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Abstract

Continuous development in the wind turbine industry leads to increasing size of wind turbines. Allseas
investigates the possibility to enter the o [SHore wind turbine installation industry with the large sized
multi-purpose vessel, Pioneering Spirit.

For Allseas’ preliminary wind turbine installation design, wind turbines are assembled o [SHore, requir-
ing wind turbine components to be brought from shore to Pioneering Spirit by means of a cargo barge.
This operation requires a proper mooring procedure of which the mooring system is an essential part.
Moreover, the workability of the wind turbine installation operation is expected to be limited by the
mooring system. The mooring system secures the barge alongside Pioneering Spirit where it has to stay
for multiple days.

In this research a pre-defined vessel orientation is analysed where the barge stern is extended 40m in
longitudinal direction from Pioneering Spirit stern, to increase the barge area reachable by the unloading
crane. This barge position is challenging due to limited shielding from Pioneering Spirit, leading to
excessive environmental loads acting on the barge. Due to the barge extension, properly connecting the
mooring system to Pioneering Spirit is a challenge.

The above leads to the main objective of this thesis: improve the mooring system to secure a barge
alongside Pioneering Spirit, including an evaluation of the dynamic mooring loads.

The main mooring system design requirements are that the Safe Working load and motion limits are not
exceeded. Evaluation of dynamic loads starts with a multi-body di [rattion analysis with hydrodynamic
matrices and other hydrodynamic properties as output. This data is imported in a time domain model
which enables capturing non-linearities, e.g. the mooring system and wind and current loads.
Validation and verification steps are required to assure realistic outcome and understanding limitations
of the numerical models.

Before new mooring systems are introduced, a base case mooring system is defined and modelled in the
time domain. Finding the limiting sea state for which the Safe Working Load limit is reached enables
to compute the workability for the reference location defined. Two reference locations are considered:
a wind sea area and swell sea area.Wind and current speed is assumed to be constant over time and
independent of elevation. Workability is defined as the percentage of time the mooring system is able
to operate.

Evaluating the base case mooring system shows a performance of 67% workability for wind areas and
16 % for swell areas. Next to the base case, four mooring improvement concepts are evaluated from
which the Moormaster system shows most promising results. This system consists of three main com-
ponents: ‘fixed structure - hydraulic cylinder - vacuum pad’ that connects the barge to Pioneering Spirit.
This system is modelled as a link with constant sti [ndss and damping properties within its operational
limitations.

The Moormaster system, shows perspective to improve the workability for both wind and swell seas.
Besides workability, the Moormaster system improves the entire mooring procedure by quick connec-
tion and safe disconnection upon exceeding operational limits.
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Guide to the reader

This thesis presents the methodology and results of improving a mooring system for mooring a barge
alongside Pioneering Spirit in o [SHore conditions, related to wind turbine installation.
Each step contributes to the step-by step thesis approach as will be represented in chapter 3.

The content is subdivided in the following chapters.
Chapter 1 introduces the reader to this thesis subject and provides the thesis objective.

Chapter 2 gives background information on the thesis subject.
Chapter 3 explains the stepwise approach followed in this thesis.

Chapter 4 describes the mooring system involving design requirements and criteria. The base
case mooring system is defined.

Chapter 5 explains the di [rattion analysis and modelling in the frequency domain.
Chapter 6 describes modelling in the time domain.

Chapter 7 presents new mooring system concepts.

Chapter 8 shows the results found in this thesis.

Chapter 9 discusses the methodology applied and results found, including recommendations for
future research.

Chapter 10 gives a summary and final conclusion of this research.

Information considered as less relevant is included in the appendices and will be referred to throughout
the report.
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Introduction

1.1 Energy transition and o shore wind market development

Nowadays, the world is in the middle of an energy transition, replacing fossil fuels with low carbon
energy sources. While foreseeing the increasing demand for energy, energy production from wind got
attention around the globe.

Lately the Dutch government announced plans to double the capacity of o shore wind energy pro-
duction in the North Sea, [1]. Harvesting wind energy at o shore locations is promising by multiple
reasons. Many other countries around the globe, with a coastline, are investing in o shore wind.
Continuous development in the wind turbine industry leads to increasing size of wind turbines. Up-
coming wind turbine designs are of such size that they reach or exceed the limits of conventional heavy
lift vessels.

Allseas, having the large sized multi-purpose vessel, Pioneering Spirifin its eet, investigates the possi-
bility to enter the o shore wind turbine installation industry. A preliminary design for how to install

an o shore wind turbine using Pioneering Spiritis discussed in chapter 2.

1.2 Thesis motivation

As part of a wind turbine installation, wind turbine components have to be deliveredto  Pioneering Spirit
using a cargo barge. To unload the cargo barge, it has to be brought to and connected alongside Pioneer-
ing Spirit. The connection, securing the barge alongside Pioneering Spirit, is referred to as a mooring
system. Barge mooring is considered to determine the workability in the wind turbine installation
process.

