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Abstract

A moored ship is subjected to different forces. When the conditions are too extreme, the lines can break and
dangerous situations will occur. The time ships are not able to operate is defined as the down-time. During the
down time of a ship, no cargo can be (un)loaded, therefore this time is expensive for port operators and
shipping lines. In operational perspective, harbors are interested in the downtimes of their ships and in methods
to reduce the down-times of ships in their harbors. On the other hand in design perspective, in the processes of
designing ports these down-times are important to consider.

To calculate mooring conditions, it is required to consider all relevant forces that act on a ship. Two forces
have a dominant influence on the ship. Firstly, forces caused by waves (wave forces). These forces are applied
to the ship’s hull. The second type of forces acting on the hull of the ship are the fluid reaction forces. These
forces are caused by the motions of the ship itself. These types of forces can be split up into two parts: the
added mass and the damping. The added mass is caused by the water around the ship being set in motion
which will cause some extra moment of inertia. The damping forces are caused by the damping motions of the
ship (Vis & Benit, 2016).

For calculating mooring conditions (motions and line forces) three models have been used: A wave penetration
model (PHAROS), a 3D ship diffraction model (DIFFRAC) and a dynamic mooring model (MOORINGS). A
simplified but common methodology exists to calculate mooring conditions by using all three of the models,
however this method brings uncertainties in output because the spatial variation of wave conditions along the
hull of the ship is not taken into account. It is expected that the spatial variations of wave conditions along the
hull of the ship have a significant impact on the mooring conditions. In certain conditions, the existing method
only considers the wave conditions at one location on the hull of the ship. A method has been developed to
consider the spatial variations of wave conditions along the hull of the ship. This has been done by coupling
the wave potential model (PHAROS) to the hydrodynamic ship diffraction model (DIFFRAC) in a direct way.

The aim of the research is to contribute to the development of a more realistic representation of mooring
conditions in a dynamic mooring analysis. This is done by answering the question of: what is the most accurate
way of connecting the models PHAROS and DIFFRAC for calculating the mooring conditions? This main
question has been answered by performing a dynamic mooring analysis for the existing method and the newly
developed coupling method. For determining the most accurate method, a third reference method has been
included. This method calculates the mooring conditions in the most ideal way. This is achievable by
excluding bottom depth variations in the analyzed situations.

To get an indication of the working of the coupling, the wave forces have been calculated in DIFFRAC for the
coupling method and the reference method. From a comparison, it became clear that the coupling method
followed the trend of the ideal situation, however for higher frequencies the relative error became larger. The
coupling method and the existing method have been compared with the MOORINGS output. From this output
it became clear that the newly developed coupling method is the most accurate method for calculating the
mooring conditions. However the effect of the improvement using the coupling is not significant. This can be
clarified by the fact that calculations are based on wave conditions with a wave height of one meter. For more
extreme situations it is expected that the results from the coupling method show significant improvements in
comparison with the common method. It can be concluded that the new developed coupling theory has big
potential to become the standard way of calculating mooring conditions in a dynamic mooring analysis. The
current research is based on a situation with ideal conditions, and many simplifications have been made in this
research. This decision has been made to get a pure comparison between the methods. However, for future
research it is recommended to investigate whether the coupling will also generate the same
improvements/results for more realistic situations.
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1 . Introduction

In this section an introduction of the research is given. First of all the context of the problem is described.
In section 1.2 the research aim and question is stated. In section 1.3 the used methodologies are described.
This chapter ends with a description of the outline of the report, which can be used as a reading manual.

1.1.  Problem context

During storm conditions, waves have a dominant influence on the movement of a ship. In the case of
moored ships, it is important that these vessels can be tied down to ensure they will have a safe stay in the
harbor. In the case of designing harbor structures, it is required to assess the wave conditions that can
penetrate into a port area under design storm conditions which will have an influence on the movement of
the ship, and the lines which form the connection with mooring structures. These lines do not have
infinite strength, under certain conditions it is impossible to guarantee that the lines can withstand the
forces caused by extreme wave conditions. The time in which ships cannot moor is defined as the down-
time. During the down time no cargo can be (un)loaded, therefore this time is expensive. In operational
perspective, harbors are interested in the down-time of their own ships and in methods to reduce the
down-time. On the other hand in design perspective, in the processes of designing ports the down-times
of ships are important to consider.

To calculate mooring conditions, it is required to consider the different forces that act on a ship. In the
case of mooring, two forces do have a big influence on the ship. Firstly, forces caused by waves do have
an influence on the motions of the ship. These wave forces act on the ship’s hull. The second type of force
acting on the hull of the ship are the fluid reaction forces, these forces are caused by the motion of the
ship itself. These types of forces can be expressed as two components: The added mass and the damping.
The added mass is considered because the water around the ship will cause some extra moment of inertia.
The damping forces are caused by the damping motions of the ship (Vis & Benit, 2016).

In this research the mooring conditions are defined as the motions of the ship and the forces on the
mooring elements caused by the ship. In this study the focus is applied on the on the motions of the ship.
The motions of the ship are visualized in Figure 4. The process of calculating the mooring conditions (the
motions of the ship), can be described as a dynamic mooring analysis (DMA). The DMA performed in
this research consists of a combination of three models. A short description of the models is shown below
(for a more complete description of the models, see section 2).

1. Wave penetration model (PHAROS): Evaluating the wave conditions at the moored ship location.

2. 3D hydrodynamic ship diffraction model (DIFFRAC): Evaluating the wave forces on the
unrestrained ship from monochromatic wave conditions with various frequencies and directions.
The wave conditions are translated to forces, displacements and rotations of the ship.

3. Dynamic mooring model (MOORINGS): Evaluating the motions and forces of the moored ship
to the mooring conditions using a dynamic mooring model (DMA). In this model the
displacements and the load applied on the mooring lines and fenders can be calculated.
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1.1.1. Previous way of calculating mooring conditions

A method is available for using the three models (described above) for performing a DMA. This method
converts wave conditions to mooring conditions in the harbor. The inaccuracies of this method have been
studied in this research by performing a study of a ship in sheltered area. It is expected that this way of
calculating mooring conditions causes considerable errors because the wave climate is not well
represented.

1.1.2. Improved methodology of calculating mooring conditions

With a more realistic representation of the wave climate, a better estimation of the down-times can be
made. Also in design processes of new harbors, effects on ship motions can be predicted and a better
harbor layout design can be made. There are different ways of applying and connecting these models to
each other to calculate the mooring conditions. A new method have been developed in which the
inaccuracies have been reduced. For the newly developed method of connecting the three models it is
expected that the spatial variation of wave conditions around the hull of the ship can be taken into
account. In the existing method, the wave conditions are grasped at the center of gravity of the ship. From
this, the ship motions are calculated. It turned out that wave conditions vary along the hull of the ship. By
calculating the forces along the hull (spatial variation), a more realistic mooring condition can be
calculated.

The whole research consists of a detailed analysis of the existing method, the newly developed method
and a reference method to calculate the mooring conditions. This research is about the effect of the new
invented calculation method, and how it can be optimized.

1.1.3. Interests for Arcadis

The ports and hydraulic engineering group of Arcadis is working on many harbor design projects and
mooring studies. In order to create optimal solutions and designs it is important to calculate more realistic
mooring conditions. To do this, a better representation of the wave conditions is needed. It is expected
that a coupling of the Wave penetration model (PHAROS) to the hydrodynamic ship diffraction model
(DIFFRAC) will give a better representation of wave conditions in harbors. By applying this coupling in a
mooring study, a contribution is given to the strive of Arcadis to the development of a more realistic
representation of mooring conditions in a dynamic mooring analysis. Arcadis is convinced about this
‘state-0f-art” piece of work, and wants to apply it in practice.
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1.2. Research aim and questions

The main objective of the research is to contribute to the development of a more accurate representation
of mooring conditions in a dynamic mooring analysis. The development consists of including the spatial
variation of wave conditions along the ship hull instead of prescribing uniform conditions (e.g. those at
one specific point). This is done by coupling the wave penetration model (PHARQS) to a hydrodynamic
ship diffraction model (DIFFRAC). The objective of this research is to identify the most accurate way to
connect the models, and determine the effect of the new strategy of calculating mooring conditions by
applying the coupling between the models PHAROS and DIFFRAC. This is done by making an
assessment of different calculation methods to calculate the mooring conditions. The main research
question is:

What is the most accurate way of connecting the models PHAROS and DIFFRAC for calculating the
mooring conditions? (1)

Before answering the main question, first some information about the different models and the coupling
theory needs to be collected. In the research there will be a focus on the theory behind the different
models, and the different elements which connect the models to each other. The question is:

What are the different elements used in the coupling and the connection of the models, and what is the
consistency between the different elements? (1.1)

The main objective of the research is to develop a more accurate representation of mooring conditions in
a dynamic mooring analysis. For this aim it is important to consider the differences between the
developed coupling method and existing method in which PHAROS and DIFFRAC are used to study the
mooring conditions. First of all the results of these different calculation methods will be analyzed. The
sub question is:

Which calculation method is the most accurate to represent the mooring conditions? (1.2)

After analyzing the different methods, a special focus will be applied on the method in which the newly
invented coupling is involved. In this sub question the effect of the expected improvement will be
determined. There will be also tried to justify the distinction in results between the coupling method and
the other calculation methods. The sub question is:

What is the effect of the newly invented coupling method in comparison with other calculation methods?
(1.3)

During the whole research, special attention is paid to the improvement and automation of the modelling
process. It is important to mention that the research is not only based on the coupling. This research is
also based on studying ways how the coupling can be improved. Will it be possible to apply the coupling
in other cases? The last sub question is:

What are the restrictions and boundaries for the application of the coupling? (1.4)
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1.3.  Methodology
In this chapter an overview of the used methods is given. Applying these methods will provide an answer
to the different research questions.

1.3.1. Literature methods

Basic theoretical knowledge about waves is important to have before starting the research. In this
research, wave behavior in harbors will be modelled, researched and analyzed. To interpret the output of
the model and the working of the model itself and get understanding of linear wave theory different
literature sources have been studied. The literature and background principles of this research are mainly
based on two literature sources:

Table 1: Main literature sources

Title Author Volume Year
Waves in oceanic and coastal L. H. Holthuijsen 387 2007
waters

Wind generated ocean waves |. R. Young 288 1999

1.3.2. Calculation methods

Three different calculation methods have been studied in this research. Each method combines the
required modelling steps in a certain way to calculate the mooring conditions in the mooring model
(MOORINGS). Method number two involves the newly developed coupling. After performing an
assessment of the different methods, the main research question can be answered. For a good assessment
of the coupling and different calculation strategies, one layout is considered for the different methods.
The situation involves a ship behind a detached breakwater. In the cases the breakwater is used in the
models, the ship is placed at three different positions behind the detached breakwater (The positions are
named as L1, L2 and L3 and defined in subsection 1.5.3). These positions have been chosen in such way
that the wave conditions at the different points at the hull show a big difference. This in order to
determine the effect of taking into account spatial variations along the ship’s hull. The different
calculation methods are visually presented in Figure 1.

