoothing) stops at the time of the third
views, where very steep slopes close to breaking are already present. A �ner comparison of the direct and
HOS spectral methods will be presented at the workshop, as well as the post-breaking stage of the VOF
calculation.
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Introduction 

 
Today a lot of ocean or coastal engineering problems involving wave-body interactions is numerically treated by 

solving Reyolds Averaged Navier-Stokes Equations (RANSE). This is quite interesting because vorticity and viscosity 
effects can be very important for understanding of wave-body interactions. 

 However numerical simulations under viscous flow theory lead to very large CPU requirements because grids must 
be very refined between location of the structure and location of wave generation (for structured or non-structured grids 
used with finite differences or finite volumes). This is indeed necessary to propagate the wave signal from the paddle to 
the structure with no noticeable damping. Moreover successive wave reflections on the body or the paddle affect the 
incoming wave train and reduce the useable duration of the numerical simulation. However this kind of problem which 
concerns Numerical Wave Tanks (NWTs) based on potential or viscous flow theory can be easily largely avoided by 
using immersed singularities (spinning dipole is the most efficient because it can be generate waves in downstream 
direction only) or pressure patch (Armenio & Favretto, 1997). 

To overcome these problems an original formulation is used here by modifying the initial problem in order to solve 
the diffracted flow only. This approach has previously been used in the frame of potential theory , by Di Mascio et al. 
(1994) or Ferrant (1996) in three dimensions, and e.g. Schønberg and Chaplin (2001) in two dimensions. It consists in 
splitting all unknowns of the problem (potential and free-surface elevation) in a sum of an incident term and a diffracted 
term. The incident terms are described explicitly. Thus only the part of the grid in the vicinity of the structure needs to 
be refined. Far from the body a stretched grid allows an efficient damping of the diffracted flow. 

Here splitting of unknowns will be applied to a 2D viscous flow solver, Gentaz et al. (2000). The incident flow is 
supposed to verify a non-linear potential flow and the diffracted flow is solved by assuming that the total flow verifies 
RANS Equations : modified RANS Equations verified by the diffracted flow are named in the following SWENS 
(Spectral Wave Explicit Navier-Stokes) Equations.  

This technique has been already successfully used for the case of a non-linear regular wave train on a submerged 
square cylinder (with its axis parallel to the wave crest)  – see Ferrant et al. (2002) – and hydrodynamic forces had been 
compared with numerical and experimental data. Here an submerged horizontal circular cylinder under regular waves is 
considered in order to focus on free-surface elevations and its harmonic components on lee the side of the cylinder and 
to compare them with numerical and experimental results by Schønberg & Chaplin (2001) and Chaplin (2001) 
respectively. 

 
 
Modification of the RANSE Solver to solve the diffracted problem 

 
The viscous flow solver used in this study solves 2D RANS (Reynolds Averaged Navier-Stokes) Equations under 

laminar flow assumption and non-linear free-surface boundary conditions.  
In the initial formulation of the problem primitive variables are Cartesian components of velocity ( )21 u,u , pressure p 

and free-surface elevation h. Dependant space unknowns are ( )21 x,x  horizontally and vertically upward oriented 
respectively. 
To consider the single diffracted problem, primitive unknowns (Cartesian components of velocity ( )αu  with { }2,1∈α , 
pressure p and free-surface elevation h) are decomposed as follows : 
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Variables with the subscripts I and D represent incident and diffracted variables, respectively. 
This decomposition is then introduced in the set of initial equations assuming that the incident wave flow fulfils the  

Euler equations and non-linear free surface boundary conditions in potential flow theory  : 
 
- Transport equations : 
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- Mass conservation : 
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- Free-surface boundary conditions : 

(i) kinematic condition           ( ) 2
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(ii) normal dynamic condition         ji
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                                          (iii) tangential dynamic condition     ( ) ( ) 0=+
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In Equations (2) to (6) terms with incident variables (velocities, velocity gradients, free-surface elevations and free-

surface elevation gradients …) are explicitly computed knowing kinematics and interface position of the incident flow. 
This set of equations will be named in the following SWENS (Spectral Wave Explicit Navier-Stokes) Equations. Note 
that the equations have been given for laminar flow, which is consistent with numerical examples given in the sequel. 
SWENS equations for turbulent flows are easily obtained by taking the turbulent viscosity νt into account. 

 
In order to compute the set of equations defined previously the fluid domain is discretised by a structured monoblock 
grid. The equations (2) to (6) are modified by using a set of curvilinear space variables fitted to the geometry of the 
fluid domain to simplify the implementation of boundary conditions. A free-surface tracking method is used to update 
the interface : at each time step the mesh is regridded following the new shape of the free surface. Equations are 
discretised by second-order finite difference schemes in space and time. A pressure equation is obtained by combining 
the equation of mass conservation (3) with transport equations (2) following the Rhie & Chow procedure (Rhie & 
Chow, 1983) : thus checkerboard oscillations classically associated with centered second-order schemes are suppressed. 

An original fully-coupled method, developed by Alessandrini and Delhommeau (1995), is used to solve the 
discretised set of equations : at each iteration all equations (RANS Equations, pressure equation, free-surface boundary 
conditions, no-slip conditions) are assembled in a single large and sparse linear system which is solved using a bi-
CGSTAB algorithm with an incomplete LU preconditioning.  

 
 
Models of incident flows 

 
To consider a non-linear regular incident wave train an algorithm based on the stream function theory of Rienecker 

& Fenton (1981) has been implemented.  
A irregular wave train could be prescribed as well by using a spectral formulation. This kind of procedure  has been 

already developed by Ferrant & Le Touzé (2002) combining a spectral formulation and a Boundary Element Method 
(BEM) to simulate an irregular wave train interacting with a 3D body under potential flow theory. 



  

 
 

 
Finally the combination of incident potential flow and RANS solvers for the diffracted problem can be summarized 

as follows : At each time step of the computation the geometry of the fluid domain is updated. The kinematics of the 
incident wave flow is calculated on this updated grid and then the diffracted problem defined by the set of SWENS 
Equations (2) to (6) is solved using the viscous flow software described previously.  

 
 
Preliminary results 
 
Two unnecessary approximations used previously (Ferrant  et al., 2002) have been modified in the present work. 

First, finite differences methods were used to determinate the derivatives of the incident flow variables. However this 
flow is known analytically so the formulas of its derivatives can be directly obtained. These analytical terms have been 
implemented and the results obtained by simulations including the two kinds of derivatives have been compared. As 
shown in the numerical results on the left of figure 1 the differences between the two ways of calculating the derivatives 
is sizeable and can reach 10 %. However the consequences on global quantities like the free surface profiles are almost 
negligible (figure 1, on the right).  
 

     
Figure 1 : Deep water wave diffracted by a circular cylinder at x=0.  

Left : variation of 
x
U

∂
∂  for the incident flow at t=12 s, solid : finite differences; dashed line : analytical derivative .  

Right : Difference in percentages between the two free-surface elevations at x=0.2. 
 
 
 

 
 

Figure 2 : Free-surface profile of deep water wave diffracted by a circular cylinder. 
Dashed and solid lines correspond respectively to results from Euler and RANS assumption. 

 
In the other approximation the incident wave flow was assuming to verify RANS Equations in order to simplify the 

equation set (2) to (6). This was not strictly exact because the incident non-linear flow model of Rienecker & Fenton 
(1981) used here is based on potential flow theory and verifies Euler equations only. That is why equations (2) to (6) 



  

 
 

have been modified consequently. Figure 2 gives a comparison between two free-surface profiles corresponding to 
results from Euler or RANS assumption for the incident flow and shows that profiles are very close.  

Finally verification of volume conservation has been made: the variation is smaller than 1 % for simulations longer 
than 40 s. 
 
 
Results 
 

A non-linear regular wave train is propagating above an immersed horizontal circular cylinder in deep water is 
computed here following numerical study of Schønberg & Chaplin (2001) and measurements by Chaplin (2001). 
Parameters of computation are normalised by taking the cylinder radius c and (c/g)1/2 as length and time scales 
respectively. Thus the cylinder submergence is d/c=1.5, the angular frequency kc=0.56 and the amplitude of the 
fundamental frequency component a/c is 0.107. With these parameters, the Keulegan-Carpenter number is KC=0.15. 