In order to increase the workability and reduce the waiting for weather time, Allseas is looking to im-
prove the existing mooring procedure and mooring system. The mooring procedure entails a broader
scope, ranging from a barge leaving the harbour up to barge disconnecting from Pioneering Spiritafter
it is successfully unloaded.

The aim of the thesis is to deliver a proper design for the mooring system, satisfying the design require-
ments. Moreover, improve the mooring arrangement such that the workability increases compared to
the current existing mooring arrangement.

1.3 Literature research

This Master Thesis started with a literature research into the work that has already been done is this
eld. The main topics that are addressed are listed below

" Hydrodynamics, related to single oating bodies.

Floating multi-body hydrodynamic interaction.

" Modelling methods and numerical software that is available to solve a multi-body hydrodynamic
problem. Including numerical challenges.
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" Mooring systems and procedures, including current state-of-the-art methods.

Multiple Criteria Analysis for evaluating the mooring procedure.

~ Workability to comparing mooring system concepts.

Theory thatis required to understand choices and ndings of this Thesis will be included throughout the
report or in the appendix. Besides, Appendix A includes a re ection on the literature report explaining
what theory has been used and what not.

For the enthusiastic reader that is interested in this topic, the literature report can always be requested
as the writer is happy to share the report, [2].

Floating bodies are excited by wave forces. With contributions from rst and second order e ects. First
order forces has contributions from incoming, di racted and radiated waves. Radiation and di raction

e ects are also known as wave shielding. Second order wave drift forces consist of a steady contribu-
tion and from sum and di erence frequencies. Wind and current loads mainly depend on the relative
velocity, subjected area and the drag coe cient [3].

A hydrodynamic numerical model, that solves the equations of motion, can be build both in frequency or
time domain. Building such a model starts with a di raction analysis to determine the hydrodynamic
system matrices and other hydrodynamic properties. Diraction software applies potential theory
which assumes the uid around the oating structure to be incompressible, inviscid and irrotational.
Disregarding viscosity underestimates damping and is known for some frequencies to overestimate the
wave height in a gap between two oating vessels, [4]. Additionally, a numerical e ect is 'irregular
frequencies' which correspond to ctitious eigenmodes of the internal ow of a oating body which
can lead to spikes in the hydrodynamic data, they only occur in numerical software and do not have a
physical meaning, [5]. This hydrodynamic data can be imported in a frequency domain or time domain
model. To capture non-linear e ects, e.g. a non-linear mooring system, requires a time domain model,

[6].

A mooring system is required to secure a barge alongside a large vessel in o shore conditions. Such a
mooring system usually consist of mooring lines and fenders, their properties and orientation determines
the mooring system properties. By adjusting these properties, the relative vessel motions and loads in
the mooring system can be regulated [7].

A state-of-the-art mooring system is developed by Cavotec Moormaster © which restricts relative vessel
motions by means of a vacuum pad with a hydraulic cylinder attached that has certain sti ness and
damping properties [8].

1.4 Gapsin literature

While doing research the following three gaps have been identi ed in literature and will be discussed
in this research.

1. Challenging mooring arrangement.
" Gap. The mooring system has to secure the barge alongside for multiple days. Therefore,
high workability is required.

Gap. The barge is extending from Pioneering Spiritstern causing in low shielding (and non-
symmetric loading along the barge), therefore excessive environmental loading results in
excessive mooring loads.

Gap. The mooring arrangement design is restricted due to the barge extending from Pioneer-
ing Spirit stern.

Solution.  Understanding the mooring system behavior and advising on improving the
mooring system by design and implementation of new mooring system concepts.
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2. Implementing a state of the art mooring system, Cavotec Moormaster ®, in the time domain model.
See section 7.6.

Gap. No method to model the complex Moormaster system is shared in literature.

Gap. No detailed system properties are available for this system and its limitations are only
partly available.

Gap. This system is not applied in o shore conditions before.

Solution. Simplify the complex Moormaster system by modelling it as multiple links with
non-linear sti ness and damping properties.

Solution. De ne sti ness and damping properties and provide directions on optimizing the
Moormaster system performance/settings.

3. Validation and veri cation of numerical results, included in section 5.5 and 6.5.

Gap. No data is available to judge the outcome and acceptability of the results from the
numerical model. For example, what fender damping coe cient is realistic or whether
assuming maximum mooring line loads to be Rayleigh distributed is allowed.

Solution. Validate and verify with: literature, based on industry/Allseas experience and
verify with analytical results. If no satisfactory outcome is acquired, a sensitivity analysis is
performed or directions are given to do so in order to understand its e ect on the results of
this research.

For example, validation is relevant for numerical e ects in a multi-body di raction analysis.
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1.5 Thesis objective

Mooring a barge to the Pioneering spiritto deliver components requires a safe and e ective operation.
The main purpose of the mooring system is to secure the barge to the Pioneering spirit and to minimize
the relative motions between the two oating objects. A more e ective mooring system is de ned as a
mooring system that has more resistance against forces that are causing relative motions.