Method 1

In the first case the wave conditions at the center of gravity of the ship is obtained from the PHAROS
model. In DIFFRAC the ship’s behavior is modelled without a breakwater (ship in open water), but the
wave forces and fluid reaction forces (also stated as the hydrodynamic coefficients) is calculated at the
hull around the ship. The mooring model (MOORINGS) is used to apply the wave condition (from
PHAROS), using the corresponding wave force and fluid reaction forces (from DIFFRAC). With these
inputs, MOORINGS is used to calculate the mooring conditions. This method is the common method of
calculating mooring conditions at Arcadis. This method has been chosen to asses if there are differences
in results with the coupling method.

Method 2

This method involves the developed coupling. In PHAROS wave conditions around the ship’s hull are the
input for the DIFFRAC model, this is the coupling step between PHAROS and DIFFRAC. Because these
wave conditions are applied at all locations along the hull, the spatial variation of wave conditions is
taken into account in this method. For the coupling step, An external routine is used to implement the
wave conditions from PHAROS directly into DIFFRAC. After this, DIFFRAC will convert these wave

AG

10



conditions along the hull of the ship into forces which act on the ship’s body. In this way the wave forces
is calculated. MOORINGS is used to evaluate the resulting mooring conditions.

Method 3

Method 3 has been included to consider because this method does not use PHAROS for the wave
conditions. In this research a specific situation is considered with uniform depth (ship behind detached
breakwater). For this specific situation it is possible to do the calculations only with DIFFRAC and
MOORINGS. In general DIFFRAC is able to generate the wave conditions as a standalone model. It will
be interesting to see if this exclusion of PHAROS will cause differences in results. DIFFRAC is used as
an input for MOORINGS for the wave conditions, wave forces and hydrodynamic coefficients. This
method has been added because it describes the ideal situation for this case. This calculation method has
been added as a reference. Note that for other cases this referential method would not be able to generate
results with the specification of an ideal situation. Therefore only in the situation used in this research,
method 3 can be used as a referential method.

B | n "
Initial wave, initial wave Initial wave, initial wave Initial wave,
harbor layout harbor layout harbor layout
DIFFRAC PHAROS DIFFRAC a8 __ | pharoS DIFFRAC
conditions
T
First order Hydrodynamic First ofrder Hydrodynamic First order Hydradynamic
wave forces coefficients Waves conditions wave forces coefficients wave forces coefficients
MOORINGS MOORINGS MOORINGS

\;Dlspacements LDspacemenls \;Dsplacemems
of the ship of the ship of the ship

Figure 1: conceptual flowchart of the three used methods

11

AG



1.3.3. Methods for analysis

Below the process of analysing the obtained results is described. The analysis of the working of the
coupling method consists of several steps. As described in subsection 1.3.2 it has been described that
several models have to be run for getting an complete assessment of the different calculation methods.
The analysis process is based on checking the validity after each step. When it turns out that after a
modelling step the output is not right, it is not valuable to continue with the research process. For this
reason many validation checks have been performed in this research process. Below, the process is
described of the different analysis steps which have been performed in this research.

The first goal is to get an indication of the working of the coupling. To make a first comparison analysis
the results can be compared based on the wave forces coming from DIFFRAC. After this first indication
of the working of the coupling, the remaining computation have to be performed. The steps for finishing
the analysis of the research are shown in Table 2. For the detailed visualization of the whole modelling
process see section 2.4.

Table 2: Analysis steps performed in the research

Step  Activity Type of Reference chapter
Nr. activity
1. Run PHAROS for method 2 and 3 Modelling  Section 2.1 and 3.1
2. Validate the PHAROS results for method  Analysis Subsection 4.1.1
2and 3
3. Run DIFFRAC only for method 3 Modelling  Section 2.2 and 3.2
4. Validate the DIFFRAC results for method ~ Analysis Subsection 4.2.1
3
5. Couple potentials from PHAROS and Modelling  Section 3.3
apply in DIFFRAC
6. Run DIFFRAC for method 2 Modelling  Section 2.2 and 3.2
7. Compare DIFFRAC results for method 2 Analysis Subsection 4.2.3
and 3.
8. Run PHAROS for remaining cases Modelling  Section 2.1 and 3.1
9. Validate the PHAROS results for Analysis Subsection 4.1.1

remaining cases
10. Run MOORINGS for the three different Modelling  Section 2.3 and 3.4

methods

11. Compare MOORINGS results for method  Analysis Section 0
1,2and 3

12. Formulate conclusion about the coupling  Analysis Section 6

based on MOORINGS results

12
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1.4.  OQutline of report

Section 2 is dedicated to the process of a dynamic mooring analysis. In this section the different involved
models are described in further detail. Included is a description of the theoretical principles on which the
models are build. The answer of research question 1.1 is mainly based on this chapter.

After the theory, the modelling scenarios are discussed in section 3. This section focusses on the question:
what will be calculated, and which settings for the models are needed to require the appropriate output?
This section also focusses on the extent to which the used models give a description of reality. After
reading this section, the reader should have a clear view of the model set-up and the restrictions and
boundaries of the models. The answer of research question 1.4 is mainly based on this chapter.

In the subsequent section 4, the results from the different models are shown with an analysis of the
different calculation methods. The first part of each results and analysis section is based on one specific
case. From the output of the models too many cases can be considered. With a focus on one interesting
specific case, the reader will get a better and more clearer view of the results. The specific case which is
considered is a ship on position L2 (definitions of positions in subsection 1.5.3) with a wave coming from
45 degrees (definition in subsection 1.5.2) with a wave frequency of 0.40 rad/s (conversions of units in
subsection 1.5.1). The second part of a section in the results and analysis chapter is more focused on the
overall results from all other cases. With this, a broad and understandable view of the research results can
be obtained. The answer of research question 1.2 and 1.3 is mainly based on the outcomes of this chapter.
The report will end with a discussion, a conclusion and recommendations for further research.

13
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1.5. Definitions and conventions

1.5.1. Units

All parameters and variables have units according to the international SI conventions. The unit for wave
frequency is in rad/s. The conversion of this unit to Hz, and the calculation of the wave period is shown
below.

w
=2
21
T w
With:
f Wave frequency in Hz.
1) Wave frequency in rad/s.
T Wave period in s.

1.5.2. Wave directions
The wave directions are defined with the polar coordinate system. This means that a wave coming from
the south corresponds with wave direction of 90 degrees. This is visualized in Figure 2.

'

90

180

A

(=18 J

270

Y

Figure 2: Definition of polar coordinate system (Arcadis, 2015)
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1.5.3. Ship positions

Three different ship positions will be considered. The origin of the orientation has been positioned in the
midpoint of the ship on position L1. The ship is orientated with the bow in direction of the positive side in
each case. The different ship positions are visualized in Figure 3.

500
~ Ship position L1, midpoint on (0,325)
Ship position L2, midpoint on (-150,325)
Ship position L3, midpoint on (-300,325) |
400+
S G S B
300 - —
3
>
[
£ 200~
E
c
o
(o]
100}
Detached breakwater
0 |
_1 00 1 1 1 1 1 1 1 1
-500 -400 -300 -200 -100 0 100 200 300

Orientation x (m)

Figure 3: Positions of the ship related to the breakwater

1.5.4. Ship motions
The ship motions used in this research are defined in Figure 4. Most important motions for this research
are surge, sway and yaw.

*z (heave)

+¢ (roll) ¥ (surge)

Figure 4: Definition of ship motions (Arcadis, 2015)

1.5.5. Notations
The following notations are used in this report:

= Decimal point. Thus 1.5 means one and half.

= Digit grouping symbol. Thus 12,000,000 means 12 million.
» E. For the scientific notation with the exponent of 10. Thus 1.2E-3 means 1.2 x 10 = 0.0012

AG
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2 . Dynamic mooring analysis

A dynamic mooring analysis is one of the processes of calculating mooring conditions of the ship. For
this process different methods and models can be used. In this section, a description is given of the
involved models in this research to perform a dynamic mooring analysis. This section will end with a
visualization of the data flows between the models. In this way the collaboration of the models and the
data flows will be understood.

2.1. PHAROS model theory

The PHAROS model has the function to evaluate the wave conditions in the harbor. This wave
penetration model (WPM) simulates the waves which propagate from the sea into the harbor. In general
PHARQOS investigates the effectiveness of the harbor design before construction (Reijmerink, n.d.). One
of the features of the PHAROS models the fact that this model is able to consider the bottom depth
variation. In this research this will not be considered. This in order to create an optimal comparison
between the different calculation methods.

2.1.1. Calculating wave potentials

To describe wave processes used in PHAROS (and DIFFRAC), four components need to be determined.
The three wave velocity components (speed in 3 directions: u, v and w) and the pressure on a specific
point. To find these values four equations have to be solved (Continuity equations, Navier Stokes
equations, Laplace equations and the Bernoulli equation). The derivation of these equations can be found
in appendix A.ii.

The four parameters described above can be expressed in one function, the velocity potential function.
The analytical expressions for particle velocities (u, v and w) and the wave-induced pressure in the water
are found with a mathematical technique that uses a rather abstract mathematical concept (Holthuijsen,
Waves in oceanic and coastal waters, 2007). In other words, this potential function (or the value for
potentials) describes the three velocity components and the pressure in the water. The values for
potentials are the main output of the PHAROS model.

2.1.2. Grid and wave penetration

Before modelling waves in PHARQOS a grid has to be defined. With the finite elements method the wave
conditions all over the grid points are calculated. For these penetration of waves all over the area,
reflection and diffraction principles are considered. The principles of these processes have been described
below.

When waves interact with objects, reflection will occur. The degree of reflection will depend on the type
of obstacle. A vertical wall could reflect for 100% a certain wave whereas beach can hardly reflect any
wave (Holthuijsen, Waves in oceanic and coastal waters, 2007). The reflection process of waves for this
research is explained with an example of an incoming wave which reflects on a vertical wall with a
reflection coefficient of 100%. This means that 100% of the incoming energy is reflected, and no energy
is lost. In Figure 5 and Figure 6 reflection processes have been plotted. The black line represents an
incident wave which propagates to the wall. When the incident wave interacts with the wall, the wave is
reflected. This component is named as the “reflected wave component”. The resultant wave can be
calculated by summing the wave heights of the incident and the reflected wave components. Depending
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on the phase of the wave at the position of the wall, it can occur that the resultant wave will be fully
disappeared, this has been visualized in Figure 6.