 

 
Figure 3 : details of the grid used in computations 

 
For present computation under viscous flow theory a 300000 nodes grid has been used in order to compute properly 

higher order harmonic components of the free surface elevation – about 40 points per wavelength for the third harmonic 
to compare with 10 points in the same case for the potential flow computations of Schønberg & Chaplin (2001) – A part 
of this grid is shown on figure 3. 
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Figure 4 : Free-surface profile for d/c=1.5, kc=0.56 and  a/c = 0.107. 
Solid line : present computations; dotted line : computations from Schønberg & Chaplin (2001) 



  

 
 

 
On figure 4 instantaneous free-surface profiles are compared with potential flow computations made by Schønberg & 
Chaplin (2001) with a quite good agreement. These profiles are plotted at the instant at which the undisturbed wave 
filed would have a zero up-crossing at x=0.   
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Figure 5 : Fourier components of the free surface elevation.  
 Symbols : measurements from Chaplin (2001); solid line : present computation. 

 
Figure 5 shows the spatial variations of the first three harmonic components of the free surface elevation. For 

several locations in the numerical wave tank these components have been computed using a Fourier decomposition of 
the time history of free-surface elevation signal in a moving window of one wave period long. Present computations are 
in good agreement with Chaplin's experiments for the first wave crest located behind the cylinder.  For the following 
crests, present results underestimate the amplitudes of the harmonics because the grid is stretched in this part of the 
wave tank. Concerning reflections of the incident signal – they must be zero according to linear theory (Dean, 1948) or 
second-order accuracy (Mc Iver & Mc Iver) and cannot be measured with enough confidence experimentally (Chaplin, 
1984; Grue, 1992)– present computations show a small spatial variation for the first harmonic component. This agrees 
with recent measurements from Chaplin (2001) who attributes these results to reflection at the fundamental frequency : 
according to him the corresponding reflection coefficient  follows ( )31 kaa/a )( ≈−  for large values of ( )3ka  and thus 
reflection is not significant (Schønberg & Chaplin, 2001). 

 
 
Conclusion 
 

Diffraction of a non-linear regular wave train by an submerged circular cylinder has been studied with an original 
approach combining viscous flow solver and explicit modelling of the incident waves. Instead of computing the whole 
velocity, pressure and free surface fields, the diffracted flow only is computed solving SWENS Equations (RANS 
Equations where variables have been decomposed in incident and diffracted variables).  

First results are encouraging and other comparisons will be undertaken for this case (harmonic components of 
hydrodynamic forces or free wave amplitudes at the lee side of the cylinder). 
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DEVELOPMENT AND APPLICATION OF AN UNSTRUCTURED FINITE
VOLUME SOLVER FOR FREE SURFACE FLOWS IN 2D

Tommi Mikkola1

Ship Laboratory, Helsinki University of Technology

1 INTRODUCTION

Within the field of ship research, viscous free surface flows have commonly been solved using surface tracking
methods based on structured boundary fitted grids. Due to the use of structured grids, these methods are, however, not
very well suited for cases involving complex geometries and large deformations of the free surface. Unstructured methods,
having the capability to cope also with geometrical complexities, are therefore a more suitable choice for these kind of
cases. An equally important feature of unstructured grids is adaptivity, i.e. the possibility to regenerate the grid locally
during the solution process without affecting the rest of the grid.

The purpose of the on-going research at Helsinki University of Technology Shiplaboratory is the development
of an unstructured, finite volume flow solver for free surface flows with surface tracking, adaptive grid reconstruction.
The first part of the work was the development of a basic laminar 2D solver without free surface for triangles based on the
pressure correction method.[8] In this paper the solver is extended for free surface flows with emphasis on the coupling
of free surface solution and pressure correction method. Two approaches for the solution of the free surface deformation,
with partial coupling to the bulk flow solution, are presented. As the interest is on the free surface solution approach, only
Eulerian flow is considered. The surface tracking is implemented with a well known spring analogy model.

2 GOVERNING EQUATIONS

The flow is assumed to be incompressible, inviscid and isothermal in 2D. The governing equations for the flow
are the incompressible 2D continuity and momentum balance equations. In conservation form these are

∫

∂Ω

ρvinidS = 0 and
∫

Ω

ρ
∂vi
∂t
dV +

∫

∂Ω

ρvivjnjdS = −
∫

∂Ω

pnidS (1)

respectively. Here ρ is the density, vi are the velocity components and ni are the components of the outer normal for
domain Ω respectively. The piezometric pressure p includes the effect of gravity and is given by

p = ptot + ρgx2 , (2)

where ptot is the total physical pressure and gravity points in the negative x2-direction.
The bulk flow and free surface are connected through boundary conditions, which have to be satisfied on the

deforming surface. As a material interface, the free surface introduces two types of conditions on the flow quantities. The
first one of these is the kinematic boundary condition stating that there is no flow through the interface. This requires that

(
vi − vfs

i

)
ni = 0 , where vfs

i =
∂h

∂t
δi2 (3)

is the velocity of the surface parallel to the x2-axis. Wave height h is measured from some reference level parallel to the
x1-axis. Writing out Eq. (3) gives the kinematic boundary condition

∂h

∂t
= v2 + v1

n1

n2
. (4)

The second condition to be satisfied on the free surface is the dynamic boundary condition. This states, that
stresses have to be continous across the free surface. In this work, the inviscid approximation of this without surface
tension effects is used. Assuming zero atmospheric pressure and taking into account Eq. (2) leads to the dynamic boundary
condition

p = ρgh (5)

for the piezometric pressure on the free surface.

1Ship Laboratory, Helsinki University of Technology, Otakaari 4, FIN-02015 Espoo, Finland – E-Mail: Tommi.Mikkola@hut.fi
This work has been carried out in ’Ship Flows’ project funded by the Academy of Finland (project 49846)



3 NUMERICAL METHOD

The numerical method used in this work is based on the unstructured, triangle based, finite volume method and
the flow equations are solved using a SIMPLE-type [4], collocated pressure correction method.[8] Boundary conditions
are taken into account by setting appropriate values for the variables in ghost cells on the boundaries. Velocities and
pressures are defined at the centres of the control volumes and wave heights at the centres of the free surface faces.

The solution process is based on a velocity-pressure decoupling, in which the velocities and pressures are solved
separately in an iterative manner. In each iteration, the velocity field is first updated from momentum balance using the
current pressure field and corrected after this by altering the pressure according to the resulting mass balance error in the
continuity equation. This process is repeated until a steady state is reached. Each global iteration can be divided into three
parts: the velocity update, calculation of the mass balance error and the pressure correction stage.

A common approach to solve free surface problems is to decouple the bulk flow and free surface problems. In
that case, the solution of the flow consists of two independent steps iterated in turns until a converged solution is reached.
For each iteration, the bulk flow is updated first with boundary conditions according to the current free surface. This is
followed by the solution of the new free surface location based on the updated bulk flow and adjustment of the grid to
match the new boundary. Calculation of the new wave height can be based on either the kinematic or dynamic boundary
condition. The next bulk flow step is then based on boundary conditions on the updated free surface.

In the current method, the approach above is improved slightly by partially coupling the bulk flow and free
surface solutions through the pressure correction equation.

3.1 Kinematic free surface approach

In this approach the update of the wave height is based on the kinematic boundary condition. The grid is
assumed to be fixed and to coincide with the instantaneous free surface at the current time step. Velocity components
are updated from the momentum balance using dynamic boundary condition (5) for the pressure and either zeroth or first
order extrapolation for the velocities on the free surface.

Full decoupling of the bulk flow and free surface solutions would result into a constant pressure boundary con-
dition on the free surface, implying zero pressure correction on the free surface. On the other hand, the deformation of
the free surface combined with the dynamic boundary condition changes the pressure on the free surface. This incompat-
ibility of boundary conditions would lead to a jump in the pressure across the free surface during the iteration, affecting
the stability of the method. In order to avoid this complication, the deforming free surface is taken into account during the
pressure correction stage using the dynamic boundary condition as follows.

After the calculation of the mass balance error, the change of wave height is evaluated by integrating the kin-
ematic boundary condition (4) in time with the explicit Euler scheme. Pressure on the new free surface has to satisfy the
dynamic boundary condition, giving with the resulting change in wave height

p′
fs

= ρg

(
v2 + v1

n1

n2

)
∆t , (6)

which is used as a boundary condition for the pressure corrections on the free surface. Due to the relaxation of the pressure
corrections in SIMPLE method, wave heights have to be relaxed similarly with

hn+1 = hn + αp∆h (7)

in order to get a free surface compatible with the corrected pressure field.

