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ABSTRACT  

Optimisation based on numerical methods has become key tool in the development of 
environmentally friendly and economically efficient hull forms. The paper is focused on 
optimization of wave making resistance for a river cruise ferry which will be powered by 
solar panels. An optimisation framework is developed by the authors considering the 
practical aspects and the non-linear potential solver which is used. Optimisation is carried 
out using the open source tool called Dakota which is connected to Rhino and SHIPFLOW 
using Python programs developed by the author. The advantage of the method is that it is 
highly customisable and can be easily extended to include any further calculations. 
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1. INTRODUCTION 

CFD has become a common tool in ship 
hull form optimisation. It is possible to analyse 
a large number of design variations using CFD 
codes in less time, which is an arduous  task 
using EFD. In this work, an optimisation 
procedure has been formulated and implemented 
by considering practical constraints at a general 
design office. Design costs and computation 
time are crucial factors. Hence optimisation 
framework was developed by making use of 
open source tools and potential solver for CFD 
computation. The optimiser used was an open 
source tool developed by Sandia National 
Laboratories, XPAN was used for CFD 
calculations and Rhino was used for hull 
modification. The interface between these tools 
was developed by the authors using Python. 
The newly implemented framework is used to 
optimise a hull form of River Cruise Ferry. 

Some similar work has been performed 
by Raven[1]. The motivation behind this 
work is to develop a procedure which can be 

implemented in a ship design office with 
available tools and reducing the software 
cost. From the perspective of a design office, 
time and cost are decisive factors in design. 
A design process has to be performed with 
less cost and time. This work aims to achieve 
an optimised hull, thus acquiring practical 
knowledge in performing hydrodynamic 
optimisation by incorporating the widely 
used CAD and open source tools. 

2. POTENTIAL FLOW THEORY 

In potential flow theory the flow is 
assumed to be: inviscid, irrotational, 
incompressible and steady. The above 
assumption does not make much variation in 
the physics of flow around the hull because 
Reynolds number is high and viscous effects 
are limited to thin layer and wake. Wave 
features are not affected by this assumption. 
This simplifies the mathematics to a great 
extent. The conservation of mass equation  is 
reduced to  
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 and the equation (2) becomes 
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The velocity vector can be defined as 
gradient of a scalar function , known as 
velocity potential.  
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This is substituted in continuity and   
Navier Stoke’s equations:  
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The continuity equation changed into 
Laplace equation which is linear and 
homogeneous. 

2.1. Boundary Conditions 

Boundary conditions have to be applied 
on hull surface as well as free surface. 
Kinematic Hull boundary condition: On 
the surface of the hull, the flow is tangential  

    0n                                              (7) 

 Dynamic hull boundary condition: In 
order to determine the dynamic trim and 
sinkage, an additional boundary condition is 
introduced for maintaining the equilibrium 
between hydrodynamic and hydrostatic 
pressure forces on the ship surface and the 
ship’s weight distribution. 
 Kinematic free surface condition: It 
asserts that flow must be tangential to the 
free surface. Fluid will remain on the free 
surface   yxf ,  

0 zyyxx                          (8) 

Dynamic free surface condition: 
Pressure at the free surface is equal to the 
atmospheric pressure. Bernoulli’s equation 
can be written as  

       0
2

1 2222  Ug zyx      (9) 

Bottom Boundary condition : The 
depth of the water is assumed infinite, and 
the associated far-field condition is x for 

z  

Radiation condition : The radiation 
condition states that free surface waves 
generated by a ship cannot travel in the 
upstream direction. 