2r 2r .
Incident wave companent Incident wave companent |}
Reflected wave component Reflected wave component
15 Resultant wave 15 Reslitant wave :
LN P PR TN ™\
/ N /s N\ / | \
05k A / Y / ; !
N i N
-E 0 } - :é
M\ \ / i
N s \,
. N / N / - 4 NS G \\M/ L \ Ve ",
Wall 100% Wall 100%°
reflection reflection
1 | Incident wave £ sk eidentwave O :
2 -2
15 10 5 0 =15 10 5 0
position x position x
Figure 6: reflection on a wall (phase difference: 0.5*pi) Figure 5: reflection on a wall (phase difference: 0.58*pi)

Wave diffraction will occur when a wave moves beside an object. Because of this object the wave will
diffract and change direction. Diffraction causes changes in the amplifications and directions of the
waves. In the case which is visualized in Figure 7 an incident wave is coming from the south. Because of
the headland a shadow zone will occur. If the diffraction process would be ignored, the waves would
reflect against the headland and no waves would be observable in the shadow zone. However, with
diffraction accounted for, the waves curve into the shadowed area behind the headland as can be seen
from Figure 7 (Holthuijsen, Waves in oceanic and coastal waters, 2007).

| geometric
| shadow line
|

shadowzone
incident wave
Figure 7: visualization of diffraction process (Holthuijsen, Waves in oceanic and coastal waters, 2007)
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2.2. DIFFRAC model theory

The DIFFRAC model is used as the hydrodynamic ship diffraction model. In general this model
calculates the different types of forces on the ship. In subsection 2.2.2 and 2.2.3 this have been described.
In the case of the coupling method, the input of the hydrodynamic ship diffraction model are the wave
potentials from PHAROS (function which describes the four calculated components: speed in u, v, and w
and the pressure). An explanation of the wave potential is given in subsection 2.1.1. These wave
potentials are converted into wave velocities and pressures which can be applied on the ship’s hull. For
calculating the forces DIFFRAC makes use of a panel method. This panel method divides the ship’s hull
into different panels, this has been visualized in appendix B. On each panel the potential has been
calculated. With the wave potential the pressure can be calculated by applying Bernoulli’s law. By an
integration of the pressure over the surface area of the panel, a force can be calculated. Summing the
contributions from all panels gives the resultant wave forces on the ship at the center of gravity.

DIFFRAC is a model in which it is not common to consider bottom depth variations. As described before
DIFFRAC consists of certain objects which interacts with waves. The bottom depth can be taken into
account as an extra object above the ground surface in the model. This requires a lot of panels. Because of
this reason it is hard to perform a run which considers bottom depth variation. In this research, the surface
is considered as one flat surface. This is the big difference between the models PHAROS and DIFFRAC.
PHARQS is able to consider the bottom depth variation.

2.2.1. Linear systems theory

The linear systems theory states the fact that the relationship between two variables can be treated as a
linear function. In the case of waves, for example a surface elevation spectrum can be transferred to the
spectrum of some other wave variable. The definition of a linear system is given in the following
equation:

axx(t)+bxy(t) >axX(@t)+bxY(t) (Holthuijsen, Waves in oceanic and coastal waters,
2007)

In this equation x and y are called the excitation functions, and X and Y are called the response functions.
Consider for the excitation function for example the surface elevation due to waves (x), and for X the
water pressure at some point in the water. If the surface elevation will become two times bigger, then the
water pressure will be doubled as well. Another characteristic of a linear system is, if the excitation
function is harmonic, the response function is harmonic as well with the same frequency (Holthuijsen,
Waves in oceanic and coastal waters, 2007).

2.2.2. Fluid reaction forces (added mass and damping)

The fluid reaction forces (the hydrodynamic coefficients) are defined as the forces caused by the motions
of the ship itself. The water tries to resist the force of the ship. On the ship a reaction force is felt due to
the resistance of the water, this is called a fluid reaction force. This theory is based on the linear behavior
of systems, described in subsection 2.2.1. In this case it means that a wave with a certain frequency is
coming in, and the fluid reaction force has the same frequency.

With the effect of ship motions, the forces on the ship can be split up into two terms of forces. Two terms
can be distinguished from the derivation of the fluid reaction force. The first term represents the added
mass (the internal effect of the water), this can be explained as follows. The water around the ship has
some effect on the ship. If the ship wants to move, the surrounding water need to be replaced. The added
mass is the weight added to the system due to the fact that an accelerating or decelerating body must
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move some volume of surrounding fluid (Techet, 2005). The second term represents the damping. This is
the resistance of the water caused by the movements of the ship itself. When a ship moves, a force will act
on the hull of the ship proportional to the velocity of the ship.

2.2.3. Wave forces

The wave forces represent the forces acting on the hull of the ship caused by the incoming waves. For the
translation of the wave forces which cause the motions, again the theory of a linear systems described in
2.2.1is applied. The system input is a wave, the output is a wave force. When the wave height becomes
two times the size of the original waves, this theory states that the wave forces on the ship caused by this
wave will increase with a factor two as well.
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2.3. MOORINGS model theory

In MOORINGS the different calculated parameters are coupled together. This software makes a
simulation of a moored ship. The frequency domain is transferred to motions and forces in a time domain.
The main aim of this model is to contribute to the design of ship-related infrastructure. In the program
environmental conditions and the mooring system is modelled as forces that act on the ship. These
environmental conditions vary in time. The input of this simulation model is composed of a large number
of parameters that describe the characteristics of the ship to be used, the mooring system and the
environmental conditions such as bottom depth, wind, current and waves (Arcadis, 2015). All different
conditions are brought together at the center of gravity. From here the ship behavior and the mooring
conditions have been determined.
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2.4.  The interaction of the models

This chapter ends with a description of the working and interaction between the models. In the above
described section the different models have been described. In this section the interaction of the different
models have been visualized in different flowcharts, each presenting a calculation method.

: defi
Ir;g;l;uctiifme Initial wave Input: define Initial wave
Rirbair conditions initial wave conditions
Harbour
layout | DIFFRAC | PHAROS | _
r M - M
DIFFRAC l l l
! processing without | | T:(g':g: |
| breakwater | | P 9 |
| I | I
L | — —J L — —J
First arder Hydrodynamic Waves @Midpoint ship
wave forces coefficients for L1, L2, L3
@hull for LO @hull for LO
r v v @ N
I I
I create shipfile |ship file Spectrum | Create spectrum | |
| file file |
I I
I I
| MOORINGS |
| ( processing | |
| Output data Output data |
L—— - T T T TMOORINGS T T T T T l -
5 Qutput:
OutLplut.szorI(_:gs fat displacements for
S L1, L2, L3

Figure 8: Calculation method 1 (Existing way of calculating)
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Figure 9: Calculation method 2 (coupling)
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Figure 10: Calculation method 3 (DIFFRAC standalone/referential method)
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3 . Model schematization

In this section a description is given of the set-up of the different models. For the interpretation of the
results it is important that it is clear which calculations have been performed and which assumptions have
been made in the modelling set-up. In this section a focus is on the fact which simplifications have been
made in the models and how the models represent the real world.

3.1.  PHAROS set-up

3.1.1. Determination of layout

The modelled situation will consist of a detached breakwater. A ship was placed at three different
positions behind the detached breakwater. The exact positions are presented in subsection 1.5.3. The
angles of incoming waves will consists of waves from directions 45, 90 and 135 degrees (polar coordinate
system, see subsection 1.5.2). A visual representation of the determination of the area size is visualized in
Figure 11. It have been chosen to create a symmetric layout to create a realistic situation. The bottom is
considered as a flat surface, with a water depth of 21.7 m. This layout is an idealization of reality. In
reality no boundaries are defined, for the PHAROS model this is required. To create a realistic situation
the size of the layout has been chosen such that no disruptions will occur on the position of the ship and
the breakwater. Note that no ship is modelled in PHARQS, only the ship positions are important to
consider.

500 —m—

Absatbing boundary : Ship position L1
<+ Ship position L2
B0 e L L L e e e | 1 Ship position L3

w
=}
=

-

| Absarting boundary : Absorbing boundary

X
=]
=]

Orientation y (m)

=
5

—

I

=)

-1000 -500 a 500 1000

Figure 11: Layout in PHAROS

3.1.2. PHAROS grid

Waves with different frequencies are modelled. The type of wave which is considered is a monochromatic
wave. In this case the wave frequency will vary from 0.05 till 1.6 rad/s. The omega (wave frequency in
rad/s) values will increase with a value of 0.05. So 1.6/0.05=32 runs are made in each three different
directions (45, 90 and 135 degrees, see 1.5.2). The grid size is determined for the lowest value of the
wave period (highest frequency). A high frequency wave will need more grid points than a low frequency
wave to describe a proper wave field. For the determination of the amount of grid points in PHAROS, the
following points have to be determined.

Creating the grid

The normative wave period is determined on the value of the highest frequency (1,60 rad/s). This because
of the reason that the observation of the higher frequency waves is only possible when more points in a
wave length are taken into account. The number of points to describe a wave properly enough has been
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set to 7 points in a wave length. The period which corresponds to a wave with frequency 1.60 rad/s is 3.9
s (formulas used from subsection 1.5.1). The wave length is calculated by using the dispersion
relationship. The dispersion relationship gives the relation between the wave number, frequency and
depth based on the linear wave theory. For a harmonic deep water wave the dispersion relationship
formula can be simplified to:

2
L= % (Holthuijsen, Waves in oceanic and coastal waters, 2007)

L =156 xT? = 1.56 * 3.92 = 23.7 m (Holthuijsen, Waves in oceanic and coastal waters, 2007)

Pharos makes an automatic placement of grid points based on the period of the wave. First a grid was
created based on the highest frequency (period=3.9 seconds). After creating a grid it is important to
consider the grid shape and size. The areas shouldn’t be far from begin equilateral. In other words, the
angles of a triangle should all three have approximately the same value. The grid statistics of the created
grid are presented in Table 3.

Table 3: PHAROS grid statistics

Grid statistic Value
Number of elements (-) 2,145,374
Number of node points (-) 1,075,018
Minimum element area (m)  0.0451912
Maximum element area (m)  2.48677

Frequency range (rad/s) 0.05-1.60
Total area (m?) 1.554E+6
Total volume (m?) 3.3721E+7

3.1.3. Boundary conditions

The breakwater itself will have a 100% reflection. In reality this would never occur because the
breakwater will not consist of a smooth fat surface. It is important that the boundaries do not have an
influence on waves, because only the effect of the detached breakwater is considered. Therefore the walls
except the ones of the detached breakwater are absorbing (0% reflecting). The absorbing parameters are
based on an incoming wave perpendicular on the wall. Because waves can have another incoming
direction a second order reflection parameter is added in the reflection input.
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3.2. DIFFRAC set-up

In the DIFFRAC calculations four scenarios need to be calculated. As described in the methods, in the
first calculation method a ship without a breakwater is modelled in DIFFRAC (L0), see Figure 8. For this,
one calculation is needed (for all wave direction and frequencies). For the second calculation method
(situation with breakwater) the three positions of the ship need to be modelled. In this section the set-up
of the DIFFRAC model is discussed.

3.2.1. The ship’s properties

The type of ship with which the modelling in DIFFRAC and MOORINGS is performed is a Very Large
Crude Carrier tanker (VLCC). A visualization of the model of the ship with the different ship views can
be found in appendix B. This type of ship has been chosen because of considerable reasons:

= The shape of the is representative for a wide range of tankers.