The main focus of this thesis will be on optimizing the design of the mooring system. The design and
optimization is covered in the following research question.

"How can the mooring system to secure a barge alongside Pioneering Spirit in o shore conditions be improved?'

The main research questions is subdivided in four sub questions.
To be able to analyse a mooring system, the whole operation should be clear in order to de ne design
requirements. This leads to the rst sub question being

"How is the mooring system enclosed in the larger scope of an o shore mooring procedure
and what mooring system design considerations are applicable, related to wind turbine installation?'

To evaluate dynamic loads in the mooring system, a multi-body hydrodynamic model should be build
in the time domain, including a mooring system. Model validation and veri cation is required to as-

sure nding realistic results and understanding limitations of the model. Captured in the second sub
guestion being.

“What methodology is required to build a validated and veri ed multi-body hydrodynamic model, including a mooring system?"'

One of the mooring systems incorporates the state-of-the-art Cavotec Moormaster system, therefore the
third question is.

"How can the Cavotec Moormaster system realistically be modelled and implemented in the time domain model?'

The multi-body hydrodynamic model will be used to evaluate dynamic loads in the base case and the
improved mooring system concepts, leading to the fourth and nal sub question.

"What methodology enables evaluating the mooring system concepts performance?’






Background information

2.1 Allseas' preliminary design of o shore wind turbine installation.

At the moment of writing, the procedure for wind turbine installation is still in concept phase within
Allseas' innovation department. Therefore, the most promising concept is used for reference throughout
this thesis.

In this concept, wind turbines are assembled o shore. Wind turbine parts have to be transported from
shore to Pioneering Spirit This is done by a barge, manoeuvred with tugs. A mooring system will secure
the barge to Pioneering Spirit The crane that is located at port side stern of Pioneering Spiritis used for
unloading the barge. Therefore, the barge is moored alongside port side stern of Pioneering Spiritto
be within the crane reach. One barge is expected to bring eight disassembled wind turbines at a time.
Due to the limited free deck space available on Pioneering Spirif the barge is expected to be moored
alongside for approximately eight days. After fully unloading the barge it is transported back to shore,
again manoeuvred with tugs. At the moment of disconnecting the empty barge, another fully loaded
barge will be present to enable continuous operation. Additionally, the mooring system workability is
expected to limit the workability of the entire wind turbine installation procedure. That feeds the urge

to increase the workability of the mooring system.

Figure 2.1 represents the cargo barge bringing the wind turbine parts to Pioneering Spiriton the left
hand side, on the right hand side Allseas' preliminary design for assembling wind turbines o shore is
visualized.

Figure 2.1: O shore wind turbine assembly, Allseas' preliminary design
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2.2 \essels involved

The most important vessel involved in this wind turbine installation operation is  Pioneering Spirit
Besides, di erent barges and tugboats are involved.

2.2.1 Pioneering Spirit

Pioneering Spiritis known as the pride and glory of Allseas, represented on the front page of this report,
will be the core of the wind turbine installation process. Pioneering Spiritis a so called multi-purpose
vessel which can be used for deep water pipe lay, topside and jacket installation but also decommission-
ing and in the future possibly wind turbine installation.

Especially the aft part of Pioneering Spiritwill be used during wind turbine installation, mainly due to
the location of the 5000 Tons crane and the wind turbine assembly and installation equipment, as can
be seen in Figure 2.2.

At the aft of Pioneering Spirit two beams with a length of
170 m are installed, initially designed to lift jackets. These
beams, later referred to as Jacket Lift System (JLS) beams,
can be tilted up to 110 °. Wind turbines will be installed
with use of the JLS beams.

Pioneering Spiritconsist of a Dynamic Position (DP) system
to keep position. More speci cally, the DP system is of
class DP-Ill which refers to redundancy. The DP system is
capable of keeping position, even in case that one of the four
engine rooms is lost due to re or ooding. Furthermore,
the DP system has su cient capacity to hold position when

a loaded barge is moored against Pioneering Spirit

Table 2.1 lists the length breadth and draft of Pioneering
Spirit. Due to the large ballast capacity, the operational draft
can be varied between 12 and 27 m.

Figure 2.2: Vessel orientation during
wind turbine installation, top view. Blue
circle: pre-installed foundation. Red
cross: crane. Grey blocks (2x): JLS beams
and the dashed line a mooring line.

2.2.2 Iron Lady

The rectangular shaped barge, Iron Lady, will be the main barge used in the process of wind turbine

installation. The reason for that is Iron Lady being the largest barge in the Allseas eet. The draught,
trim and heel of Iron Lady can be adjusted by changing ballast conditions. Iron Lady will be used as
reference barge throughout this thesis, its dimensions are captured in Table 2.1.