2.2. Linearisation of free surface boundary 
conditions   

The free surface boundary conditions 
described by  equations (8) and (9) are non-
linear. Hence the solution depends non-
linearly on the location of the free surface 
and it is difficult to solve them. Hence the 
equations are linearised by splitting the 
velocity potential (  ) into basic known 

solution ( ) and a disturbance ( )1  

                                   (10) 
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 Then substituting into boundary 
conditions (equations (8) and (9)) yields 
Kinematic free-surface boundary 
condition:  

0 zzyyxxyyxx HH    (12) 

Dynamic free-surface boundary condition:  

   xxzyxU
g
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3. OPTIMISATION ALGORITHM 

Dakota is the optimiser used for the 
work. It is a sequence of iterative 
mathematical and statistical methods that 
interface with computational models. The 
single objective genetic algorithm is 
available in Dakota as the method called 
colinyear [2]. The basic steps of the 
algorithm are depicted in Figure 1 and 
explained below. 
1. Generate a random initial population      

(hull variations) and perform function 
evaluations (CFD analysis) on these 
individuals. 

                                                           
1 A good estimate will result in a small 
perturbation by which linearisation can be 
justified. 
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2. Perform selection for parents based on 
the relative fitness (the best hull from the 
initial population). 

3. Apply crossover and mutation to generate 
new individuals from the selected 
parents. 

4. Apply crossover with a fixed probability 
from two selected parents. 

5. If crossover is applied, apply mutation to 
the newly generated individual with a 
fixed probability. 

6. If crossover is not applied, apply 
mutation with a fixed probability to a 
single selected parent. 

7. Perform evaluation for newly generated 
individuals. 

8. Perform replacement to determine the 
new population. 

9. Return to step 2 and continue the 
algorithm until specified iterations or 
convergence criteria are met. 
 
 

 

Fig.1. Evolutionary Algorithm [2] 

4. DISCRETISATION OF 
COMPUTATIONAL DOMAIN 

The hull form studied in this work (see 
Figure 2) is of a Luxury Hybrid Motor driven 
River Cruiser with an electric drive train, 
intended to operate as river cruise in Western 
Europe. One of the key design objectives is to 
limit consumption of fossil fuel compared to 
conventional designs. The propulsion system 
consists of two 4-stroke diesel generators 
combined with one electric propulsion motor, 
driving a fixed pitch propeller. 80m2 of solar 
panels are used to support electricity generation. 

 

Fig.2. Hull Geometry 

 Main particulars are given in Table 1. 

Table 1. Main Particulars 

Length  Overall 38.456 m 

Length Between      
Perpendiculars 

36.145 m 

Stern Over Hanng 2.311 m 

Breadth 5 m 

Draught 1.4 m 

CB 0.78  

The hull shape has a large block 
coefficient CB, without bulbous bow and has 
parallel midbody. The stern part has a skeg. 
The hull form was provided by the company 
as Rhino File format (.3dm). In Rhino the 
hull surface is represented using Non-
uniform cubic spline formulation (Nurbs). 

The given hull geometry is represented 
by a network of control points defined as pair 
of (u,v) coordinates:  9,0u  and  5,0v . 

• (0,v) defines the stern profile. 
• (9,v) defines the stem profile. 
• (u,0) defines the keel. 
• (u,5) defines the deck sidings. 
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The control points provide high freedom 
on control of hull geometry which makes 
nurbs a suitable way to represent hull 
geometry for optimisation problems. Prior to 
hull form optimisation, a non linear potential 
analysis of the hull form is performed to 
obtain the wave making characteristics and 
the free surface properties.  

4.1 Panelling of hull body 

An increase in panel number increases 
the computation time. It is very important 
that the panelled hull should have the same 
surface area as the original hull. Another way 
to judge the panel quality is to calculate the 
double body resistance without free surface. 
By D’Alembert’s paradox, the sum of 
longitudinal pressure distribution is zero for 
the double model potential flow. But it is not 
zero due to the discretisation of the hull.  

Various hull mesh configurations were 
tested to assess the influence of mesh on the 
numerical error and deviation from the actual 
hull area. The number of panels in 
longitudinal direction was changed from 40 
to 120 and in transverse direction from 10 to 
40. Double body calculations are done for 
each configuration at 21785.0fn  which 

corresponds to a design velocity of 8 Knots. 
This gives longitudinal pressure coefficient 

( xdmC ) and normalized surface area 













2
ppL

s
. 