3.2 Dynamic free surface approach

In the second approach used in the current method, the calculation of the new wave height is based on the
dynamic boundary condition. Each iteration starts with the calculation of the current wave height from the pressure on
the surface:

h =
pfs

ρg
. (8)

As with the kinematic approach, the grid is assumed fixed. Time integration of the momentum equations is done
assuming slip condition on the free surface. The pressures are thus extrapolated linearly into the ghost cells and velocity
vector is mirrored with respect to the surface, resulting into zero mass flux through the surface. This same condition is
used for the calculation of the mass balance error as well.

Test calculations showed, that full decoupling of the solutions would lead to large deformations on the free sur-
face, making the method very unstable, unless considerable under-relaxation of the pressures is applied after the solution
of the pressure correction equation. Heavy under-relaxation would, however, have a dramatic effect on the convergence
speed of the solution process.



In this approach, the partial coupling of the bulk flow and free surface solutions is in a form of under-relaxation
in the pressure correction stage based on the deforming free surface. As in the first method, the pressure correction on the
free surface and the change in wave height can be related through the dynamic boundary condition giving

∆h =
p′fs

ρg
. (9)

If the grid is assumed fixed, this movement of the free surface results into a mass flux through the face of the fixed grid
given by the kinematic boundary condition as

ṁ∗fslm =
f1p
′
l + (1− f1) p′m

g∆t
Slmn2,lm . (10)

Here l is the computational cell with a face on the free surface andm the associated ghost cell. This mass flux is added to
the mass balance error in the pressure correction equation. By using zeroth order extrapolation for the pressure corrections
in Eq. (10), i.e. p′m = p′l the contribution can be transfered to the diagonal of the pressure correction equation, giving for
the diagonal term

αfs
ll = αll +

Slmn2,lm

g∆t
. (11)

3.3 Grid update

The wave heights are given at the centres of the faces on the free surface. Before the grid can be updated,
these values have to be transformed to the grid points on the surface. A centred scheme for the transformation leads
to decoupling of the neighbouring wave heights, when calculating normal vectors, and therefore an upwind scheme is
used instead. Assuming that the flow is from left to right, the wave height at the right hand end point of the face hr is
approximated by a third order scheme

hr =
2h̄r + 2h− h̄l

3
. (12)

Here h̄r and h̄l are the weighted averages of neighbouring wave heights at the right and left hand ends of the face
respectively. An alternative to this scheme is zeroth order extrapolation of wave height, which can be used close to
boundaries to damp out transient waves.

The updating of the grid is based on the well known linear spring analogy model first presented by Batina [1],
in which the edges of the grid connecting the grid points are assumed to be linear springs. The grid points are moved by
searching for the equilibrium of the spring system knowing the displacements on the free surface.

4 NUMERICAL TESTS

The free surface solution approaches described above have been tested with two test cases. These are a flow over
a bump on the bottom of an infinitely wide channel [3] and flow over a submerged hydofoil with an angle of attack [5].

Results are presented for three different free surface solution approaches. These are:

a. kinematic free surface approach with zero gradient condition for the velocity components

b. kinematic free surface approach with linear extrapolation for the velocity components

c. dynamic free surface approach

Local time stepping is used for the bulk flow and free surface solutions in order to accelerate the convergence
of the solution process. These are controlled separately through nondimensional CFL-numbers given by

CFL = max
m=1,3

vi,lni,lmSlm∆tl
Vl

CFLfs =
v1∆tfs

Sn2
(13)

for bulk flow and free surface time steps respectively.

4.1 Flow over a bump

This case was chosen for the overall comparison of different approaches during the development of the free
surface solution method due to its simplicity and the prior experience [7] with the case. The bump on the floor of the
channel is of Gaussian bell shape with a height of 0.1 and the centre at x1 = 10. In x1-direction the domain extends from
-20 to 50, with damping zones from -20 to 0 and from 30 to 50 on the free surface. Undisturbed water level is at x2 = 0.
The grid for the case was created with EasyMesh grid generator [9] and has 1533 nodes, 4123 sides and 2591 triangles.
The number of points on the free surface is 279. Cell size in the grid increases towards the inflow and outflow boundaries.



Testing has been performed with both a subcritical and supercritical cases, with Froude numbers based on depth
below and above unity respectively. The results presented below are for the subcritical case with Froude number of 0.567.
At low inflow velocity, both free surface approaches performed well in terms of convergence. The time step parameters
CFL and CFLfs were 5.0 and 1.0 respectively for both approaches. Pressure corrections were under-relaxed slightly more
in the case of the dynamic approach, with relaxation factor 0.3 for the kinematic and 0.2 for the dynamic approach. With
these choices the residuals converged to machine accuracy after around 6000 iterations for the kinematic approach and
after around 8000 iterations for the dynamic approach, where the slower convergence of the latter is probably due to the
smaller pressure relaxation factor. For comparison, the case was tested also with fully decoupled approaches. In this case,
the dynamic approach was extremely unstable and, even with radical reduction of the pressure under-relaxation factor,
computations diverged. For the kinematic approach, the difference was more subtle. With fully decoupled approach, the
free surface CFL-number had to be limited to roughly 0.5. As the limiting factor with the above choice of parameters
seemed to be the free surface evolution, the reduction of the free surface time step resulted into roughly twice as slow
convergence of the total solution.

At higher velocities considerable difference emerged between the approaches. As the inflow velocity was in-
creased, the dynamic approach became highly unstable with large free surface deformations leading to the divergence of
the solution, unless the final pressure corrections were heavily under-relaxed. The kinematic approaches on the other hand
required very few changes to the input parameters.

Some differences can also be seen in the wave profiles compared in Fig. 1 with a result from a previous test
with FINFLO flow solver [7]. The damping with the dynamic approach is slightly stronger than with the kinematic
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Figure 1: Wave profiles for flow over a bump compared with results for FINFLO [7].

approach and linear extrapolation for the velocity components. For the kinematic approach with zero gradient condition,
the damping is considerably stronger than with cases b and c. The location and depth of the first through as well as the
location of the first peak for all cases agree well with the previous results for FINFLO. The strong damping of the wave
field in the FINFLO result is partially due to the rapid increase of the cell size towards the outflow boundary, and therefore
further away from the obstacle the results are not comparable.

Differences in the flow field are most easily seen from the contours of v2-velocity shown in Fig. 2 for cases
a and c. The results for cases b and c were practically identical. Here the contours are drawn using the values at the
cell centres as well as the averaged values at the grid points. Cases b and c give relatively smooth and almost identical
velocity distributions, whereas the velocity field from case a has some oscillations close to the free surface. It can be seen,
that because of the zero gradient condition the contours cross the free surface orthogonally for a large part, which clearly
should not be the case. Due to an incompatible boundary condition there is thus a jump in the gradient field close to the
free surface.

4.2 Flow over a submerged hydrofoil

The accuracy of the free surface approaches was checked with a flow over a submerged NACA-0012 hydrofoil
with an angle of attack of 5 degrees. The Froude number based on the chord length is 0.567. Experimental results for this
case have been presented by Duncan [5]. It has also been extensively used for numerical testing, see e.g. [6] and [2].

The chord length of the hydrofoil is 1 and the leading edge is at (0,-0.99). The grid consists of 2996 points,
8699 sides and 5703 triangles. There are damping zones on the free surface from the inflow boundary to -7 and from 6.25
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Figure 2: Contours of v2-velocity for flow over a bump in cases a and c respectively. Contour interval is 0.02.

to the outflow boundary. The resolution of the grid is increased around the leading and trailing edges of the foil as well
as close to the free surface between x1 = 0 and x1 = 6.25. The number of points on the hydrofoil and on the free surface
are 128 and 115 respectively.

The CFL-numbers for the bulk flow and free surface solutions were set to 1.0 and 0.5 respectively. For pressure
correction factor 0.2 machine accuracy for the residuals was reached after 4000 to 5000 iterations in all cases, with slightly
more iterations required for the dynamic approach.
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Figure 3: Wave profiles for flow over a submerged hydrofoil compared with measurements by Duncan [5] and numerical
reference data by Hino et al. [6].