2.2.3 Tug(s)

The Allseas eet currently contains no tugs. Therefore, local tugs are used to transport the barge from
shore to the Pioneering Spirit The main requirement for the tug is the force it can exert on the barge,
also known as 'bollard pull'.

2.3 Equipment involved

2.3.1 Pioneering Spirit Cranes

The 5000 Tons crane that is located at port side stern ofPioneering Spiritwill be used for unloading the
wind turbine components. Besides, there is a 'small' crane, with a 600 ton capacity, that might be used
for low weight wind turbine components.

Each crane has its load curve that relates the capacity with its reach. Crane load curves and Exact data
on operational limits cannot be given as it is con dential information.
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2.3.2 Towing system

The towing system entails towing lines, winches and connection points. Towing lines are used to connect
the tug(s) to the barge when pulling during transport.

2.3.3 Crew on board the vessels

Besides the mooring equipment, the experienced crew on board of the vessels that need to be connected
is of outmost importance. The crew required to install the mooring system as it is designed. The crew
responsible for the mooring system are the mates together with the riggers.

The crew on Pioneering Spiritmainly operate the winches while the crew on Iron Ladyattach the mooring
lines to the bollards.

2.4 Reference wind turbine

For this research, A 14+ MW wind turbine will be used as reference to determine the size of the wind
turbine components. Each wind turbine is assumed to be split up in one nacelle, three blades and one
tower, the blades will be stored in a so-called blade racks. The weights as given below include 10 %
weight contingency. The blade racks, consisting of three blades above each other, are expected to have a
height of approximately 30 m and a total weight of 186 Tons. The Nacelle + transport frame is expected
to be cube shaped with a height of 18.5 m and a weight of 801 tons. The turbine tower, in one piece, is
assumed to have a height of 111 m with a weight of 793 Tons, [9].

These numbers show that the weights are relatively low. The sizes however are huge.

2.5 Broader scope, the mooring procedure

The mooring procedure entails a broader scope, ranging from a barge leaving the harbour up to barge
disconnecting from Pioneering Spiritafter it is successfully unloaded. The mooring procedure can be
split up in four steps, transit, approach, secured alongside and nally after fully unloading the barge is
unmoored. The performance of the mooring procedure heavily depends on the experience and know-
how of the crew involved. The mooring system involves the third step of the mooring procedure, when
the barge is secured toPioneering Spirit

The two most important design requirements of the mooring procedure is safely bringing wind turbine
components from shore to Pioneering Spiritand ensuring the barge to be fully unloaded with the desig-
nated crane.

Satisfying the requirement of fully unloading the barge is challenging due to the combination of a large
sized barge, loaded with large and heavy wind turbine components.

Several options to optimize the barge area that can be reached by crane are available. For the research
guestion stated in this thesis, the barge stern extends 40m in longitudinal direction from Pioneering Spirit
stern, shown in Figure 2.5b.

Heading control is preferred to obtain maximum shielding and thus reduce relative vessel motion result-
ing in minimum mooring loads. However, installing a wind turbine onto the pre-installed foundation
requires a pre-de ned heading. During the wind turbine assembling process, the heading can be set
based on weather forecasts. Therefore, su cient heading control can be assumed such that the oating
bodies are subjected to environmental loads for three main directions that will be de ned in section 2.7.

The mooring system is part of the mooring procedure, therefore the entire mooring procedure in
analysed in Appendix B, including a more elaborated discussion of the topics addressed in this section.
Starting with a stepwise approach to improve and evaluate the mooring procedure. This approach
begins with stating the design requirements and criteria, performing a risk assessment, describing the
base case mooring procedure and a concept for improvement. Finally the methodology to evaluate
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whether the mooring procedure is improved is explained and applied to the base case and improved
concept.

2.6 Mooring in general

Mooring, securing a vessel to a xed or oating connection point, has been done for centuries. When
human mankind built the rst boat, they had a way to moor it. From that moment onward, until the last
decades, mooring has been done with using ropes, let it be made out of di erent materials. However,
currently new mooring techniques are being developed. For example, the Moormaster design which
uses 'vacuum pads' for securing a oating object [10], more on this to come in this report.

For mooring systems, the distinction can be made between mooring to a xed location, for example
anchoring or mooring to a quayside and mooring to a moving object, for example another vessel. The
latter mooring operation is referred to as side-to-side mooring.

The focus in this thesis will be on a side-to-side mooring system. The main purpose of a side-to-side
mooring system is to prevent the moored vessel for drifting away and to reduce relative motions. That
requires for some degrees of freedom to be restricted by a mooring system.

To restrict relative vessel motions, a mooring system should be able to withstand the loads caused by
the most adverse environmental conditions that occur. These environmental conditions depend on the
location and the duration that the mooring system is installed.

Figure 2.3 shows a typical mooring con guration at a tanker terminal, it represents the naming of
di erent mooring lines. In general, the breast lines take mainly transverse loads, the spring lines take
most of the longitudinal loads.