The major results are presented in Figure 3. 
Surface area for each mesh is compared to 
the actual surface area of the hull (Sref). 

Fig.3. Body panel study 

Mesh configuration with station 40 to 60 
shows considerable deviation from the actual 
surface area. Stations = 70 converge to the 
reference value. The number of panels can be 
decided from the plot of xdmC . For 80 

stations xdmC converges to minimum value 

from the number of points = 30. Hence 
(70,30) are chosen for hull meshing.  

4.2 Panelling of free surface 

The main wave length can be calculated 
from the equation  

Lfn22  

non-dimensionalised quantities using Lpp. 
Hence wavelength for the design 

2185.0fn  is 3.0 m. So, minimum 

panel size should be  
03.010   

Another important parameter is the aspect 
ratio of the panel which is defined as 

dydxAR  . Aspect ratio should be less than 1. 

Keeping these key ideas in mind, free 
surface mesh study has been performed by 
varying the number of panels along the body 
(stam) and the panels  along the downstream 
(stad). The domain of calculation has been 
specified as shown in Figure 4. 

 

 

Fig. 4. Free surface panel configuration [3] 

 
Free surface extends from 0.4 from ahead of 
the bow to 2.37 aft of the stern. Because non-
linear effects are strongly closer to the hull in 
the bow region and the length scale of these 
effects is a lot smaller than the length scale 
of the global wave pattern. The longitudinal 
spacing at bow and stern has been made with 
fine values, using stretch functions and 
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explicitly applying panel length as 0.01. 
Hence the spacing increases when moving 
away from stern and stem on the basis of the 
number of panels. The results of free surface 
mesh study are depicted in Figure 5. From 
the convergence study, it is found that wave 
resistance values  converge from STAM = 81.  
 

 

Fig.5. Free surface panel study 

 Based on this study, the configuration 
depicted in Figure 6 is adopted for free 
surface discretisation. 

5. OPTIMISATION 
METHODOLOGY 

A design optimisation can be defined 
briefly as the search for design variable values 
that improve a set of design criteria. Any 
optimisation process consists of three parts 
• Design variables and constraints 
• Design criterion / Response function / 
Objective 
• Optimisation algorithm 
An overview of the process is provided in  
Figure 6. 
 
 

 

Fig. 6. Overview of Optimisation 

5.1 Selection of design variables 

Efficient optimisation algorithms are 
readily available as computer codes, the 
bottleneck of an optimisation work is the 
formulation of design space and constraints. 
A designer has to define this properly for the 
computer to perform optimisation. The 
selection of appropriate design space  highly 
depends on the designer’s experience in 
terms of complex problems. 

The variables used in the optimisation 
are parameters meant to modify the hull 
using Rhino. The hull shape is defined by 
control points as depicted in Figure 7. A 
small perturbation to the position of the 
control points can alter the hull form. 

 

 

Fig.7. Hull Control points 

  
 Control points are indexed by (u,v) 
where  9,0u  and  5,0v . The 
perturbation at the control points is selected 
as the design parameters for the optimiser. 
For each control point there is a degree of 
freedom in each direction. Hence three 
parameters can be defined for each control point. 
The number of design parameters should be less 
for a reasonable optimisation effort. So, it is 
important to identify the redundant control point 
for the optimisation and to select only the 
significant ones. 

From the wave pattern analysis it is 
found that large waves are generated at bow 
and at  stern. So, the hull shape at bow 
shoulder and aft  has got considerable 
influence on the wave making resistance. 
Control points defining fore and aft shape are 
chosen as design variables. The control 
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points for altering the stern shape are (1,2) 
and (2,2). The fore body can be altered by 
control points (8,2) and (8,3). Hence four 
control points are chosen for altering the 
shape. Hence 12 variables - for the 
optimisation process. 