Wave profiles for different approaches are compared with experimental and numerical references in Fig. 3. Good
agreement with the numerical and experimental results can be seen with similar damping to the first test case. Compared
to the experiment, the depth of the first through is however under-estimated. This may be due to an insufficient resolution
of the grid in front of the through, where the cell size can be seen to increase quite rapidly. There is also a small difference
in the wave length between the computations and the measurement.

Comparison of the contours of velocities and pressure showed again, that cases b and c give practically identical
results, while the contours in case a oscillate slightly close to the free surface. Despite the differences close to the free
surface, discrepancies close to the hydrofoil are negligible. Pressure contours for case b are shown in Fig. 4.

5 CONCLUSIONS

Unstructured pressure correction solver based on triangle meshes has been extended for free surface flows. Two
kind of approaches for free surface solution with partial coupling to the pressure correction method have been studied.
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Figure 4: Contours of pressure for flow over a submerged hydrofoil in case b. Contour interval is 100.

In the kinematic approach the updating of the wave field is based on the kinematic boundary condition, whereas in the
dynamic approach the new wave height is evaluated from the dynamic boundary condition. Additionally, the kinematic
approach has been tested with two different velocity boundary conditions.

Comparison with the fully decoupled approaches showed, that at low inflow velocity the stability of the dynamic
approach was greatly improved by the partial coupling of the solutions. Some improvement was also shown for the
kinematic approach. Both approaches performed roughly equally well in terms of convergence speed. At higher velocities
partial coupling was effective only in the case of kinematic approach.

Wave profiles agreed well with experimental and numerical reference data. Numerical damping of the wave field
was marginally stronger in the dynamic approach, as long as linear extrapolation was used for the velocity components
on the free surface with the kinematic approach. Zeroth order extrapolation resulted into considerably stronger damping
of the wave field.

The next phase of the research will concentrate on the development of the adaptive, surface tracking grid recon-
struction. The proposed approach consists of two parts. The first part is the identification of the areas requiring updating
and regridding of these areas, while the second one is the initialization of the solution in the updated parts of the grid.
Because the intended approach is very similar to more common forms of adaptivity, it should be possible to make good
use of existing research on adaptive methods.
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1.Introduction

In recent years, various podded propulsors with an electrical propulsion system are being developed
aiming at better hydrodynamic performance. Among them, a system with electric motors inside a
pod is considered to be most promising. For the optimized design of ships with a podded propulsion
system, methods for predicting hydrodynamic performances of a ship with a podded propulsor are
required. CFD(Computational Fluid Dynamics) methods with an unstructured grid approach are
expected to be the most powerful tool for this purpose, since it can analyze turbulent viscous flows
around a complex geometry. For the analysis of self propulsion condition by CFD methods, propeller
effects should be taken into account in a Navier-Stokes solver. It can be achieved by the use of a body
force distribution representing propeller effects. This approach has been applied to analysis of ship
flows with a conventional propeller and generally showed good agreements with measured data[1].

In this paper, a Navier-Stokes solver with an unstructured grid method is applied to the prediction
of the performances of a ship with a podded propulsor. The numerical results are shown and compared
with measured results. Also, the discussions are made for the performances of the two ways of podded
propulsor arrangement, a pusher type and a tractor type. Through these applications, capability of
the numerical method is demonstrated

2.Numerical Method

Since a basic numerical procedure for the Navier-Stokes equations are described in references[2][3],
only the brief outline is given here.

Spatial discretization is based on a cell-centered finite-volume method. A computational domain is
divided into unstructured polyhedral cells and flow variables (pressure, velocity and eddy viscosity)
are stored in the center of each cell. Cells whose shape are hexahedra, tetrahedra, prisms or pyramids
can be used and the combinations of these cells give greater flexibility for handling complex geometry.

For the inviscid fluxes (convection terms and pressure gradient terms), the second order upwind
scheme based on the flux-differencing splitting of Roe with the MUSCL approach is employed. The
viscous fluxes are evaluated by the second order central scheme. Thus, the overall accuracy in space
is the second order.

The backward Euler scheme is used for the time integration. Local time stepping method is used,
in which time increment is determined for each cell in such a way that the CFL number is globally
constant. The linear equations derived from the time linearization of the fluxes are solved by the
Gauss-Seidel iteration.

The propeller effects are represented using the body force distributions which are calculated by a
simplified propeller theory[4].

3.Results and Discussions

Table 1 shows the principal particulars of the ship model used.



Table 1 Principal Particulars of Ship Model
Model Ship

Lpp(m) 6.6667 78.00
B(m) 0.9966 13.00
d(m) 0.2492 4.61
Cb 0.682

A ship type is a coastal cargo ship and its design speed is 12.0 kt. In the numerical simulation,
the Reynolds number is set 4.096 ×106 and free surface effect is not considered for simplicity. As a
turbulence model, Spalart-Allmaras model is adopted.

All the measurement, which include resistance and self propulson tests and wake measurement, were
conducted at the NMRI.

3.1 Towing Condition

In towing condition, the solution domain is set for the left half side due to flow symmetry. Its size
is,
−1.0 < x < 3.0,−2.0 < y, z < 0.0
which are nondimensionalized by Lpp and the origin of the coordinate is set FP.

X
Y

Z

X

Y

Z

Pusher type

X
Y

Z

Tractor type

Figure 1 Computational grids

The computational grids consist of 0.8 million cells (0.3 million prisms and 0.5 million tetrahedra)
and 0.3 million vertices (Figure 1). The grids are hybrid, that is, prisms are used in the region near
the hull surface and tetrahedra are used in the far field. Minimum spacing adjacent to the hull surface
is set as 1.0×10−6

The computed result of pressure distributions on the hull surface are shown in Figure 2. The
pressure distributions of pusher and tractor types are almost same on the hull and the strut surface.
On the pod surface, on the other hand, low pressure area are observed at the discontinuity of the pod
surface and pusher and tractor types show quite different pressure patterns.

Comparison of the nominal wake distributions are shown in Figure 3. The wake measurement was
performed only for the pusher type. The computed result shows a agreement with the measured
result. The wake shape can be considered as the superposition of the wakes of a ship hull and a pod
and also a strut.
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Figure 2 Pressure distributions on the hull surface(∆ p=0.1)
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Figure 3 Nominal wake distribution at propeller plane(∆ u=0.1)

Table 2 shows the computed and measured results of the form factor 1+K and the nominal wake
coefficient 1-wn. The computed form factor is larger than the measured results. Nominal wake
coefficients show good agreement with the measured result and exhibit the same tendency that 1-wn

of the tractor type is lower than that of the pusher type. As shown in Figure 3, in case of a tractor
type, a propeller plane is closer to the hull surface than in case of a pusher type, thus, the nominal
wake coefficient becomes lower.

Table 2 Comparisons of form factor and nominal wake coefficient
Measured Computed

Pusher Tractor Pusher Tractor
1+K 1.13 1.14 1.28 1.24
1-wn 0.880 — 0.885 0.863

3.2 Self-propulsion Condition

For the self propulsion condition, the Reynolds number is set to be the same as the towing condition.
The computational grids are made from the grids of towing condition, that is, the grids of towing
condition are mirrored on the y-plane. Thus the computational grids of self propulsion condition
consist of 1.6 million cells( 0.6 million are prisms and 1.0 million are tetrahedra ). The solution
domain is as follows:
−1.0 < x < 3.0,−2.0 < y < 2.0,−2.0 < z < 0.0



The computation of a self propulsion condition starts from the convergence results of a towing
condition. Propeller revolution number is changed automatically to match the propeller thrust to
ship drug at the ship point. Iterations are performed until the propeller revolution and the flow field
converge. Self propulsion factors are computed by the thrust identity method.
Table 3 shows the principal particulars of propeller model. Propeller open test result are depicted in

Figure 4 together with the prediction with the simplified propeller theory. The result of the simplified
propeller theory shows good agreement with the measured result.