Figure 2.3: Typical Mooring pattern
source: Oil Companies International Marine Foryif

Having a mooring system consisting of mooring lines, the material properties and line dimensions play
a major role in the mooring system properties. Next to mooring lines, the the most important parts in a
mooring con guration are: fenders, winches, bollards and fairleads. [11].

2.7 Sign convention

The standard sign convention for vessels will be used throughout this thesis, represented in Figure 2.4.
Each free oating body in water has six degrees of freedom. Translations X, y, z are called surge, sway
and heave respectively. Rotations) , , # are called roll, pitch and yaw respectively.
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Two vessel moored to each other can be seen as a system consisting of 2 bodies, both with six degrees of
freedom.

In this thesis there will be referred to vessel motions, this includes position, velocity and acceleration.
Most often only the position will be shown.

Figure 2.5 includes a top view and view from aft of the multi-body system. Relevant dimensions are
denoted including the corresponding symbols. Table 2.1 represents the project speci ¢ dimensions, that
are relevant for this thesis.

Figure 2.4: De nition of ship motion in six degrees of freedom
source: O shore Hydromechanif3

(a) Multi-body view from aft

(b) Multi-body view from top. Including beam and quartering incoming wave directions

Figure 2.5: Multi-body top view and view from aft. Including relevant dimensions and corresponding
symbols. ‘A denotes the location for computing relative vessel motions later in the report.
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Table 2.1: Research speci ¢ dimensions

Variable Symbol & unit  Value
Length overall ! 25[mM] 382
Pioneering Spirit Breadth overall 2g[mM] 124
Operational draft ) 28[mM] 17
Length overall Iy [m] 200

Iron Lady Breadth overall 1 [m] 57
Depth at side 1 [m] 13

Draft )1 [m] 6

Gap between Gap width d[m] 3.6
Pioneering Spirit& Gap length I 6072 [M] 160
Iron Lady Longitudinal extension - 48dM] 40
General Water depth h [m] 30

2.8 Reference location

Two reference locations are used in this thesis. The rst location is located in the Southern North Sea.
For this reference location a large amount of data is available ranging from bathymetry to metocean
data. This data can be used to compare the base case and the improved mooring system in the end.

Some site speci ¢ information:

Water depth ranging from 18- 27 m.

imately 800 m. [12]

Based on 42 years data from [13].

50 year return period current is expected to be 1.0 m/s [12].

Minimal spacing between turbines four times turbine diameter. Resulting in a spacing of approx-

10 year return period signi cant wave height and wind speed is 6.1 m and 33 knots, respectively.

The second reference location used in this thesis is located in the Bay of Biscay, which is known for its

rough environment, mainly due to long period swell waves. Enabling the possibility to compare to areas

with di erent wave conditions: wind waves and swell waves.






Thesis approach

The aim for this thesis is to improve the workability of the mooring system connecting Iron Lady and
Pioneering Spirit
Next to that, touch upon improving the mooring procedure in a thought provoking way.

These goals can be reached by going step by step through the stepwise approach, after a detailed
literature research has been done into the relevant literature.

3.1 Step wise approach

The approach can be summarized in a 15 step plan.
Approach to improve the mooring system:

1. De ne the mooring system requirements for barge mooring, as part of the wind turbine installation
process.
2. De ne the base case mooring system con guration.
3. De ne the environmental conditions based at the reference location for wind turbine installation,
including wind waves and current.
4. De ne loading conditions for the cargo barge, Iron lady, to transport wind turbine components.
De ne loading conditions for Pioneering Spiritto assemble and install wind turbines.
5. Build the single body (barge only) and the multi-body ( Pioneering Spiritand Iron Lady) model in
the di raction analysis software, Ansys Aqwa.
6. Validate and verify the di raction analysis and perform a single and multi-body sensitivity anal-
ysis.
7. Acquire results from the multi-body di raction analysis. Including the hydrodynamic matrices,
displacement and load RAOs.
8. Build the single body and multi-body model in the time domain software, Orca ex, and import
results from the di raction analysis.
9. Validate and verify the time domain model and perform a single and multi-body sensitivity
analysis.
10. Build the base case mooring system in the time domain model, in Orcalfex.
11. Come up with concepts for improving the mooring system.
12. Build the concepts for improving the mooring system in the time domain model, in Orca ex.
13. Find the limiting sea state for each mooring system, for environmental conditions coming from
135,
14. Post process results, determine the corresponding workability.
15. Conclude and discuss whether the workability of the improved mooring system concepts is im-
proved, compared to the base case.

Figure 3.1 represents the stepwise approach to improve the mooring system in a ow chart.

14
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Figure 3.1: Flow diagram showing the thesis approach to improve the mooring system.
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3.2 Assumptions

This research includes building a numerical model that describes reality based on analytical relations.
Since these analytical relations are based on assumptions, the results of this research will be too.
Most important assumptions are listed and justi ed below, others will be explained in the sections where
they are implemented.