The limits of the design variables have 
been analysed using Grasshopper tool in 
Rhino. Grasshopper is a graphical algorithm 
editor tightly integrated into Rhino’s 3-D 
modelling tools. A simple algorithm is 
developed to check the curvature and tangent 
for water lines and sections at different 
locations of the hull. The limits of design 
variables are estimated using an algorithm 
and are imposed during the optimisation 
process. 

6. OPTIMISATION PROCEDURE                  

One of the bottlenecks of this 
optimisation procedure was to interface the 
Dakota with Rhino and Shipflow. This 
programs were based on different 
technologies, Dakota was developed with 
C++, Rhino was based on .NET. So direct 
interfacing with these software programs was 
very difficult and demands a lot of technical 
expertise in various technologies. The major 
tasks to be automated during the procedure 
are: 
• Modification of the hull based on 
parameter file generated by Dakota 
• Generation of offsets from the modified 
hull for SHIPFLOW 
• Execution of calculation and saving 
results for future reference 
• Creation of results files for Dakota from 
output files generated by SHIPFLOW 
• Capture of failure in the case of failed 
calculation 
• Coordination of the above processes. 

An overview of the implemented 
optimisation method is depicted in Figure 
8. Dakota generates a parameter file during 
each iteration. Variable values from the 
parameter file have to be parsed into csv 
format. The file names of the parameter file 
generated and the resulting file expected are 

parsed into the script as arguments by  
Dakota. The parameter file is read and the 
contents are parsed  into the proper format. 

The next step is the modification of the 
hull which is stored as nurb surface in Rhino 
file format and the generation of the modified 
offset file for SHIPFLOW. Hull modification 
using the newly created csv file has to be 
initiated. Rhino has provided Python scripting 
support to automate a repetitive task and other 
customisations. Another python script was 
developed to modify the hull and to generate 
offsets out of it. The python interface reads the 
csv file and  modifies the original hull surface 
and the function generates the offset file for 
Shipflow. A status file is also generated to 
indicate if the operations are successful or not. 

One  hurdle in the process was the 
invocation of the later script as it has to be 
run inside R. Rhino does not provide direct 
integration with another software program, 
Python script in the current situation. A 
solution was to develop an intermediate 
application to communicate between Rhino 
and Python interface. Rhino offers a .NET 
plug-in Software development kit called 
RhinoCommon2. A console application was 
developed in Visual Basic using 
RhinoCommon SDK to invoke Rhino and 
run the python script inside it. Script is 
compiled into windows console program. 
This console program is invoked by the 
central python script once the csv file is 
generated. Console program returns when 
offset files are successfully generated. 

Input of text files and calculations can 
be initialised through shell commands.  

Configuration file remains the same 
during optimisation, whereas offset file 
varies. Once Console program finishes its 
functions and returns, Python script invokes 
calculation and results are generated in the 
output directory. Then the result files are 
parsed by the function and the results are 
written to  Results. 

                                                           
2http://wiki.mcneel.com/developer 
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Scheduling  the operations is crucial. It 
is important to detect the failure in 
simulations. Wrong simulation results can 
mislead the optimiser. Hence functions are 
implemented to detect failure in the 

simulation and to pass it to the optimiser as 
failure. Dakota enables to manage failed 
simulations and recover the optimisation 
process. 

 

Fig.8. Overview of optimisation platform 

7. RESULTS 

Using the developed platform, two 
optimisation processes have been performed 
using: linear computation and then non-linear 
computation. The output of the CFD 
computations is post processed using 
paraview and the custom programs 
developed in Python. The total resistance 
estimate was calculated using empirical 
relations [4]. ITTC’78 guidelines were used 
for the estimation of frictional resistance 
coefficient and Watanabe’s formula [5]. 

7.1 Optimisation using linear 
computation 

Linear calculation provides quick results 
and is a powerful tool in comparing hull 

forms and obtaining a comprehensive idea 
about the flow. So an optimisation employing 
linear calculation and evolutionary algorithm 
has been performed. The optimisation 
process was performed for about 400 
iterations. The evolutionary algorithm has 
weak convergence. In order to get a better 
understanding of the convergence running, 
the mean values of the objective function are 
also plotted in Figure 9.  Failed simulations 
are omitted. It is to be noted that in 
evolutionary algorithm, instead of an optimal 
design, a population of optimal designs can 
be found. Weak convergence is observed.  