Table 3 Principal Particulars of M.P.No.300
Diameter(m) 0.1965
Boss ratio 0.1665

Pitch ratio(0.7R) 0.6800
Blade width ratio 0.3423
Number of blades 4
Direction of turning Right
Blade section NACA

0.4 0.6
0

0.2

0.4
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10KQ

KT

ηo

J

10KQ

KT

ηo

Figure 4 Propeller open test result

Figure 5 depicts the pressure distributions on the hull surface. Surface pressure distributions on the
ship hull show little difference between in pusher and tractor types. In case of a pusher type, surface
pressure distributions of pod are lower than the towing condition due to the propeller suction. Also
pressure distributions in port and starboard sides of a pod surface are almost same. On the other
hand, surface pressure distributions of a tractor type are quite different between port and starboard
sides. Because a propeller slipstream hits the strut, lower pressure arises in starboard side. While
high pressure area arises in port side. These asymmetric forces cause problems in manoeuvrability.
In such a case, a fin is attached under the pod casing for the force balance. Also, informations of the
pressure distributions are important for the self propulsion performance and a propeller design.
The wake distributions behind the propeller slipstream(x=1.03) are shown in Figure 6. In case of a

pusher type, swirling velocities are kept in a propeller slipstream. On the contrary, in case of a tractor
type, they are deformed due to interaction with the strut.
Finally, comparison of self propulsion factors are shown in Table 4. The computed results are

compared with the measured results on the lowest Froude number Fn=0.18.
The computed results show the same tendency with the measured results, thus, all self propulsion

factors of a pusher type are larger than those of a tractor type. The thrust deduction coefficients of a
tractor type become lower than those of a pusher type due to drag increase of a pod in the propeller
slipstream. The effective wake coefficients of a tractor type is also smaller than those of a pusher
type. This is because the thrust of a tractor type is larger due to the displacement effect of a strut
and a pod, and also because a wake gain of a tractor type is larger than a pusher type. In the present
computation, the difference between a pusher and tractor types is very small in total efficiency.
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Figure 5 Pressure distributions on the hull surface(∆ p=0.1)
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Figure 6 Wake distributions at propeller race(x=1.03, ∆ u=0.1)

Table 4 Comparisons of self propulsion factor
Measured(Fn=0.18) Computed
Pusher Tractor Pusher Tractor

1-t 0.933 0.894 0.904 0.889
1-wt 0.930 0.856 0.904 0.867
ηr 1.011 1.001 1.029 1.010
ηo 0.595 0.580 0.578 0.573

4.Conclusion

Flow computations of a ship with a podded propulsor have been performed. The performances of
the two ways of podded propulsor arrangement, i.e., a pusher type and a tractor type, are compared.
The informations of flow fields and self propulsion factors are useful for a ship hull design.
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I. INTRODUCTION 
In recent years numerous attempts have been made to 

develop computational methods for viscous flows around a 
ship and many designers become to use CFD for designing 
hull forms. Moreover, it is getting feasible to simulate a 
flow around a ship with complex appendages. 

To solve a flow around a complex body, several methods 
have been proposed. They include a multi block method, a 
Chimera overlapping grid method or an unstructured grid 
method. In terms of grid generation, a multi block method 
needs many efforts and it is difficult for general users. A 
Chimera overlapping grid method is inaccurate in the 
conservation property and costs CPU time for interpolation 
between grids. An unstructured grid method is expected to 
be the most general approach. 

CFD is also requested to solve a flow around a moving 
complex body, for example a flow around a rotating 
propeller, a rudder and other appendages. 

The objective of this study is to develop an unsteady flow 
simulation method around a moving body using an 
unstructured grid. As the first step of validation, two-
dimensional simulations are conducted and compared with 
experimental data. 

The flapping foil experiment[1][2] was carried out by the 
Marine Hydrodynamics Laboratory at Massachusetts 
Institute of Technology (MIT). The purpose of the 
experiment was to determine the response of a two-
dimensional hydrofoil subject to vertical gusts at high 
reduced frequency. A large stationary hydrofoil is mounted 
in the test section on the centerline of the tunnel. In the 
upstream, there are two small hydrofoils (NACA0025) 
symmetrically offset from the centerline that are driven to 
pitch in phase (Figure 1). Because the upstream foils flap in 
phase, their vortex sheets create a vertical or transverse 
sinusoidal gust along the centerline. Experimental data was 
measured near the stationary foil and on the foil itself. This 
experiment data is occasionally used for a validation of 
CFD [3][4]. 

A three-dimensional unsteady incompressible Navier-
Stokes algorithm based on artificial compressibility was 

used to simulate this flapping foil problem. A comparison 
with the measured data for the pressures and velocities on 
the bounding box and the surface of the stationary foil are 
presented for the steady case. In addition time histories and 
a harmonic analysis at the same locations are examined for 
the unsteady case. 

NACA0025

Test hydrofoil

1.000

0.167 1.100

Inflow

 
Figure 1: Experimental setup 

II. NUMERICAL METHOD 
In this section, we briefly summarize a numerical method 

used. A finite-volume method with an unstructured grid for 
three-dimensional Navier-Stokes equations, SURF[5], is 
employed. 

In order to calculate a flow around flapping foils, a 
moving grid system is employed. 

The governing equations are three-dimensional 
incompressible Navier-Stokes equations. In case of two-
dimensional flapping foil simulation, two-dimensional 
analysis is sufficient. However, the objective of this study is 
to validate three-dimensional Navier-Stokes solver, 
therefore the three-dimensional Navier-Stokes equations are 
employed. 

Spatial discretization is based on a finite-volume method. 
A solution domain is divided into cells. A cell shape is 
polyhedron: tetrahedron, hexahedron, prism or pyramid. 
The cell-centered layout is adopted, in which the flow 
variables ( )p,u,v,w are defined at a center of each cell. The 
control volume for each cell is a cell itself. 

The artificial compressibility approach proposed by 
Chorin [6] is employed in the present scheme to couple the 
velocity and pressure fields. Usually, in this approach the 
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term 1 ∂
∂
p
tβ

 is added to the continuity equation, where β  is 

a parameter of artificial compressibility. With this 
modification, however, the system of equations recovers 
incompressibility only at the steady state limit and transient 
solution does not necessarily satisfy the continuity 
condition. This problem can be overcome by using the dual 
time frames, one for physical time t and the other for pseudo 
time τ  and the artificial compressibility is introduced in the 
latter frame. At each physical time step, the pseudo time 
integration is used to get the pressure and velocity field 
which satisfies the divergence free condition for velocity. 

The equations to be solved have the form as follows: 
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iV is a cell volume, x y zS ,S ,S are area vector of each 

direction. ( )g g gu ,v ,w  are ( )x, y,z -components of the grid 

velocity which is the velocity of grid movement. E  and vE  
are inviscid and viscous flux, respectively. ( )≡ νRe UL  is 
the Reynolds number where ν  is the kinematic viscosity,U  
and L are the reference velocity and length, respectively. tν  
is the non-dimensional kinematic eddy viscosity which is 
determined by the Spalart-Allmaras one equation model[7]. 

The inviscid fluxes are evaluated by an upwind scheme 
based on the flux-difference splitting of Roe [8]. The 
viscous fluxes are discretized by second order centered 
differencing [9]. 

Time marching of Eq. (1) is made separately for the 
physical time t  and for the pseudo time τ . The first order 
accurate Euler implicit scheme is used for τ . On the other 
hand, three level backward differencing is used for physical 

time marching in order to maintain second order accuracy in 
time. Thus, the equation to be solved can be expressed as 

1 1 1 1 1
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                              (2) 

where the superscript n  denotes the time step for physical 
time marching and m for the pseudo time marching. t∆  and 

τ∆ are the physical and pseudo time increment, 
respectively. 

At each time step, only pseudo time marches until the 
solutions are converged in pseudo time, i.e. 

1 1 1* n ,m * n ,mq q+ + += or the continuity equation is satisfied. 
 

III. SIMULATIONS 

A. Steady State Simulations 
In case of steady-state computations, the foils were fixed. 

Hereafter the reference length is set as chord length of the 
test hydrofoil. Reynolds number is 3.78x106 (based on the 
test hydrofoil chord). The turbulence trip points are set at 
5% chord downstream from leading edge of each foil. 

Computational grids and number of cells are shown in 
Figure 2 and Table 1. The position of x=0.0 is at the test-
hydrofoil leading edge. The grid is composed of the 
combination of an unstructured grids and structured grids. 
The C-type structured grids are generated around the foils 
and the remaining area is tessellated with unstructured grid. 

Three grids of different densities are used to evaluate grid 
dependence. The number of the fine-grid cells is four times 
larger than that of the medium-grid cells. The number of the 
medium-grid cells is also four times larger than that of the 
coarse-grid cells. 

Table 1: Computational grids. 