= Previous research cases have been studied with this kind of ship.

= Waves do have a big influence on these kind of ships, in comparison with other factors. The ship
has a big draught, and the block coefficient is higher in comparison with other ships. The block
coefficient represent the ratio between the volume of the ship itself and the volume of an
imaginary body in the shape of a block which is drawn around the outer points of the hull of the
ship. For a ship with a rectangular shape, the block coefficient would be one.

3.2.2. Estimation of the size of the panels of the ship

For DIFFRAC calculations, the different objects (ship and breakwater) are modelled with panels. On
these panels the different pressures and forces are calculated. This idealization has been used to shorten
the run time. To create a realistic and fast run, it is important to minimize the amount of panels and to
create a realistic run. This is done by determining the proper panel size. This size is based on the highest
wave frequency. The highest wave frequency is: w = 1.6 rad/s. This corresponds to a wave period of
3.9 s (subsection 1.5.1). For the calculation of the wave length, the dispersion relationship described in
3.1.2 have been used.

L =1.56*T? = 1.56 * 3.92 = 23.73 m (Holthuijsen, Waves in oceanic and coastal waters, 2007)

As described in subsection 3.1.2, it turned out that the number of points to describe a wave properly can
be set to 7 points in one wave length. The estimated panel size is calculated by dividing the wave length
to seven:

Wave length 2373
points per wave length 7

Panel size =

With this information, the panel size in DIFFRAC for the ship and the breakwater is set to 4 m. This
value represents the width of the panel.
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3.3.  Coupling set-up

The PHARQOS calculation is performed with the use of the finite element method (see section 2.1). For
this calculation, a grid has been generated. The grid consist of triangular elements. For each triangular
element a potential has been calculated in PHAROS, the explanation of the potential function is given in
subsection 2.1.1. DIFFRAC is a model without outer boundaries. Because of this, no field grid has been
generated in DIFFRAC. In DIFFRAC only the objects with which an interaction will take place are
defined (the ship and the breakwater). These objects are built up from different panels. The general aim of
the coupling is to define a value for potential to each panel on the different objects. First, the script
calculates the center point of each DIFFRAC panel. After this, the coupling script will search for the
triangle in which the panel point is situated. With this, each panel point will get the value for potential of
the triangle in which the panel point is situated. The potentials corresponding to each panel can be
implemented in DIFFRAC to make a new run.
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3.4. MOORINGS set-up

The MOORINGS model is based on several types of input. These inputs involves the layout properties,
ship properties and environmental conditions. The different inputs are brought together in MOORINGS
which calculates the displacements and the forces on the lines and fenders caused by the ship. The flow of
input data has been visualized in section 2.4. The different properties and conditions are described below.

3.4.1. Layout properties

The layout has been defined as the visualization of the area around the ship. This includes the harbour and
the mooring structure. In the layout, the location of the different mooring elements is determined.
Basically, the layout file consists of two different parts. First the parts which are not affected by the
calculation, in this case these are the jetty and the breakwater. When the calculation is done without these
layout elements, the same results will be obtained. The second part of the layout is the mooring structure.
These are the mooring elements such as the lines, fenders and springs. The mooring structure has been
defined on the side of the shore (north side, waves coming from the south). The structure itself (position
of the lines, fenders etc.) has been taken from an existing Arcadis project in Puerto Nuevo, Colombia in
which the same ship was modelled.

N

(L

Breakwater

Figure 12: MOORINGS layout for position L2

3.4.2. Ship properties

For each modelled situation the ship will respond in a different way. In MOORINGS this response of a
ship in a certain situation is obtained from DIFFRAC. For validating the response of the ship, some tests
have been performed. All tests are based on a free floating body. For all tests the ship’s response are
calculated for all motions.

Test 1: start out of balance: Heave decay, roll decay and pitch decay (see subsection 1.5.4).
Test 2: do nothing, and look what happens

Test 3: apply wind: wind from abeam and wind from head on

Test 4: apply current: current from abeam and current from head on

Test 5: apply waves regular and irregular waves

3.4.3. Environmental conditions

In the case of mooring a ship. Many environmental conditions can be considered (e.g. wind, wave, current
conditions). In this research, only the wave conditions are taken into account. To apply the wave
conditions to a ship, the spectrum of the wave has to be defined. The parameters needed to define a
spectrum are:
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=  Wave height

= Wave direction (only for method 1, see section 2.4)
=  Wave frequency: 0.40, 0.80 and 1.20 rad/s.

= Water depth

= Number of wave systems

= Type of waves (regular/irregular waves)

Spectrum for method 1

In method 1 the wave spectrum is based on the wave conditions at the midpoint of the ship. These data
can be obtained from PHAROS. The so-called r-DPRA tool has been used to obtain the information about
the wave directions and wave height at the midpoint of the ship. Because reflection/diffraction processes
occur, it is necessary to represent the wave conditions with different wave directions to the midpoint of
the ship in MOORINGS with a different wave height for some cases. The data which is applied in the
spectrum definition for method 1 is obtained from the figures which corresponds to a wave frequency of
0.80 rad/s. Further analysis is based on the wave direction and wave height with a frequency of 0.80 rad/s.
A brief overview of the values determined from the figures is shown in Table 4, Table 5, Table 6 and
Table 7.

Table 6: Wave component 1, direction (deg.) Table 4; Wave component 1, height (m.)

Table 7: Wave component 2, direction (deg.)

Spectrum for methods 2 and 3

For method 2 and 3, the spectrum parameters in MOORINGS are obtained from the wave outside the
harbor. This wave has a wave height of 1 meter. For this 1 meter wave the frequencies 0.40, 0.80 and 1.20

rad/s is performed.

L1 L2 L3 L1 L2 L3
45 40 40 45 45 0.65 1 0.95
90 50 0.65 80 90 0.12 0.2 0.55
135 135 60 90 135 0.65 0.1 0.12

Table 5: Wave component 2, height (m.)

L1 L2 L3 L1 L2 L3
45 I - - 45 - - -
90 130 145 - 90 0.12 0.1 -
135 - 140 155 135 - 03| 022

! - means there is no second wave component taken into account
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4. Results and analysis

In this chapter the results are presented. Besides this, different analyses are performed to put the results in
its perspective. This chapter starts with a description of the PHAROS results. After this, the DIFFRAC
results are presented. The chapter ends with a description of the MOORINGS results.

4.1. PHAROS results

The results from the PHAROS model are presented in terms of the wave height and the wave image. The
wave amplification represents the ratio of the incoming wave (initial wave) and the wave height at certain
locations in the layout. The wave amplification can be interpreted as the wave height for an incoming
wave, with an initial value of 1 meter at certain locations in the layout. The wave image can be interpreted
as a top view picture of the waves. The visual results of the Pharos runs are shown in appendix D for the
lowest, mean and highest frequencies in the range.

4.1.1. Validation PHAROS results

The validation of the PHAROS results is mainly based on the case with an incoming wave from direction
45 degrees with a frequency of 0.40 rad/s. For the validation of the PHAROS results of this specific case,
different visualization checks have been performed. From the “Shore protection manual” (US army corps
of engineers, 1984), different wave diffraction diagrams have been used to analyze the diffraction patterns
from PHAROS. These diagrams have been conducted for a semi-infinite breakwater for different angles
for incoming waves. In the case of an incoming wave with direction 45 degrees, the diffraction along
these directions should have been a diffraction coefficient (K”) with a value of approximately 0.5. The
diffraction coefficient can also be defined as the wave amplification. This principle has been visualized in
Figure 13. From Figure 14 it can be concluded that the wave amplification output from PHAROS is in
line with the principles from the shore protection manual (US army corps of engineers, 1984).

K'=1

K'=0.5

K'=0.25

K'=0.15

BREAKWATER

INCOMING WAVES

Figure 13: Example of diffraction diagram
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PHARQS is a model which is based on boundaries. The incoming boundary will generate the waves. For
wave directions 45 and 135 degrees, an area will arise in the figures which is not affected by the incoming
waves. For example, in the top left corner of the wave amplification Figure 14 this is visualized. For this
research it is important that the ship will not be situated in this area. As can be seen in the results from
PHARQOS, the ship’s positions will not be in the areas which are not affected by the incoming waves.

Wave amplification (m/m): frequency = 0.40 rad/s. Direction = 45 degr.
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0

-100

-800 -600 -400 -200 0 200 400 600
Orientation x {(m)

Figure 14: wave amplification, frequency: 0.40 rad/s, direction: 45 deg

Some additional checks have been performed based on the results of other cases. These results are
presented in appendix D. It is important that the wave patterns from the wave amplification and the wave
image figures have a symmetric structure in case of wave direction 90 degrees, since the breakwater is a
symmetric object. From Figure 39, Figure 42, Figure 45, Figure 48, Figure 51 and Figure 54 , it turns out
that there is not a clear difference in structure between the left and the right side of the breakwater. This
symmetric structure has been realized by placing the breakwater in the middle of the layout (figures are
resized), and adding a second reflection parameter to the absorbing boundaries. In this way, hardly
reflection processes occur on the outer boundaries.
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4.2. DIFFRAC results

The analysis of the DIFFRAC results starts with a comparison of wave amplification diagrams between
DIFFRAC and PHAROS. It is required that these outputs from the models produce the same output. The
main DIFFRAC results are represented as the added mass and damping and the wave forces. First of all,
the added mas and damping are compared for the different ship position (LO, L1, L2 and L3). After this
the analysis continues with a comparison of the wave forces. The main analysis is based on the wave
forces because this is the essential point which is calculated in different ways for the different calculation
methods.

4.2.1. Comparison DIFFRAC-PHAROS results

In DIFFRAC the wave amplification has been calculated. With the results of the wave amplification the
comparison between the PHAROS and the DIFFRAC output can be made. When the amplification
figures from PHAROS and DIFFRAC is compared, it can be seen that the ship itself in the DIFFRAC
output do have a big influence on the waves. The ship in DIFFRAC behaves to some extent as a
breakwater. From Figure 15 it can be observed that the wave amplification behind the ship is remarkably
lower than at the front. Also the reflection of the ship causes a chaotic wave pattern between the
breakwater and the ship, this is the result of the wave reflection of the ship.

In contrast with PHARQOS, in DIFFRAC outer boundaries will not be defined. This means that over the
whole area waves can be observed as can be seen in Figure 15. This is in contrast with the PHARQOS
results. The wave amplification figure from DIFFRAC (case without ship) has been directly compared
with the PHAROS results in Figure 16. In the upper left corner big changes in wave amplifications are
observable between the models. This is due to the fact that PHAROS defines boundaries and in this area
now waves occur produced by the wave exciter boundary. A second notable observation which can be
made from Figure 16 is the chaotic pattern on the right side of the breakwater. This pattern is presumably
the consequence of a misstep in defining the breakwater layout in the PHAROS set-up. However, as can
be seen from Figure 16 the effect of this misstep is small on the waves which occur on the positions of the
ship. The figures which involves the comparison of DIFFRAC and PHAROS for the specific case of 0.40
rad/s can be found in appendix E.ii.