From the iteration history, a correlation 
analysis has been performed to understand 
the influence of the variable on the objective 
function. The results of the correlation study 
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can be used to identify the redundant variable 
in the study. An optimal hull form, OD-1, is 
chosen from the results of the optimisation-1 
and is analysed. For analysis, non-linear 
computation has been performed on the 
modified hull. Various characteristics were 
compared with respect to the original hull form. 

 

 
Fig. 9. Optimisation using linear 

compuation 

 
The design is generated from the final 

population of the results of optimisation with 
evolutionary algorithm using linear potential 
free surface computation. Important particulars 
are compared and tabulated in Table 2. 

Table 2. Result Comparion – Optimisation 
using linear computation 

  
OD-1 Original 

% 
Variation 

   207.5 213.9 -2.98 

Sref  231.9 235.1 -1.37 

CW  0.00318 0.00501 -36.58 

RW  6236.0 9969.0 -37.44 

RT  10530.0 14350.0 -26.59 
  
 The calculated wave pattern is 
compared to the reference hull as shown in  
Figure 10. 

The optimized wave pattern is shown at 
the bottom. The wave system generated at 
stern shows considerable reduction in the 
wave system generated in comparison with 
the original hull form. The main aspect to be 
considered in analyzing wave making 
resistance is the far field wave system. 

 Longitudinal wave cuts are made and compared 
to the original and shown in  Figure 11.  
 

 

Fig.10. Wave pattern comparison OD-1 
 

 

Fig. 11. Longitudinal wave cut 
comparison  OD-1 

Longitudinal wave cuts at far field agree 
with the reduced wave making values for the 
optimised hull. The amplitudes of the far 
field waves generated by the modified hull 
are less compared to the initial hull. 
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7.2 Optimisation using non-linear 
computation 

Non-Linear computations provide better 
prediction of wave resistance by considering 
the non linear effects too. But the calculation 
demands more computational time and 
power. The iteration history of optimisation 
performed using Non-Linear computation is 
shown in Figure 12. The optimisation 
convergence history is similar to the one of 
the Optimisation-1. The same number of 
iterations has been performed, but it is noted 
that more simulation failures occurred. 

 

Fig.12. Optimisation using linear 
compuation 

Convergence is weaker when compared 
to the optimisation using linear computation.  
Correlation analysis has been performed to 
assess the influence of the chosen variable on 
the objective function. Results conclude that 
the influence of design variable on the 
objective function is almost the same as in the 
previous study.  The Optimal hull form, OD-2, 
is chosen from the population of optimum 
designs. The comparison of the characteristic 
hull features is given in Table 3. 

With non-linear computation, wave 
making resistance of the optimised hull is 
27% less than the original hull. But not 
optimal as the hull obtained from the 
previous optimisation using linear 
computation. The comparison between the 
wave pattern and the far field wave cuts is 
provided in  Figure 13 and Figure 14 
respectively. There has been considerable 
reduction in the stern wave system and the 
far field system, highlighting the reduction in 
wave making resistance.  

Fig.13. Wave pattern comparison OD-2 

 

Fig.14. Longitudinal wave cut comparison  
OD-1 

Table 3. Result Comparion – Optimisation 
using non-linear computation 

  
OD-2 Original 

% 
Variation 

  209.2 213.9 -2.187 

Sref  233.2 235.1 -0.812 

CW     0.00367 0.00501 -26.63 

RW     7255.0 9969.0 -27.22 

RT     11580.0 14350.0 -19.28 
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8 CONCLUSION 

An optimisation platform incorporating 
common CAD software programs and open 
source packages has been successfully 
developed. The optimisation framework was 
used to optimise the hull form of a river 
cruise ferry and the hull form with 
considerable reduction in wave making 
resistance was achieved.  
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