Fine Medium Coarse

Minimum grid spacing* 5.0×10-7 1.0×10-6 5.0×10-5

Total number of cells 72,812 19,048 5,283
    Hexahedron cells 52,480 12,960 3,200
    Prism cells 20,332 6,088 2,083
* Spacing in the direction of boundary layer  



 

 

 
Figure 2: Computational grid. The fine grid is above, 
the medium grid is in the middle and the coarse grid is 
below. 

A comparison of measured and computed surface 
pressure distributions of the test hydrofoil is shown in 
Figure 3.  They agree well with one another and there is 
only slight grid dependence on computed results. 

Velocity profiles on three sections of the test hydrofoil 
are shown in Figure 4. Measured data and computed results 
do not agree well in case of the suction side of x/c=0.972 
and 1.000. Flow separation observed in the measurement is 
underestimated in the computations. It is presumed that the 
turbulence model is the cause of this disagreement. In all 
case of Figure 4, the fine grid solutions are better than 
coarse grid solutions. In the section of x/c=0.388 and other 
pressure side, the fine grid solution agrees reasonably well 
with the measured profile. 

Velocity profiles and static pressure profiles on upstream 
and downstream sections are shown in Figure 5 and Figure 
6. The upstream section is 0.259 chord length in front of the 
leading edge and the downstream section is 0.108 chord 
length downstream from the trailing edge. The measured 
and computed velocity profiles agree well including the test 
hydrofoil wake zone. 
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Figure 3: Steady state Cp distribution on the test 
hydrofoil. Hereafter, squares are measured data. Bold 
lines solid lines and broken lines are the results of the 
fine grid, medium grid and the coarse grid, respectively. 
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x/c=0.388 (Left: Pressure side, Right: Suction side) 
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x/c=0.972 (Left: Pressure side, Right: Suction side) 
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x/c=1.000 (Left: Pressure side, Right: Suction side) 

Figure 4: Steady state velocity profiles. 
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Figure 5: Steady state static pressure (Left: Upstream, 
Right: Downstream) 
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Figure 6: Steady state velocity profile  (Left: Upstream, 
Right: Downstream) 

 

B. Unsteady simulations 
In case of unsteady simulations, the flapping foils move 

in pitch at a reduced frequency of 3.62 based on the half-
chord of the test hydrofoil. Reynolds number is 3.78x106 
based on the stationary foil chord. 

A nondimensional time step is set 8.73x10-3, which 
corresponds to 1/100 of the period of flapping motion. In 
each time step, 50 times of Newton iterations are 
performed. 

A moving grid method is employed to simulate the 
flapping motion (Figure 7). The amplitude of the flapping 
angle is 6 degrees. Only the structured grids around the 
flapping foils are deformed in accordance with the flapping 
foil movement and the unstructured grids keep stationary. 
The medium grid and the coarse grid in Figure 2 are used 
for computation. 

A comparison of measured and computed mean surface 
pressure distributions is shown in Figure 8.  They agree well 
each other. Slight grid dependence is found in computed 
results, like steady state simulation. Figures 9 and 10 show 
the first-harmonic amplitude and the phase of pressure 

distribution on the suction side and the pressure side, 
respectively. The measured and computed amplitude on 
both sides agree reasonably well, while those of phase agree 
only in global trend. 

The mean velocity profiles, the first-harmonic amplitude 
and phase on two sections of the test hydrofoil are shown in 
Figures 11 and 12. Similarly to the steady state simulations, 
the measured and computed mean velocity profiles agree 
well on the pressure side and suction side of x/c=0.388. In 
all cases, the measured and computed phases agree in the 
region far from the wall. 

The mean static pressure profiles on the upstream and 
downstream sections are shown in Figure 13. The 
discrepancy between the measured and the computed results 
is nearly the same quantity as steady state cases. 

A snapshot of the magnitude of velocity distribution is 
shown in Figure 14. The fluctuation of velocity propagates 
to downstream through the unstructured grid. 

 
Figure 7: A moving grid method. These figures are in 
the case of medium grid at 6±  degrees flapping angle. 
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Figure 8: The mean Cp distribution on the test 
hydrofoil. Hereafter, squares are measured data. Solid 
lines and broken lines are the results of the medium grid 
and the coarse grid, respectively. 
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Figure 9: The amplitude and phase of Cp on Suction 
side 
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Figure 10: The amplitude and phase of Cp on Pressure 
side 
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Suction side (Left: x/c=0.388, Right: x/c=0.972) 
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Suction side (Left: x/c=0.388, Right: x/c=0.972) 
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Suction side (Left: x/c=0.388, Right: x/c=0.972) 

Figure 11: Mean velocity, amplitude and phase on 
suction side. 
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Figure 12: Mean velocity, amplitude and phase on 
pressure side. (x/c=0.972) 
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Figure 13: Mean static pressure (Left: Upstream, Right: 
Downstream) 

 

Figure 14: Unsteady velocity u  distribution. (Medium 
grid) 

IV. CONCLUSIONS 
An unsteady incompressible Navier-Stokes equation 

solver based on the artificial compressibility hypothesis has 
been developed. Moving grid method is employed to 
simulate the flapping motion. 

In steady state simulation, three grids of different 
densities are used to evaluate the grid dependence and the 
finest grid gives the best results.  

In unsteady simulation, two grids of different densities, 
medium and coarse grids, are used. Computed mean 
velocity and first-harmonic amplitude agree well with the 
measured results. The disagreement of the phase is open as 
the future study. 
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Viscous-Flow Computations at Full-Scale Ship Reynolds
Numbers Using the RANS Solver FINFLO

Juha Schweighofer1

Ship Laboratory, Helsinki University of Technology, Espoo, Finland

1 Introduction

Numerical investigations of turbulent free-surface flows are usually carried out at the Reynolds number
of a model-scale ship. The results obtained must be scaled to full scale, which might cause errors in the
case of new vessel types where the scaling mechanisms are not known. Computations of full-scale ships
are attractive as no scaling is necessary, and the allowances may be reduced. The shape of the hull
and the propeller may be optimized with respect to the proper flow around the ship. Additionally,
computations of full-scale ships will serve as supplement to model testing as more insight in the
flow field and the scaling mechanisms is obtained. Existing extrapolation techniques regarding the
evaluation of the final power of a ship, e.g. the ITTC-57 or the ITTC-78 extrapolation methods, and
novel ones may be investigated with respect to novel ship types.

Computations of turbulent flows solving the RaNS equations at full-scale ship Reynolds numbers
are presented in the following references: Ju and Patel (1991,1994), Tzabiras (1992,1993), Ishikawa
(1994), Schmitt (1997), Eca and Hoekstra (1997,2000), Schweighofer (1997,2002,2003a,2003b), Dol-
phin (1997), 6 from Larsson et al. (2000), Chen et al. (2001), Starke (2001), Chao (2001).

Recently, at full-scale ship Reynolds numbers, turbulent free-surface flows have been computed
using the moving grid-technique without the use of wall functions by Schweighofer (2002,2003a,2003b).

Based on the given references, it may be concluded that, nowadays, full-scale computations of
turbulent ship flows are possible to a certain degree. Full-scale RaNS computations of ship flows
taking into account the entire physics around a ship, e.g. the hull roughness, the entire boundary
layer, the free surface, the propeller and appendages, and sinkage and trim have not been presented
yet. Nevertheless, a big step forward is done in order to reach this final goal. In the European-Union
project, EFFORT, Verkuyl and Raven (2003), several existing ships are being computed at model-
and full-scale ship Reynolds numbers. Features as the turbulent boundary layer, the free surface,
the propeller-hull interaction, appendages and complex geometries are taken into account. A very
sorrowful verification and validation of the computed results is made possible by the model- and
full-scale measurements conducted within this project.

The recent publications and the results presented in this abstract indicate that numerical difficulties
in association with full-scale computations of ships may be overcome. With respect to numerical
difficulties, full-scale computations of ships may be carried out with confidence. Nevertheless, the
validation of the obtained results remains still a problem. Experimental results for such high Reynolds
numbers are very rare or difficult to obtain, and the validation issues are often a combination of several
pyhsical phenomena demanding also several models. E.g. at model scale the validation of the resistance
is relatively simple as one has to take into account only the proper modelling of the turbulence and the
free surface. At full scale, the resistance cannot be measured. Either the thrust or the power of a ship
is known. When evaluating the thrust numerically, the results are affected by the used turbulence
model, the free-surface model, the hull roughness, and the propeller. Due to the larger amount of

1Correspondence to: Ship Laboratory, Helsinki University of Technology, Tietotie 1A,
FIN 02015 Espoo, Finland, e-mail: juhaschw@nefer.hut.fi, phone: +358 9 451 3503, fax:
+358 9 451 4173
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models needed at full scale, it is more difficult to evaluate which one is working properly and which
one is causing errors.