Wave amplification (m/m): frequency = 0.4 rad/s. Direction = 45 degr.

T T T
100 -
g o
>
§ -100f
O
& -200 \ \
o
300 ~
-400F 1 \
-600 -400 -200

Orientation x (m)

Figure 15: wave amplification DIFFRAC, frequency: 0.4 rad/s, direction: 45 deg
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Difference DIFFRAC - PHAROS om=1.60 dir=45deg
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Figure 16: Difference in wave amplification DIFFRAC - PHAROS, frequency: 1.60 rad/s, direction: 45 deg.

4.2.2. Added mass and damping

The second results which are obtained from DIFFRAC are the hydrodynamic coefficients. The
hydrodynamic coefficients are divided in the added mass and the damping. The principles of the
hydrodynamic coefficients are explained in subsection 2.2.2. The added mass and damping for each
frequency and direction can be expressed in an added mass matrix and a damping matrix. The added mass
and damping are presented in a matrix because a certain disruption in a specific direction will have effect
for the added mass or the damping in an auxiliary direction. The added mass and damping matrices are
presented in Table 8 and Table 9. The different motions are described below, a visual presentation of the
motions has been defined in section 1.5.4.

= Surge, displacement along x-axis.
= Sway, displacement along y-axis.
= Heave, displacement along z-axis.
= Roll, rotation around x-axis.

= Pitch, rotation around y-axis.

= Yaw, rotation around z-axis.

For example, the value in Table 8 on position [1,1] (row, column) represents the added mass in direction
x caused by a force in direction x. For the analysis of the added mass and the damping only the diagonal
values of Table 8 and Table 9 are taken into account (bold numbers). From the results it is clear that these
diagonal values do have the biggest values for added mass and damping. The reason for this is clear, the
effect of a disruption in a certain direction will have the biggest influence in the direction equivalent to
the cause of the disruption. Also from the results in Table 8 and Table 9 it is clear that the added mass and
damping for direction Y is much bigger than direction X. This can be clarified by the properties of the
shape of the ship. It will take more effort to move the ship in the Y direction in comparison to the X
direction. This can be clarified by the fact that the front surface area is much bigger in Y direction. A
similarly rotation around the z axis requires more effort than around the x axis.
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Table 8: added mass matrix for ship position L2, wave frequency 0.40 rad/s.

Added mass Added mass Added mass Added mass
direction X Added mass Added mass around x axis around y axis around z axis
_ (® direction Y (t) | direction Z (t) | (t*m?) (t*m?) (t*m?)

sDufrrgl]e 9,810 -2,689 3,583 13,971 1,431,549 148,580
st.\I/ra.y -2,759 150,182 89,762 -564,196 -78,570 689,335
3:?2% 3,470 91,548 727,043 -393,148 -974,849 1,329,084
Ig;)rlll 14,265 -571,722 -385,271 20,901,990 2,599,647 4,578,487
Ig)iftrc.h 1,416,182 -73,077 -998,567 2,649,313 2,146,591,490 182,630,656
\D(;rw 146,832 682,737 1,307,639 4,686,771 178,341,344 710,061,632

Table 9: Damping matrix for ship position L2, wave frequency 0.40 rad/s.

Damping Damping Damping Damping around | Damping around | Damping around
direction X | direction Y direction Z X axis y axis z axis
_ (KN*m*s) | (KN*m*s) (KN*m*s) (KN*m*rad**s) | (kN*m*rad'*s) | (KN*m*rad*s)

sDufrrg.;]e 3,527 -635 -317 7342 1,180,224 333,954

st_\I/;y -626 48,857 -51,181 -221,019 -266,862 64,267

B:;éve -377 -52,477 99,521 238,346 436,712 341,295

Ig;)rlll 7,225 -220,703 232,311 1,048,149 2,505,385 4,417,059

Ei;:;h 1,189,558 -264,606 453,460 2,532,563 668,926,080 93,266,952

\D(:irw 333,716 65,772 336,986 4,446,759 92,719,040 481,268,128

The results of the specific case described above are compared to other cases. It becomes clear that in
general the added mass and damping for lower frequency waves are much higher. This can be observed in
appendix E.iii. In the same appendix it can be observed that in comparison with the situation without a
breakwater the added mass and damping are clearly fluctuating more over the different frequencies. The
effect of the 100% reflection and existence of the breakwater can be a logical explanation for the

fluctuation of the values over the wave frequencies.

4.2.3. First order wave forces
An overview of the different DIFFRAC calculations is given in Table 10. From Table 10 it is clear that
the different DIFFRAC calculations can be compared in different ways. In this section the results of the
wave forces from DIFFRAC are compared for the different ways. In this analysis a focus is on the forces
Fx, Fy and the moment Mz. This corresponds to the ship motions surge, sway and yaw. First a
comparison and analysis is performed between the wave force in x-direction and y-direction, after this a
comparison and analysis is conducted of the forces and moments for the different positions. These first
two comparison analyses are mainly used as a verification of the DIFFRAC results. After the verification,
the DIFFRAC results for method 2 and 3 is compared. With this, an indication of the coupling effect can
be given.
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Table 10: Overview of DIFFRAC calculations for methods and positions.

LO L1 L2 L3
Method 1 v x x x
Method 2 x v v v
Method 3 x v v v

Analysis of wave forces

In this first analysis the basic case is used with a ship on position L2, this have been stated in section 1.4.
The wave forces in y direction are considered (Fy), because as described in subsection 4.2.2 it is expected
that these values are much bigger than forces in other directions on the ship. The first order wave forces
represent the wave forces on the ship. The validation process is based on visual checks. The first aspect
which becomes clear after analyzing Figure 17 is the occurrence of a peak at a frequency of 0.08 Hz (0.5
rad/s). From the dispersion relationship this frequency corresponds to a wavelength of approximately 250
m. This is as expected because the ship length is 300 meter. It is assumable that the ship will react intense
to waves with a wave length of the own size. From Figure 17 it can also be observed that the wave forces
are much higher for wave directions between 0 and 90 than for the higher wave direction angles. This can
be clarified by the fact that the ship is sheltered in case with an incoming wave with a direction bigger
than 90 degrees.

025— e

045 —

(kNj

Figure 17: wave forces in direction y for position L2

The other wave force/moment diagrams are presented in appendix E.iv. The wave forces diagrams for
position LO with direction x and moments diagrams around the z axis in direction of 90 degrees have to
be a value of approximately zero for the whole frequency spectrum. This because of the reason that the
midpoint of the ship is situated at the x-coordinate of the breakwater. The waves diffracted around the
breakwater do have the same effect on the forces in x-direction and the moments in z-direction. The
forces and moments caused by the diffracted waves on the left and right side do have the same value, the
resultant force in x-direction and moment in z-direction is approximately zero. This is visualized in
appendix E.iv. Another observation is that the wave force in z direction is mainly dependent on the
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frequency of the waves, and not much on the direction. However the direction 90 degrees will cause a big
force in z-direction in case of position LO. This can be clarified by the fact that the forces in direction 90
degrees are applied on a big surface. These forces cause roll and big forces in z-direction.

Comparison between wave directions

An analysis have been performed on a comparison of the wave forces for different wave directions. The
most important observations are discussed in this subsection. All observations are based on the figures
from appendix E.iv. It can be observed that around 90 degrees the wave forces in y-direction are bigger
(Figure 109). The waves coming from direction 90 degrees do have a direct and the biggest influence in
the same direction, which corresponds to the y-direction. It can also be observed that around 0 and 180
degrees the wave forces in x-direction are bigger (Figure 109). This can be clarified by the fact that the
waves coming from direction 0 and 180 degrees do have a direct influence in the same direction, which
corresponds to the x-direction. From the figures it can also be observed that the changes in case of the
first observation in this subsection are bigger than the second observation described above (Figure 109).
The big difference in difference in wave forces for Fx and Fy can be clarified by the property of the ship’s
geometry. The forces in y-direction are applied on a much bigger surface area than the forces coming
from the x-direction. This is the reason that the differences in y-direction are bigger than the differences
in x-direction.

Comparison between positions

In this case the positions L3 and L1 are compared for Fx (surge), Fy (sway) and Mz (yaw). Firstly it can
be observed that around 135 degrees the forces in x-direction are bigger on the ship with position L1
(Figure 110). This can be clarified by the fact that the ship in position L3 is fully sheltered by breakwater.
Forces in x-direction for L1 do have a big impact because waves are entering the area from the right side
of the breakwater. The diffraction of these waves cause the big impact in x-direction. Secondly there can
be observed that around 60 degrees the forces in x-direction are bigger on the ship with position L3
(Figure 110). This can be clarified by the fact that the ship in position L1 is more sheltered than L3 for the
incoming wave with direction 60 degrees. Third, it can be observed that around 90 degrees the forces in
y-direction are bigger on the ship with position L3 (Figure 111). This can be clarified by the fact that the
ship in position L1 is more sheltered than L3 for the incoming wave with direction 90 degrees. At last
there can be observed that in direction around 80 degrees the moments (Mz) are bigger on the ship with
position L3 (Figure 112). This can be clarified by the fact that the ship in position L3 is partly sheltered.
This sheltering causes big forces on the left side of the ship, while the right side is sheltered and low
forces are applied. This causes a big moment in z-direction.

Comparison between method 2 and 3

The comparison between methods in DIFFRAC is based on method 2 and 3. For these two methods the
calculations have been performed for positions L1, L2 and L3. Method 1 will not be compared in this
analysis because for this method only LO have been performed in DIFFRAC. The wave forces are based
on the resultant forces on the ship.

For this first assessment only the wave forces for L1 have been compared for direction 45 degrees. Figure
18 shows the results of the comparison between method 2 and 3 for Fy, the remaining figures are
presented in appendix E.vi. From the results it becomes clear that the wave forces of the coupling fits the
forces from the DIFFRAC standalone calculation quite well. However when the frequency of the waves
becomes higher, the difference between the coupling and the DIFFRAC standalone calculation increases.
This has been visualized with a relative error check presented in Figure 19. The relative error has been
calculated with the following formula:
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Relative error = (Valuecoupling - ValueStandalone)/ValueStandalone

Waveforce (kN)
()

J\ /

Comparison wave forces: Fy

Coupling
— DIFFRAC stand alcne

\//

/\/
\

0 01 02 03 04 05 06 07 08 09
Frequency (radt‘s)
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Figure 18: Comparison wave forces Fy method 2 and 3 for L1

Relative error: direction 45, position L1
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Figure 19: Relative error position: L1, wave direction: 45 deg

Qa

37



4.3. MOORINGS results

The results of the MOORINGS output are presented in terms of the motions. The results of the
MOORINGS motions output is presented for the displacements and rotations in surge, sway and yaw
(definition in subsection 1.5.4) for each wave directions frequency and position. The figures of the
MOORINGS displacements and rotations output are shown in appendix F.i. From the MOORINGS
results it turns out that for higher frequencies the displacements and rotations are much lower. The
DIFFRAC results showed a big drop in wave forces and added mass for waves with frequencies higher
than 1.00 rad/s. This is in line with the MOORINGS results.