1. The surface elevation is assumed to be Gaussian distributed, the wave amplitudes are assumed to
be Rayleigh distributed.

2. Waves are expected to have small amplitude compared to wave length. Resulting in small sloped
waves.

3. Ship motions can be represented as the sum of the harmonic and linear response to a distribution
of random regular waves with di erent frequencies represented by the wave spectral energy.

4. Environmental conditions are not a ected by bathymetry, assuming a at seabed.

ol

. Currentand wind velocity is assumed to be constant over time and independent of elevation above
the seabed and the free surface respectively.

. Environmental loading is assumed to be co-linear and wind, waves and current to be aligned.
. Both vessels have zero forward speed.

6
7
8. Pioneering Spirithas su cient DP capability to keep position when a barge is moored to it.
9

. The axial sti ness of the mooring lines is assumed to be constant.

10. Both vessels are rigid bodies so no deformation will be present.

Assumption 1 to 4 comprises that linear waves are applied, represented by a pre-de ned a wave
spectrum. Considering the water depth at the reference location, intermediate water depth conditions
are present. The linear wave assumptions would better t deep water conditions since the limited water
depth can a ect the wave pro le which means that more non-linear wave types need to be considered.
The amount of non-linearity can be indicated by the Ursell number and the e ect of (non-)linear wave
patterns can be considered in follow-up research.

The assumption for constant wind and current velocity over height is rather conservative, because in
reality the wind and current velocity will be lower close to the boundaries (sea surface and seabed).
More detail can be added by applying wind spectrum (e.g. Froya spectrum) and apply a current velocity
pro le as described by R. Stewart et al, [14].

In reality, depending on the reference location, co-linear environmental loads is not likely to occur and
therefore a conservative assumption.

Zero vessel speed is a valid assumption when the mooring system is connected. Transit between pre-
installed wind turbine foundations will either be supported by tugs or happen at very slow speed, in
the order of 1 or 2 knots.

Pioneering Spirithas DP capabilities to keep a small o set, when having a barge moored alongside while
having 500 Ton bottom tension in pipelay mode. Therefore, in this research Pioneering Spiritis assumed
to follow rst order motions only. Exact DP capability values are con dential but a close-to-zero o set

is realistic.

Constant Young's modulus of the mooring lines is realistic when operating in the material elastic region
only. Since the mooring lines in this research are relatively long and they are not new but used before,
the cross-sectional area can be assumed to be constant provided that the Safe Working Load is not
exceeded. Making the assumption of constant axial sti ness realistic.

Assuming the vessel de ection in transverse direction to be zero is realistic considering the high sti ness
compared to the external forces in transversal direction. Long waves, in the order of the body length, can
cause sagging and hogging resulting in vertical vessel de ection. However, throughout this research it
will come clear that mooring line loads do not restrict vertical motions and therefore the assumption of
rigid bodies is not expected to a ect the results of this research.






Mooring system

The side-to-side mooring system connects two vessels that are alongside. By this connection the relative
vessel motions are restricted. As described in chapter 2, the mooring system consists of multiple
components, each bringing in its own design requirements. The main requirement is that the Safe
Working Load of the mooring system is exceeded. The main criteria is that the workability of the
mooring system is maximized.

The mooring system will be subjected to three incoming directions, bow-quartering, beam and stern-
guartering, respectively 45, 90 and 135.

This section starts with the purpose of the mooring system. After which the di erent mooring system
components are discussed. Then the base case mooring system will be explained. This base case
mooring system will be used for comparison of the mooring system improved concepts. The design
requirements and criteria will be given. Finally the method on how the mooring system concepts will
be compared is explained.

This chapter includes step 1 and 2 of improving the mooring system, as explained in section 3.1.

4.1 Purpose of the mooring system

The main purpose of a side to side mooring system is to restrict relative vessel motions. More speci cally
restrict the drift motions and limit the vessel o set.
The position of the vessel consists of a mean and a time varying part. The time varying part consist
of rst order and low frequency motions. These low frequency motions are sometimes referred to as
second order because they are mainly induced by the second order wave drift force. The mean part is
referred to as the o set.
The rst order motions in general cannot be restricted because of the large mass and inertia of the vessels
involved in this thesis.
The low frequency second order body motions can be restricted by the mooring system.
The di erence between the rst and second order motions is well represented in Figure 4.1.
Considering the forces in the mooring system, for simplicity looking at the static problem. The following
conditions should hold.
0 0 0

GZO H =0 "|:0 (4.1)
When environmental conditions are added. The mooring system has to counteract these forces to make
sure equation 4.1 is satis ed. These simple relations should be kept in mind when designing a mooring
system.
For an ordinary mooring system, consisting of mooring lines and fenders, the sti ness and elongation/-
compression determines the force in the lines or fenders. Due to the yaw angle, the elongation depends
on the location line or fender is attached to.