2 Numerical Method

The computations used the RANSE solver FINFLO. The Reynolds-averaged Navier-Stokes (RANS)
equations are iteratively solved by a cell-centered finite-volume method until the steady state is
reached. An upwind-type spatial discretization of third-order accuracy without flux limitation is
applied to the approximation of the convective terms. The viscous fluxes are evaluated according to a
thin-layer approximation being activated in all coordinate directions exept in the case of the flat plate
where it is activated only in the cross direction of the flow. The central differencing scheme is used
for the calculation of the velocities at the cell surfaces needed for the evaluation of the viscous fluxes.
The solution of the discretized equations is obtained using a diagonally dominant alternating direction
implicit (DDADI) time integration method with time stepping adjusted depending on a parameter
based on local velocities and cell sizes. No wall functions are used. The boundary layer is resolved till
the wall. The free surface is evaluated by a moving-grid technique.

3 Results

Flat Plate

A comprehensive list of references and description of the respective investigation and is given in
Schweighofer (1997).

The computations are carried out using the FINFLO version, FINF2D, for compressible, two-
dimensional turbulent flows, Hoffreń and Siikonen (1992). The convective fluxes are evaluated by
Roe’s method.

The Reynolds number of the computations is Rn = U∞ · Lpp/ν = 1.296 × 109. U∞ = 66.948 m/s
is the free stream velocity, Lpp = 129.6 m is the reference length, and ν is the free-stream kinematic
viscosity. The Mach number is 0.2. The free-stream turbulence level and the free-stream turbulent
viscosity referred to the molecular viscosity are 0.005. The applied turbulence models are the Cebeci-
Smith, the Baldwin-Lomax, Menter’s k-ω SST, and Chien’s low Reynolds number k-ε turbulence
models. The nondimensional distance of the first node from the wall, y+, is between 0.45 and 1.7.

The best overall performance is obtained with Menter’s SST turbulence model. With respect to
the skin friction, Menter’s SST, the Cebeci-Smith and the Baldwin-Lomax models give a very good
accuracy of about two percent (Table 1) compared with the semi-empirical Engineering Scienes Data
(ESD), which are based on measurements over a large range of Reynolds numbers, Royal Aeronautical
Society (1968). With respect to the evaluation of the skin friction, Chien’s turbulence model gives a
little poorer result with an accuracy of about 7 percent.

Two-Dimensional Transom Waves

Two-dimensional transom waves behind the model, Ile, (Fig. 1, left), are evaluated in Schweighofer
(2003 a).

The computations are carried out using the FINFLO version, FINFLO SHIP, for incompressible,
three-dimensional turbulent flows. A comprehensive list of references is given in Schweighofer (2003
a). Incompressibility of the flow is considered by an artificial compressibility approach. The convective
fluxes are evaluated by incompressible flux-difference splitting. The computations are performed using
Chien’s low Reynolds number k-ε turbulence model.

The model is assumed to be infinitely wide in the y-direction (Fig. 1, left). The shape of the bow
is a circle segment with radius R and the bottom is flat. The transom is located at the origin of the
global Cartesian coordinate system. At the bow, the formation of the bow wave is suppressed. At the
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transom, the wave height of the free surface is set equal to the draught T . Behind the transom, the
free surface may be deformed arbitrarily. The geometrical dimensions of the investigated model are
the length overall, L = 80.00 m, the length between the perpendiculars, Lpp = 61.16 m, R = 58.00 m,
and T = 4.00 m. The scale is 1:40.

The computations are carried out at FnT = U∞/(
√
gT ) = 2.8, andRn = 3.732×106 and 9.442×108.

g = 9.81 m/s2 is the gravitational constant. At model scale, the initial values of the turbulence level
and the nondimensional turbulence coefficient are set to 0.02 and 10.00 in the computational domain
and to 0.001 and 0.01 at the outer boundaries (sides 1 and 6). At full scale, the same values are applied
but the nondimensional turbulence coefficient is set to 16.5 at the outer boundaries. The turbulence
coefficients are made nondimensional with the free-stream molecular viscosity. At model scale, almost
everywhere at the wall, y+ ≈ 0.7. At full scale, y+ ≈ 2.

Using solutions with different free-surface boundary conditions and solutions of the Euler equations,
it may be concluded that the wave profiles at model and full scale should be almost the same for this
case. This phenomena is reproduced very well in Fig. 2, left. Therefore, the free surface is computed
successfully at full scale with the moving grid technique. At full scale, the total resistance coefficient
is compared with the one obtained from the computed value at model scale by extrapolation with
the ITTC-78 method (Table 1). The pressure resistance coefficient remains almost constant. The
form factor is obtained from the computed skin friction resistance coefficient and the ITTC-57 model-
ship correlation line at model scale. At full scale, the deviation of the resistance coefficient from the
expected value is less than two percent. Therefore, the scaling is reproduced very well. The comparison
of the computed turbulent viscosity with the one within the boundary layer of a respective flat plate
gives similar magnitudes.

Series 60

The computations are carried out using the FINFLO version, FINFLO SHIP, for incompressible,
three-dimensional turbulent flows with Chien’s low Reynolds number k-ε turbulence model. The free
surface is evaluated using the inviscid mirror free-surface boundary conditions, Schweighofer (2003a).

The geometry of the ship is given in Fig. 1, right. The length between the perpendiculars,
Lpp = 121.92 m. FnLpp = U∞/(

√
gLpp) = 0.316, and Rn = 1.170 × 109. The initial and free-stream

values of the turbulence level and the nondimensional turbulence coefficient are set to 0.000158 and
0.01, respectively. The nondimensional distance of the first node from the wall, y+, is about 2.2.

In Fig. 2, right, the computed wave profile is compared with the model-scale measurements of
Toda and Longo, Gao (2002), and the potential flow computation of Wyatt (2002). Due to the high
Froude number, viscosity effects on the wave profile are assumed to be of minor significance. This is
confirmed by the result of Wyatt, which agrees very well with the measurements. Therefore, at full
scale, the wave profile is expected to be very close to the measurements and the potential-flow result,
particularly in the foreship region. The computed wave profile (FINFLO SHIP) is reproduced very
well. Only at the stern, it is higher and steeper than the measured ones, and it deviates clearly from
the potential flow result as consequence of the influence of the viscosity.

In Table 1, the computed total resistance coefficient is compared with the measurement of Kim and
Jenkins (1981) extrapolated to full scale using the ITTC-57 method. The agreement of the computed
result with the extrapolated experimental one is very good. The deviation of the computed result from
the extrapolated one is less than 4 percent. The measured value of Kim and Jenkins is 4.6×10−3 for the
Reynolds number Rn = 1.619 × 107. The ITTC-57 extrapolation method is based on ships of similar
form as the one of the Series 60 ship. The respective correlation allowance is 0.4× 10−3, Guldhammer
and Harvald (1974). The respective value for a rough flat plate is approximately the same, Schlichting
(1979). Therefore, no scaling effects are included in the correlation allowance, and the measured total
resistance coefficient extrapolated to full scale by the ITTC-57 extrapolation method may be assumed
as the resistance of the smooth full-scale ship.

With respect to the computation of turbulent free-surface flows around ships at full-scale ship
Reynolds numbers using the moving-grid technique and no wall-functions, the presented results are
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very encouraging.
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Fig.1: Computed cases at full-scale ship Reynolds numbers. Left: Two-dimensional transom waves
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Fig.2: Computed wave profiles at full-scale ship Reynolds numbers. Left: Two-dimensional transom
waves of the model, Ile. Rn = 3.732×106 (MSC) and 9.442× 108 (FSC). FnT = 2.8. Right: Series 60
ship. Rn = 1.170 × 109. FnLpp = 0.316.

Table 1: Computed total resistance cofficients compared with experiment (ESD), extrapolation with
the ITTC-78 method, and extrapolation of the measurement of Kim and Jenkins (1981) with the
ITTC-57 method for full-scale ship Reynolds numbers.