4.3.1. Specific case: Wave frequency 0.40 rad/s, wave direction degrees, ship position L2

The first part of the MOORINGS results analysis are based on the already analyzed case of a ship on
position L2, with waves coming from direction 45 degrees with a frequency of 0.40 rad/s. The research is
about including the spatial variations of wave conditions in a dynamic mooring analysis, in this case these
spatial variations along the hull of the ship can be observed, see Figure 20. The MOORINGS results in
this case should show big differences in displacement output between method 1 and 2, since only method
2 considers the spatial variations of the wave conditions along the hull of the ship and this case show big
spatial variations. It is expected that for this case the error of method 2 show less differences than the
error of method 2, this with respect to method 3 on which the error is based. When the spatial variations
are taken into account the results should be closer to the ideal (realistic) situation.

ll|||,|IIIIIIIIIIIIIIIIIII
L3
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Figure 20: wave amplification for ship on position L2, direction 45, frequency 0.80 rad/s

For this case the absolute error is calculated based on the value for displacement for method 3. The
absolute error has been calculated as follows:

Absolute error = Valueyq or 2 — Valueys

Comparing the absolute error for method 1 and 2 gives an indication of the accurateness of the coupling
method. From the results presented in Table 11 it can be concluded that in cases of surge and sway the
coupling method gives a more accurate result.

Table 11: MOORINGS displacements results on position L2, direction 45, frequency 0.40 rad/s

Value Value Value Absolute error Absolute error Improvement
M1 M2 M3 M1 M2 using coupling?
Surge 0.240 m 0.243 m 0.295m -0.055 -0.052 | Yes
Sway 0.208 m 0.228 m 0.281m -0.073 -0.053 | Yes
0.614
Yaw deg | 0.536 deg | 0.679 deg -0.065 -0.143 | No
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4.3.2. Other cases

One case have been considered in which big spatial variations in wave conditions were observable along
the hull of the ship in the PHARQOS output. The coupling method (method 2) has been designed with the
purpose of involving spatial variations of wave conditions along the hull of the ship, but there are cases in
which the spatial variation of wave conditions along the hull is not big. In these cases the spatial wave
conditions along the hull of the ship (used in method 2) do have approximately the same value as the
wave condition at the midpoint of the ship (used in method 1). In these cases it should be expected that
the displacements output for method 1 and 2 does not show big differences. A case in which hardly
spatial variations occur is the case of the ship on location L1, with a wave direction of 135 degrees. In this
case the ship is fully sheltered by the breakwater. It would be expected that in this case the displacements
for method 1 and 2 would be approximately the same. But from the results presented in appendix F, no
clear pattern can be detected on which the less spatial variations cases can be justified.

In Figure 21 a scatter plot shows the sway motions from MOORINGS. The data for method 1 and 2 has
been plotted against the displacements for method 3. The ideal situation is the case that the methods show
the same results as the referential method 3. This “ideal” line has been visualized in the figure as the black
line. For the data series M1 and M2 the linear trend line has been calculated. It can be stated that how
closer the trend is to the ideal line, how smaller the mistakes and thus how better the method. From the
results presented in Figure 21 and appendix F.ii it can be concluded that all cases for surge, sway and yaw
smaller errors for method 2 than method 1 occur. This means that in general the coupling method shows
better results.
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Figure 21: scatter plot displacements for sway
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5 . Discussion

In this section some remarks based on the methodologies and research are described. It have been tried to
find the origin and cause of the discussion point. In some cases recommendations have been given to
reduce the uncertainty.

5.1. Approach

It could be concluded that the approach used in this research is some kind of laboratory experiment. This
has been by creating an as much as possible “fair” comparison between the methods. When the approach
is taken from a more realistic point of view, the results would be different. It is expected that the mistakes
would be more spread out and not easy to detect. The conclusions formulated in section 6.1 are based on
this ideal approach. It can’t be said if the conclusions will still be legit if a more realistic situation is
considered. This point is further explained in section 6.2. However, in the process of assessing a new
methodology (in this case a calculation method) it is necessary to start with a situation with which the a
first indication of the coupling method can be derived. From this basic situation the research can be
extended to more comprehensive and advanced situations. When it turns out from this current basic
situation that the coupling will work and show hopeful results, new more advanced and comprehensive
situations can be considered.

5.2. Model set-up

In subsection 3.1.1 the process of creating a grid in PHAROS has been described. From Table 3 it
becomes clear that the difference between the smallest and the biggest element is big. These big
differences in grid size can cause irregularities in output because the results are not computed in an equal
way over the grid. The big differences in size can be clarified by the fact that the order of steps for
creating a PHAROS grid have not been performed in the most optimal way. By the time this have been
found out it was too late to re-generate the PHARQOS grid. The irregularities have been reported and in
further research this will be considered.

In the PHARQS set-up described in section 3.1, the number of wave directions have been stated. In
PHARQOS only 3 directions have been considered (waves from 45, 90 and 135 degrees). In reality a wave
condition will have many directions defined (spectrum). Also DIFFRAC defines 24 directions. In
comparison with this the three directions which PHAROS considers is not much. However, in this case an
academic comparison has been made and three directions is sufficient to consider.

5.3.  Results

Differences in the model output of PHAROS and DIFFRAC are observable. In Figure 16 on the right side
of the breakwater some irregularities have been observed. It was expected that PHAROS and DIFFRAC
would generate the same output values. The grid boundaries have been checked because a likely cause of
these irregularities can be the fact that the grid boundaries have not been defined in a proper way. With a
visual inspection in PHAROS and DIFFRAC individual, no strange irregularities have been detected.
However, these irregularities from Figure 16 will not have a big influence on the movements of the ship,
because the ship’s position is far from this point.

In subsection 4.2.3 the wave forces for method 2 and method 3 have been compared. From the results
presented in Figure 19 it turned out that the relative error is big for higher frequencies. It looks like if the
breakwater has a doubled effect for the higher frequencies. This because of the fact that for higher
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frequencies the relative errors increase up to a value of two (see Figure 19). Differences could be clarified
by the fact that the grid size in PHAROS is not refined enough. In an earlier case it has been tried to
couple PHAROS to DIFFRAC and the same trends occurred.

In section 4.2.2 the results of the added mass and the damping have been analyzed. From the figures
presented in appendix E.iii sharp peaks are detectable for both added mass and damping diagrams. With
the occurrences of these peaks, the trend can hardly be detected, and it can be concluded that not enough
data points have been used to describe the added mass and the damping for the DIFFRAC modelling
cases with a breakwater.

From the MOORINGS results presented in section 4.3, it turns out that the effects of the coupling are
small. For example, the resulted presented in Table 11 show small improvements for surge and sway. The
improvements are in the scale of millimeters. When these improvements are compared with the scale of
the ship (300 m), it could be concluded that the effects of the coupling are negligible. However, in this
research, a mild scenario have been considered with an initial wave of only one meter. It is expected that
more extreme conditions show bigger improvements.
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6 . Conclusion and recommendations

This research started with the aim to contribute to the development of a more realistic representation of
mooring conditions in a dynamic mooring analysis. This has been done by making an assessment of three
different calculation methods to calculate the mooring conditions. In this section the conclusions are
formulated. This is done by first answering the sub questions. In subsection 6.1.5 the main research
guestion is answered.

6.1. Conclusion

6.1.1. Elements used in the coupling and the connection of models

Before answering the main question, research question 1.1. was about the different elements in the
coupling and the background theory how the models are connected. This question has been answered in
section 2.4 (The interaction of the models) where the different data flows and elements have been
visualized. In this section the working of the coupling has been explained in flowcharts. The
mathematical theory about the models has been described in section 2 (Dynamic mooring analysis) where
the theory behind the models has been described in a conceptual way.

6.1.2. Which calculation method is the most accurate to represent the mooring conditions

For answering research question 1.2 the most accurate method to represent the mooring conditions has to
be found. The answer on this question is based on the results described in subsection 4.2.3 (First order
wave forces, comparison between method 2 and 3) and section 4.3 (MOORINGS results). In subsection
4.2.3 the wave forces between method 2 and 3 have been compared. From Figure 18 it becomes clear that
the coupling method works quite well. The coupling method follows the trend line from the ideal
situation. However, for higher frequencies the relative error becomes bigger (Figure 19). Furthermore, the
results for method 1 have not been mapped. To come to an answer to research question 1.2 the
MOORINGS results have been analysed (subsection 4.3.1 and 4.3.2). For the case of surge, sway and
yaw the coupling method show smaller errors based on the reference method 3. The existing calculation
method 1, showed bigger errors with respect to the ideal situation. From this, it can be concluded that the
coupling strategy (calculation method 2) is the most accurate method to represent the mooring conditions.

6.1.3. The effect of the newly developed coupling method

For answering research question 1.3 the effect of the developed coupling has to be understood. In
subsection 6.1.2 it has been stated that the coupling method is the most accurate method to represent the
mooring conditions. For answering research question 1.3 a focus is applied on the amount of
improvement. From the results presented in section 4.3 and appendix F.i, the detected improvements do
not have a significant impact on the ship, this has also been described in section 5.3. However, from the
results presented in appendix F.i it becomes clear that the improvement for lower frequencies are
significantly bigger. Especially these lower frequencies waves have a big influence on the motions of the
ship. Beside this, in this research cases have been studied with an initial wave height of 1 meter. Based on
the principles of the linear systems described in section subsection 2.2.1, it is expected that the effect of
the coupling will increase for cases with more extreme wave conditions. Moreover, the coupling method
has been designed to calculate the mooring conditions in a better way in extreme conditions.
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6.1.4. Restrictions and boundaries for the application of the coupling

For answering research question 1.4 the restrictions and boundaries of the application of the coupling
need to be specified. From the DIFFRAC results based on the relative errors between method 2 and 3
presented in Figure 19, it becomes clear that the relative error for wave forces becomes bigger for higher
frequencies. In this case the response of the ship is not big for the higher frequencies as can be seen from
appendix F.i, so the inaccuracy for the coupling in this case is not big. Restrictions will occur when
smaller ships are considered. Higher frequency waves will have a bigger effect on these kind of ships and
the errors can become bigger. Restrictions can also occur based on the size of the area. In the current
layout computation times were big. Larger harbour layouts will cause larger computation times.

6.1.5. General conclusion
Main question:

What is the most accurate way of connecting the models PHAROS and DIFFRAC for calculating the
mooring conditions?