Regarding the in uence of the mooring system properties, the motion frequency for a non-restricted

Degree of Freedom (DoF) will be equal to the incoming wave frequency, the amplitude however will
di er. For a restricted DoF, the mooring system properties cause the vessel to respond with a di erent

18
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Figure 4.1: Low-frequency surge motion of a barge
source: O shore Hydromechanif3

frequency. Each DoF of the oating body has its natural frequency, which is important since exciting the
system with frequencies in the vicinity of this natural frequency and su cient amplitude might lead to
resonance.

The natural frequency depends on the mooring system properties, sti ness, damping, mass and added
mass of the restricted body.

4.2 Equipment involved in the mooring system

The mooring system includes a number of key components that together determine the mooring system
properties. The equipment involved determines most of the mooring system requirements. The mooring
system components of the conventional way of mooring, the mooring lines, fenders and connection
points will be discussed in this section. Next to the mooring equipment, also the crew that is required
to operate the mooring system will be mentioned.

4.2.1 Mooring lines

A mooring line can be modelled as a spring, where sti ness and elongation determines the load. These
loads result from restricting relative vessel motions. The mooring line properties depend on the mooring
line material and the design of the mooring line, for example how the individual strains are oriented.
Considering the static situation, it can be stated that a small allowable o set requires a sti mooring
arrangement = : Gwith x being the mooring system displacement and k the mooring system sti ness.
Besides sti ness, the mooring line can be described with a total force contribution form damping. Since
limited research is found by the author on mooring line damping, a sensitivity analysis is performed
and described in section E.0.4.2. Mooring line tension is learned to be limited sensitive to the mooring
line damping, therefore the mooring line is modelled with zero damping.
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The mooring line length for this thesis consist partly of steel wire and stretchers, these stretchers are
made out of polypropylene. Steel wire can be considered as sti while the stretchers can be considered
as soft. Steel wire is stored on the winch and stretchers can be manually connected to the steel wire.
For o shore mooring systems, a typical stretcher length is 20 % of the total line length. Therefore, also
in this thesis, each mooring line has a length ratio of 20 % stretcher and 80% steel wire. In reality,
the length percentage of wire and stretchers cannot be adjusted easily because the stretcher will have a
pre-de ned length.

4.2.1.1 Mooring line sti ness

The mooring system sti ness is determined by the sti ness of the individual components. Regarding
the mooring lines, the axial sti ness (sti ness per unit length) is determined by the Young's modulus, E,
and the cross-sectional area, A. In order to be able to model the mooring line as a linear spring, the axial
sti ness is assumed to be constant with line extension. The axial sti ness at 10 % line extension is used
as axial sti ness over the entire range of extension. In reality the axial sti ness will not be constant, as
both the Young's modulus and cross sectional area will change upon extension.

The Young's modulus dependence on line extension, strain, can be learned from the stress strain curves
represented in Figure 4.2. The cross sectional dependence on line extension, depends on the orientation
of individual line strains.

With assuming the axial sti ness to be constant, this research assumes the mooring lines to operate in
the elastic region, constant E, and therefore not taking into account non-linear material properties.
Assuming the line cross-sectional area to be constant neglects reorientation and deformation of individ-
ual strains depending on tensile stress.

(a) Polymer optical bre source: Journal of Marine (b) Metal source: Materials engineering, science,
science and engineerifig5] processing and desidh6]

Figure 4.2: Typical stress-strain curves for an optical ber and metal

The mooring line sti ness, with unit KN/m, depends on the axial sti ness and the line length according
to the following equation.

.= - (42)
;0

With the axial sti ness in kN and ;o the initial line length in m. The mooring line generally consists
of two sections. One section made of steel wire and the other part a stretcher, connected to each other.
These two sections can be modelled as serial springs as they both take the same force but will have
di erent elongation, depending on their properties.
The axial sti ness, EA, for the steel wires, onthe drumon Pioneering Spiriand the polypropylene stretch-
ers available are respectively 9075 3kN and 11408 3 kN, [17]. To limit complexity of the problem, only
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the common used mooring line materials and diameters are involved in this research.

e

1 %¥saa  Bcao

F8A4° BCA
Fsagand care de ned as the ratio's of wire and stretcher length respectively, a ratio for the steel wire
of 0.97 means that 97 % of the mooring line consists of steel wire. Equation 4.3 enables to calculate
the corresponding axial sti ness of both the stretcher and steel wire considering it as a single line. The
derivation of this formula can be found in section E.0.3.2. Substituting Sc&s 003and Sgas= 097results
in a combined axial sti ness of c>c= 75 3 kN. The intention was to use a value of 20 % stretcher
length, a typical mooring line material ratio which can be used in industry. However, due to incorrect
methodology applied to compute the combined axial sti ness, the axial sti ness corresponds with 3%
stretcher length, this will be discussed in section 9.3.4.