Case CT × 103 ∆CT [%]

Flat plate, Cebeci-Smith 1.465 -2.3

Flat plate, Baldwin-Lomax 1.473 -1.8

Flat plate, k-ω SST 1.479 -1.4

Flat plate, k-ε, Chien 1.606 7.1

2-D transom waves 8.192 -1.5

Extrap. ITTC-78 8.317

Series 60 3.463 3.9

Kim and Jenkins (1981), extrap. ITTC-57 3.331
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1 Introduction

During ship operations in confined waters or in following seas, safety and functionality of the ship
depend on the maneuvering performance. The path of the ship strongly depends on the fluid flow,
wind field and the resulting forces acting on the hull, rudder and propeller or other maneuvering
devices from the fluid flow. Viscous and turbulent effects and the interaction between ship and
flow play an important roll here. The complexity of the problem requires a method, which can
predict the hydrodynamic forces and ship motion accurately. So far, methods developed to predict
the maneuvering motion of a ship are mostly based on empirical relations, theoretical or numerical
methods, which ignore the viscous effect of the water. Due to the importance of viscosity during
maneuvering, three dimensional CFD simulation solving RANS Equations appeared in the 1990s
to improve the accuracy of the prediction of hydrodynamic coefficients[1-2]. The computations
were mostly limited to steady flow computation around a ship with a constant inflow angle. By the
late 1990s, RANSE results with free surface deformation and the generation of the waves[3-5] have
been shown. The simulation of ship maneuvering considering the interaction of the maneuvering
motion of the ship and the turbulent free surface flow around the ship has been seldom presented.
In previous NuTTSs, we have presented a numerical method, which considers the viscous and
turbulent effect, free surface deformation and the interaction of fluid flow and flow-induced ship
motion. The ship motion module follows rigid body dynamics for six degrees of freedom and has
been integrated into the commercial package ’Comet’ for fluid flow. The detailed description of the
method and computational results compared to the experiments have been presented in previous
NuTTSs[6-7].
In this paper, we will focus on the application of this method in ship maneuvering simulation. The
propeller is simulated by applying a body force on a layer of cells in the propeller plane[8]. The



rudder is modeled geometrically and a random rudder angle can be set using the technique of the
sliding interfaces. Three type of computations related to ship maneuvers are under way in our
numerical tank: ship running in oblique waves, turning circle and Z-maneuvers. Some preliminary
results will be presented in this paper.

2 Numerical Method

The finite volume method incorporated in the ”Comet” code is used here to simulate incompress-
ible viscous flows with free surface. The conservation equations for mass, momentum, and scalar
quantities (e.g. energy or chemical species) are solved in their integral from. When the grid is mov-
ing, the so-called space conservation law (SCL) has to be satisfied. Interface-capturing method
and High-Resolution Interface Capturing (HRIC) [3] scheme have been used to simulate the free-
surface effects. In addition to the conservation equations for mass and momentum, a transport
equation for void fraction of the liquid phase � has been introduced. Due to the limit of space,
these basic equations will not be introduced here; for more detail, see [3,8-9].
The motions of the rigid body are computed following the dynamics of rigid bodies, which will
not be repeated here. The forces and moments acting on a floating body are obtained from the fluid
flow around the body. However, the flow itself is influenced by the body motion and both problems
have to be considered simultaneously. For the prediction of the body motion, a predictor-corrector
method which can be easily coupled with the iterative procedure for flow prediction (SIMPLE-
algorithm) has been used here. For more details about the integration scheme, see [5].

3 Numerical Grid and Boundary Conditions

The block of surface-fitted grid surrounding the ship has a shape of a rectangular block and is made
of a finite number of control volumes, which can have more than 6 faces. All variables are stored at
the center of each control volume. Structured as well as unstructured grids with multi-blocks can
be employed. As mentioned before, sliding interfaces, which allow a random rudder angle, have
been taken between the block containing the rudder and the blocks surrounding the rudder block.
Numerical beaches have been generated at some boundaries of the domain, which are far from the
ship, to avoid the unexpected reflection of the waves at the boundaries. For the moderate roll, pitch
and heave motions of the ship, a block around the ship (including the block with the rudder) can
be moved together with the ship and the grid far way from the ship is kept unchanged; the block
in between has to be smoothed or regenerated in three dimensions. For large yaw motion(e.g. in
the case of turning circle), either the whole computational domain can be moved with the ship or
additional body forces corresponding to the rotation should be applied to the whole domain instead
of grid moving.

Great care should be taken to set boundary conditions correctly since the fluid could be flowing
in or out from the same border of the domain at different time instances during ship maneuvering.
Here a pressure boundary condition has been combined with the inlet boundary condition at the
corresponding inflow and outflow parts of the border. No-slip wall condition has been applied to
the ship hull as well as the surface of the rudder. At the bottom of the domain, slip wall condition
or symmetry condition can be applied if it doesn’t exist physically. At the top of the domain, static
air pressure can be applied or other corresponding conditions can be set up if the wind is consid-
ered.

4 Results and Discussions

4.1 Ship motions in oblique waves

One of the first test cases in the numerical tank is the computation of the ship motions in oblique
waves. Waves are generated by specifying the velocities according to the linear wave theory at the
corresponding inlet boundaries. The angle between waves propagation direction and the ship run-
ning direction is 170 degree. The heave, pitch and roll motions of the ship are set free; the surge,
sway and yaw motions are kept fixed since the rudder/propeller is not modeled in this case. Figure



1 shows the computed wave pattern and the resulted motions of the ship in the oblique waves at���������
	��
. What is to be mentioned, is that the time averaged roll angle is not zero degrees due to

the effect of the oblique waves.
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Fig. 1 Wave pattern and motions of the Wigley ship ( 
������������ ) in oblique waves ( ������� ).

4.2 Turning circle maneuver

A captured turning circle test in calm water has been carried out in the numerical tank. The Wigley
hull has been considered first due to its simple geometry. Boundary conditions are rather complex
in this case. A combination of inlet and pressure boundary conditions is applied to the boundaries
ahead of the ship and at the inner side of the turning circle. At the outer boundary of the turn-
ing circle and the boundary behind the ship, pressure boundary condition is employed. The grid
around the ship is moved for the moderate motions(heave, pitch and roll) of the ship; for the large
yaw motion during maneuvers and the motion due to ship’s forward speed ( � � �"!�#%$'& , (�) �"!�#+* ),
the corresponding body forces or field velocities are applied to the whole computational domain.
Rudder is not modeled in this case, therefore the yaw motion is forced to follow the course of
turning circle shown in Fig. 2(b). The computed wave pattern of the Wigley ship at a certain time
instance is shown in Fig. 2(a).

Besides the Wigley ship, the turning circle has also been computed for the container ship ’CBOX’.
The Rudder of ’CBOX’ is geometrically modeled and can be turn to any desired rudder angle.
The propeller is modeled by a body force model[10]. The ship is computed in model scale at the
nondimensional yaw rate (') �,!-#/. and � ����!�#%$'0 and expected to turn dramatically when the max-
imum ruder angel is set. Some preliminary results are shown in Fig. 3. The pressure distribution
shown in Fig. 3(a) becomes asymmetric on the ship hull during the turning circle maneuvers. The
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computed wave pattern is presented in Fig. 3(b) giving a reasonable impression. The computation
is running currently; more detailed results will be presented later.
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(a) pressure distribution (b) wave pattern
Fig. 3 Turning circle maneuver of the ship CBOX ( � �
�����
�

).

4.3 Z-maneuver

Using the same grid system as those employed to simulate ship motions in oblique waves and the
turning circle maneuver, 25 degree Z-maneuver with the Wigley hull at average Froude number���
	��

has also been performed in the numerical tank. The resulting wave pattern at a selected time
instance and the forced course and yaw angle of the ship are shown in Fig. 4.

5 Conclusion
The instaneous interaction between viscous free surface flow and flow-induced body motion has
been computed using the finite volume method. Rigid body dynamics for six degrees of freedom
has been integrated to the fluid solver to compute the body motion. The method has been tested
and demonstated for ship motions in waves etc. in previous NuTTSs, showing good agreement
with the experiment. Further application on maneuvring motion of a self-propelled ship has been
intended in this paper. The rudder has been modeled geometrically in addition to the ship hull. The
propeller has been simulated by a body force model. Some preliminay results about ship motions
in oblique waves, turning circle maneuver and Z-maneuver have been presented. The computa-
tions will be futher analyzed and compared with the experiment in the future.
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