With the answer of all sub questions the main research question is answered. From the sub conclusions
(described in sub sections 6.1.1, 6.1.2, 6.1.3 and 6.1.4) it can be concluded that the newly developed
coupling theory has big potential to improve the quality of calculating mooring conditions in a dynamic
mooring analysis. This research showed that the coupling method calculates the mooring conditions in a
more realistic way. The effect of the coupling is not distinct, but it is expected that for extreme wave
conditions a significant effect is detectable. Further research is required to demonstrate whether the
coupling can be applied on realistic dynamic mooring analyses. With this research the fundamentals have
been created for a new and more realistic way of performing dynamic mooring studies.

6.2. Recommendations for further research

As described in section 5.1, the performed research has been based on an ideal situation. A lot of factors
have not been taken into account. This to be able to make a “fair” comparison between the existing
calculation method, and the coupling method. This research has been performed from some kind of
scientific point of view (some kind of lab experiments and circumstances). This kind of lab experiment
would never occur in reality. So the recommendations for further research are based on applying the
comparison assessment on cases in which more realistic situations are considered. Suggestions of factors
which can be included are:

= Involve more directions in the PHAROS modelling part

= Make an assessment of the results with irregular waves in MOORINGS.

= Make an assessment of the line and fender forces.

= Use different kinds of layouts (e.g. enclosed basin, semi-infinite breakwater).
= Use more extreme wave conditions (larger wave heights)
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Appendix

A. Mathematical background theory
i. Mathematical principles
Nabla operator

a a 0
V= (_I_I_)
dx 0y’ 0z

Material derivative

The material derivative describes the time rate of change of some physical quantity sigma. Consider the

volume of a small element:

Volume = Ax x Ay x Az

The velocity this element moves can be presented in three directions:
u = velocity in x direction

v = velocity in y direction

w = velocity in z direction

velocity = (u,v,w)

Sigma can be a pressure field or temperature.

O(x,y,2,t)

The material derivative has been defined as:

00 ox 09 dy 09 0Jz 00 09 09 09
- - = Ud—FV*——+W*—

D g
D—t(z)(x,y,z,t)—a@+ax*a+@*ﬁ+az*a_ﬁ-i_ 0x dy 0z

Partial derivative

h(x) = f(x)  g(x)

R'() =f'(x) » g(x) + f(x) * g'(x)
fl) xgx) =h'(x) = f(x) xg'(x)

f £100) * g() 0x = f B (x) 9x — f £ * ' (0)dx
[E2F(0) % g(x) 0x = T2 h(x) — [ f(x) * g' (x)9x
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ii. Derivations of equations for modelling waves
Continuity equation

—

Figure 22: element for continuity equation (positive side in direction of continuous line)

We consider an element in the shape of a cube. The coordinates of the different points in the cube can be
described as:

A= (x,y+Ay)
B=(xy)
C=(x+Axy)

The mass that is coming into the element in direction of x can be described as:

In x: pu|(x) * Ay x Az * At
d(pu)
ox

Out x: pu|(x + Ax) * Ay * Az * At = pu|(x) * Ay * Az * At + |(x) * Ax Ay Az At

Netto In = In — Out
Nettox = — 2% Ax Ay Az At = — 229 Ay At
ox ox

With this, the same follows for the y direction and the z direction

d(pv
Nettoy = —% AV At

d(pw
Netto z = —% AV At

The total resultant in can be calculated by summing the different in differences in mass in the three
different planes in the cube. It is calculated as follows:

amw+amw+a@m

Total netto in = —< F 3y e

>AVAt
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The difference in mass can also be calculated in terms of pressure. The two different ways of calculating
will help us to come to the continuity equation. The pressure in the cube will change over time. The
change in mass can also be expressed as:

p(t + At) AV — p(t) AV

From this the change in mass will become:

9p At AV

ot

This equation can be equalized to the first determine mass change. This equation is called the continuity
equation:

a_pAtAV:_< (pu)+6(pv) a(pw)

Jt d0x dy 0z
d d d d

9 (pw) 4 (pv) 4 (pw)
Jt dx dy 0z

>AVAt

=0

Some assumptions will be made to simplify the equation:

p + p(t) The density of the cube won’t change over time. The cube is incompressible.

p # p(x,y,z) The density of the cube won’t change in spatial way. The cube is homogeneous.
With these assumptions the continuity equation has been simplified:

6u+6v aw
dx 0dy 0z

In other words:

With definition of Nabla (below) it follows that:

0 90 0
V= (a'@’a)

(VxV)=0

Laplace equations
The continuity equations gave the following equation:

d o 0 auavaw
% cuo] -2

Vxv)= [(& dy ' 0z

ay oz
From the definition of a potential function it follows that:
Vo(x,y,z,t) = (u,v,w)

From these two statements it follows that:

o 0 6><6¢ P 6¢)]_62¢ 0%¢p 0%¢

dx’ 0y’ 0z)\ox ' dy’ 9z)] ~ ax? ' dy? ' 0z2

ox ' 9y’ 0z =0

(V *Vp(x,y,z, t)) = [(
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This can be written in the following form:

The Laplace equation: A¢p(x,y,z,t) =0

Navier Stokes equations

<:>

Figure 23: element for Navier Stokes equations (positive side in direction of continuous line)

The derivation of the Navier stokes equations starts with a very common equation:

ZFzm*a

With the application of the material derivate (see appendix A.i), this equation can be expressed as:

—(m*u)—ZF

The derivation is done in the direction of x (see Figure 23). After this the other direction is applied. When
the mass (m) is expressed in terms of density times the volume, the expression will become:

D
E[p*u*AV]=ZFx

Also an equation can be made for the pressure change in the three different directions. The change in
pressure in the x direction can be expressed as:

0 0
p(x)Ay Az — p(x + Ax) Ay Az = —% Ax Ay Az = —%AV

The equations can be combined. In these equation the made assumption that the liquid is incompressible
will be applied.

Du dap
x direction: p x AV x — = ——AV
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direct AV Dy op AV
* K — = ——
y direction: p D 3y
D a
z direction: p * AV * D—Vtv = —a—ZAV — pgAvV

On the last equation some part is added, because in the z direction some extra force is working caused by

the gravity. Simplifying the equation will make:

) ~ Du 1 dp

x direction: — = ——x —
Dt p 0Ox

divecti Dv 1 Jdp
P— = — =% —

y direction D "9y
) . Dw 1 odp

z direction: — = ——* —
Dt p 0z

] ] du du du du 1 dp
xdlrectlon:E+u*a+y*a—+w*£: _;*a
. . dv av dav dv 1 Jp
ydlrectlon:§+u 6_+v*@+w aZ= _E*@
. ) w ow aw ow 1 op
zdlrectlon:ﬁ+u a—+v ay *E: _;_)*a_z

Bernoulli equation
Again a liquid element is assumed. Some velocity vector is applied on the element.

Consider a velocity vector: V = (u, v,w)

We consider this element rotational free. This means that the following statement is valid:

(VxV)=0

The rotational freeness can be expressed in a matrix form:

i j k
o 9 df=p
ox 0dy 0z
u v w

This can be written as:

) (aw av) ] <6w 6u>+k
. dy 0z —F dx 0z

From this it follows that;

dv Jdu
(-390
dx 0y

aw_av
dy 0z
aw_au
ox 0z
av_au
ox  dy
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With the above equations, the Navier Stokes equation can be written in the right form:

) ) du ou Jdv dw 1 dp
xdlrectlon:§+u*a+v*a+w*a: _;*a

] ] dv du dv aw 1 Jdp
yle‘ecthTl:E+u*@+v*@+w*az _/_)*a

. . aw ou dv dw 1 dp
Zdlrectlon:E+u*£+v*£+w*gz _E*&_

Given is a potential field, the potential is dependent on the place (X,y,z) and the time. The potential has
the property that the derivative of each component is the velocity vector. The potential field can be
described as:

d(x,y,2,t)

From the definition of the potential and the definition of the Nabla symbol (see appendix A.i, definition of
Nabla) the velocity vector can be written as:

_ _ (0@ 0¢ 0¢
V=V ()b(xlylzl t) - (a;@;a)
_9¢
u= d0x
_9¢
v = ay
_9¢
W= 0z
Assumed is that the liquid is rotational free. It follows that:
(e 7 kj
g a4 0 |
(VxV)=|0x 0dy 0dz|=0
{aqb d¢ 6¢‘
dx dy 0z

With these new expression for u, v and w. The Navier Stokes equations can be adapted:

da (0 d /1 da /1 d /1 1 0
xdirection:—(—¢)+—< *u2)+ (*v2)+ (_*W2)=__*_p

dx \ ot dx \2 ax \2 ax \2 p Ox
. . 0 (0¢ a1 a1 g 1 dp
y direction: 6y(6t)+6y<2*u )+6y(2*v >+E)y<2*w )_ p*(')y
directi d (6¢)+ d (1 2>+ 0 (1 2>+ d (1 2) 1 Jdp
r—— — == — =% — == = —— % ——
zarection: 5ot az\2 " 0z \2 v az\2" " p 0z
Simplifying the above equations makes:
) ) d (0¢ gem , 1 1 ,\ . 1 dp 0gz
x direction: ax(at) E)x(Z*u +2*v +2*W)_ p*ax ox
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d (0¢ Jd /1 1 1 1 dp O0dgz
directi :—(—)+—<— 24— xv? 4= 2)—_ ——k— = —
y direction v\ 3t 3 Z*u +2*v +=—xw p*ay 5
d (0¢ d /1 1 1 0 dgz
Z direction: 62(6t) d (2*u2+5*v2+—*wz>— _;_)*6_229_5
di b d (6¢+1 24 + ) 0
| — — _* _* —
x direction: x\at T 2 V ptgz|=
di » d (0¢+1 24 4 ) 0
T — — _* _* —
y direction: v\t T2 V ptgz|=
P — — % — % f—
z direction 7\ar T 2 %4 p+gz)=

When the above equations are multiplied with dx, dy or dz. It will generate the following equation:
¢ + ! vZ+ ! + 0

_— — % — % =

at 2 p p+gz

Multiplying all terms with rho will give the Bernoulli equation:
_a + _1 24p+ 0
N ¢ " —
p 3t T2 pV p+pgz

Mild slope equation

With applying the above described/derived equations in the right order, the wave speed in three directions

and the pressure can be calculated. For this PHAROS solves the mild slope equation. The mild slope
equation is derived from the four equations which have been described previously.
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B. Ship views
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Figure 24: Ship 3D view
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Figure 25: Ship front view
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Figure 26: Ship rear view

Figure 27: Ship side view
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Figure 28: Ship bottom view
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C. r-DPRA results

180

270
Figure 29: r-DPRA result for ship location L1 and direction 45 deg

Wave direction 1: 40 deg.
Wave height 1: 0.65 m.
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Figure 30: r-DPRA result for ship location L2 and direction 45 deg

Wave direction 1: 40 deg.
Wave height 1: 1.0 m.
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Figure 31: r-DPRA result for ship location L3 and direction 45 deg

Wave direction 1: 45 deg.
Wave height 1: 0.95 m.
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Figure 32: r-DPRA result for ship location L1 and direction 90 deg

Wave direction 1: 50 deg.
Wave height 1: 0.12 m.

Wave direction 2: 130 deg.
Wave height 1: 0.12 m.
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Figure 33: r-DPRA result for ship location L2 and direction 90 deg

Wave direction 1: 65 deg.
Wave height 1: 0.2 m.

Wave direction 2: 145 deg.
Wave height 2: 0.1 m.
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Figure 34: r-DPRA result for ship location L3 and direction 90 deg

Wave direction 1: 80 deg.
Wave height 1: 0.55 m.
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Figure 35: r-DPRA result for ship location L1 and direction 135 deg

Wave direction 1: 135 deg.
Wave height 1: 0.65 m.
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Figure 36: r-DPRA result for ship location L2 and direction 135 deg

Wave direction 1: 60 deg.
Wave height 1: 0.1 m.

Wave direction 2: 140 deg.
Wave height 2: 0.3 m.
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Figure 37: r-DPRA result for ship location L3 and direction 135 deg

Wave direction 1: 90 deg.
Wave height 1: 0.12 m.

Wave direction 2: 155 deg.
Wave height 2: 0.22 m.
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D. PHAROS results
i. Wave amplification

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 45 degr.
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Figure 38: Wave amplification, frequency: 0.05 rad/s, direction: 45 deg

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 90 degr.
500

400
300

200

QOrientation y (m)

100

-100

-500 -600 -400 -200 0 200 400 600
Orientation x (m)

Figure 39: Wave amplification, frequency: 0.05 rad/s, direction: 90 deg

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 135 degr.
500

400
300
200

100

QOrientation y (m)

-100
-500 -600 -400 -200 0 200 400 600

Orientation x (m)

Figure 40: Wave amplification for frequency 0.05 rad/s, direction 135 deg

AG

58



Wave amplification (m/m): frequency = 0.80 rad/s. Direction = 45 degr.
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Figure 41: Wave amplification, frequency: 0.80 rad/s, direction: 45 deg

Wave amplification (m/m): frequency = 0.80 rad/s. Direction = 90 degr.
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Figure 42: Wave amplification, frequency: 0.80 rad/s, direction: 90 deg

Wave amplification (m/m): frequency = 0.80 rad/s. Direction = 135 degr.
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Figure 43: Wave amplification for frequency 0.80 rad/s, direction 135 deg
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Wave amplification (m/m): frequency = 1.60 rad/s. Direction = 45 degr.
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Figure 44: Wave amplification, frequency: 1.60 rad/s, direction: 45 deg

Wave amplification (m/m): frequency = 1.60 rad/s. Direction = 90 degr.
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Figure 45: Wave amplification, frequency: 1.60 rad/s, direction: 90 deg

Wave amplification (m/m): frequency = 1.60 rad/s. Direction = 135 degr.
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Figure 46: Wave amplification for frequency 1.60 rad/s, direction: 135 deg
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ii. Wave image

Crientation y {m)

Figure 47:

Qrientation y (m)

Figure 48:

Crientation y {m)

Figure 49:

Wave image (m): frequency = 0.05 rad/s. Direction = 45 deqgr.
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Wave image, frequency: 0.05 rad/s, direction: 45 deg

Wave image (m): frequency = 0.05 rad/s. Direction = 90 degr.
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Wave image, frequency: 0.05 rad/s, direction: 90 deg

Wave image (m): frequency = 0.05 rad/s. Direction = 135 degr.
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Wave image for frequency 0.05 rad/s, direction 135 deg
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Wave image (m): frequency = 0.80 rad/s. Direction = 45 degr.
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Figure 50: Wave image, frequency: 0.80 rad/s, direction: 45 deg

Wave image (m): frequency = 0.80 rad/s. Direction = 90 degr.
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Figure 51: Wave image, frequency: 0.05 rad/s, direction: 90 deg

Wave image (m): frequency = 0.80 rad/s. Direction = 135 degr.
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Figure 52: Wave image for frequency 0.80 rad/s, direction 135 deg
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Wave image (m): frequency = 1.60 rad/s. Direction = 45 degr.
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Figure 53: Wave image, frequency: 1.60 rad/s, direction: 45 deg

Wave image (m): frequency = 1.60 rad/s. Direction = 90 degr.
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Figure 54: Wave image, frequency: 1.60 rad/s, direction: 90 deg
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Figure 55: Wave image, frequency 1.60 rad/s, direction 135 deg
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E. DIFFRAC results
i. Wave amplification DIFFRAC

Orientation y (m)

Figure 56:

Orientation y (m)

Figure 57:

Orientation y (m)

Figure 58:

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 45 degr.
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Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 90 degr.
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Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 45 degr.
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Figure 59: Wave amplification DIFFRAC for L0 and frequency 0.80 rad/s, direction 45 deg
Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 90 degr.
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Figure 60: Wave amplification DIFFRAC for LO and frequency 0.80 rad/s, direction 90 deg
Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 135 degr.
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Figure 61: Wave amplification DIFFRAC for LO and frequency 0.80 rad/s, direction 90 deg
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Orientation y (m)

Figure 62:

Orientation y (m)

Figure 63:

Orientation y (m)

Figure 64:

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 45 degr.
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Wave amplification DIFFRAC for LO and frequency 1.60 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 90 degr.
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Wave amplification DIFFRAC for LO and frequency 1.60 rad/s, direction 90 deg

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 135 degr.
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Wave amplification DIFFRAC for LO and frequency 1.60 rad/s, direction 135 deg
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Orientation y (m)

Figure 65:

Orientation y (m)

Figure 66:

Orientation y (m)

Figure 67:

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 45 degr.
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Wave amplification DIFFRAC for L1 and frequency 0.05 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 90 degr.
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Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 135 degr.
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Wave amplification DIFFRAC for L1 and frequency 0.05 rad/s, direction: 135 deg
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Orientation y (m)

Figure 68:

Orientation y (m)

Figure 69:

Orientation y (m)

Figure 70:

Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 45 degr.
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Wave amplification DIFFRAC for L1 and frequency 0.80 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 90 degr.
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Wave amplification DIFFRAC for L1 and frequency 0.80 rad/s, direction 135 deg
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Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 45 degr.
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Figure 71: Wave amplification DIFFRAC for L1 and frequency 1.60 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 90 degr.
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Figure 72: Wave amplification DIFFRAC for L1 and frequency 1.60 rad/s, direction 90 deg
Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 135 degr.
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Figure 73: Wave amplification DIFFRAC for L1 and frequency 1.60 rad/s, direction 135 deg
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Orientation y (m)

Figure 74:

Orientation y (m)

Figure 75:

Orientation y (m)

Figure 76:

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 45 degr.
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Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 90 degr.
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Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 135 degr.
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Wave amplification DIFFRAC for L2 and frequency 0.05 rad/s, direction 135 deg
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Orientation y (m)

Figure 77:

Orientation y (m)

Figure 78:

Orientation y (m)

Figure 79:

Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 45 degr.
T T T

100

-100

-200

-300

-400 -

1 1 1 L
-600 -400 -200 0 200 400 600
Orientation x (m)

Wave amplification DIFFRAC for L2 and frequency 0.80 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 90 degr.
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Orientation y (m)

Figure 80:

Orientation y (m)

Figure 81:

Orientation y (m)

Figure 82:

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 45 degr.
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Wave amplification DIFFRAC for L2 and frequency 1.60 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 90 degr.
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Wave amplification DIFFRAC for L2 and frequency 1.60 rad/s, direction 135 deg
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Orientation y (m)

Figure 83:

Orientation y (m)

Figure 84:

Orientation y (m)

Figure 85:

Wave amplification (m/m): frequency = 0.05 rad/s. Direction = 45 degr.
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Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 45 degr.
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Figure 86: Wave amplification DIFFRAC for L3 and frequency 0.80 rad/s, direction 45 degr

Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 90 degr.
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Figure 87: Wave amplification DIFFRAC for L3 and frequency 0.80 rad/s, direction 90 deg
Wave amplification (m/m): frequency = 0.8 rad/s. Direction = 135 degr.
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Figure 88: Wave amplification DIFFRAC for L3 and frequency 0.80 rad/s, direction 135 deg
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Orientation y (m)

Figure 89:

Orientation y (m)

Figure 90:

Orientation y (m)

Figure 91:

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 45 degr.
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Wave amplification DIFFRAC for L3 and frequency 1.60 rad/s, direction 45 deg

Wave amplification (m/m): frequency = 1.6 rad/s. Direction = 90 degr.
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ii. Wave amplification differences DIFFRAC-PHAROS

Figure 92:

Figure 93:

Figure 94:
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i. Added mass and damping
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Damping: surgs {x direction), sway fy direcion} and heave (z dirsction)
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iv. First order wave forces
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Wavaforcesimoments: FX. Postion: L2.

Wavaforcesimoments: FX. Postion: L2.

Figure 100: Wave forces Fx, position: L3
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Wavefroes/moments: FY. Pasition: L3 x 10
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Figure 102: Wave forces Fy, position: L1
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Wavefnroesimoments: FY, Pasiion: L2, X 10
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Figure 104: Wave forces Fy, position: L3
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Wavefrses moments: MZ. Pesitinn: L0 10"
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Figure 106: Wave moment Mz, position: L1
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Wavefnrresmoments: MZ. Positinn: L2,
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v. First order wave forces: comparison wave forces between directions and positions

Difference in waveforces/maments: F - FX. Case difference: LO-L0O
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Figure 110: Comparison position (L3 - L1), direction: Fx, method 3
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Figure 111: Comparison position (L3 - L1), direction: Fy, method 3
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vi. First order wave forces: comparison between method 2 and method 3

Comparison wave forces: Fx
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Figure 113: Comparison wave forces Fx method 2 and 3 for L1
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Figure 114: Comparison wave forces Fy method 2 and 3 for L1
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F. MOORINGS results
i. Figures
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Figure 116: Displacements surge, wave frequency: 0.40 rad/s
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Figure 117: Displacements surge, wave frequency: 0.80 rad/s

AG

.
L1

D135

m
L2

D135

Displacements surge, wave frequency: 0.40 rad/s

L1 L2 L3 L1 L2 L3 L1 L2

L3

Displacements surge, wave frequency: 0.80 rad/s

L3

=M1
M2
M3

M1
M2
M3

89



Displacements surge, wave frequency: 1.20 rad/s
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Figure 118: Displacements surge, wave frequency: 1.20 rad/s
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Figure 119: Displacements sway, wave frequency 0.40 rad/s
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Figure 120: Displacements sway, wave frequency 0.80 rad/s
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Displacements yaw, wave frequency 0.40 rad/s

Displacement (m)
o o o o o o o o
E N w A~ o > N ®

o

L1 L2 L3 L1 L2 L3 L1

D045 D090
Position and direction

Figure 122: Displacements yaw, wave frequency 0.40 rad/s
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Figure 123: Displacements yaw, wave frequency 0.80 rad/s
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ii. Scatter plots
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Figure 125: Scatter plot displacements for surge
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