Cc>C¢ (4.3)

For a mooring system, the system sti ness in a certain DoF is determined by multiple components.
These components can be modelled as parallel springs. Therefore the total system sti ness is related
via equation 4.4. In the time domain model, the equivalent sti ness also depends on the mooring line
catenary shape.
0
{G-BHBC#< . G-2><?>=4=CB (4.4)

4.2.1.2 Stretcher purpose

Regarding the stretchers, these do have three main purposes. First, to reduce the mooring line sti ness.
The mooring wire on the winch cannot easily be adjusted, therefore the mooring wire properties are
optimized by connected another mooring line to the mooring wire. The length ratio between these lines
determine the total mooring line sti ness which enables the engineer to optimize the sti ness. A sti
mooring system will generally result in higher loads and lower o set.

Second, the Safe Working Load for the entire mooring line depends on the weakest link. The stretcher is
usually designed to be the weakest link as it can easily be replaced. Therefore the stretcher is connected
to the mooring wire on one side and to the bollard on the other side, as this part goes through the
fairleads where usually most of the wear and tear happens. Wear and tear is disregarded for now.
Lastly, the stretcher is usually more ductile and therefore improves the ability to store energy in the
mooring line which is important upon high impacts.

4.2.2 Fenders

The main purpose of a fender is to prevent for collision between both vessels. Additionally, to absorb
energy upon impact during berthing.

Fenders can be described by a sti ness and damping curve. The speci cations of the fenders that are
available on Pioneering Spiritare applied in the modelling part of this thesis. The dimensions of these,
Yokohama 3.3x6.5 pneumatic, fenders are given in table 4.1 referring to the symbols stated in Figure 4.3.
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Figure 4.3: Fender dimensions de nition, source: Trelleborg Marine systefis]

Table 4.1: Fender installation dimensions of the Yokohama 3.3 x 6.5 pneumatic fenders. Dimensions are
given in [m]

Size A B C D E W
3.300x6.50| 3.38| 3.14 | 4.46 | 0.50| 1.08 | 8.50

The total mass of a single fender is 5370 kg. The uncompressed net pressure in the fender is 0.8 bar.
The Yokohama pneumatic fender supplier, Trelleborg, provides fender displacement and corresponding
reaction force data, research into pneumatic fender behavior by Park et al. shows that the sti ness curve
shape can be estimated by a third order polynomial, [18][19]. The sti ness curve applied inthe numerical
model, including data points, is represented in Figure 4.4.

Figure 4.4: Force vs displacement curve of Yokohama 3.3x6.5 P80 pneumatic fender representing the
sti ness.
source: Trelleborg Marine systerfis]

The non-linearity in the fender force-displacement curve is related to non-linear material properties of
the fender material under pressure.

Research regarding the fender damping properties is found to be limited described in literature. A small
damping term is considered in this research, including a sensitivity analysis, as will be explained in
section 6.4.2. This damping term represents energy dissipation for example due to deformation.






	Abstract
	Preface
	Guide to the reader
	Table of Contents
	List of Figures
	List of Tables
	Glossary
	1 Introduction
	1.1 Energy transition and offshore wind market development
	1.2 Thesis motivation 
	1.3 Literature research
	1.4 Gaps in literature
	1.5 Thesis objective

	2 Background information
	2.1 Allseas' preliminary design of offshore wind turbine installation.
	2.2 Vessels involved
	2.2.1 Pioneering Spirit
	2.2.2 Iron Lady
	2.2.3 Tug(s)

	2.3 Equipment involved
	2.3.1 Pioneering Spirit Cranes
	2.3.2 Towing system
	2.3.3 Crew on board the vessels

	2.4 Reference wind turbine
	2.5 Broader scope, the mooring procedure
	2.6 Mooring in general
	2.7 Sign convention
	2.8 Reference location

	3 Thesis approach
	3.1 Step wise approach
	3.2 Assumptions

	4 Mooring system
	4.1 Purpose of the mooring system
	4.2 Equipment involved in the mooring system
	4.2.1 Mooring lines
	4.2.2 Fenders
	4.2.3 Connection points

	4.3 Mooring system design requirements
	4.3.1 Mooring system Safe Working Load
	4.3.2 Relative motions
	4.3.3 Crane operational limits
	4.3.4 Offset in surge and sway direction
	4.3.5 Safety
	4.3.6 Pre-tension
	4.3.7 Barge longitudinal extension

	4.4 Design criteria
	4.4.1 Multiple barge sizes
	4.4.2 Limited fender re-hitting

	4.5 Base case mooring system
	4.5.1 Challenges in the base case mooring system, room for improvements

	4.6 Comparing mooring systems with relative motions
	4.7 Comparing mooring systems with workability
	4.7.1 Post-processing data to compute the workability
	4.7.2 Metocean data


	5 Diffraction analysis and frequency domain modelling
	5.1 Introduction to the diffraction analysis
	5.2 Diffraction analysis procedure
	5.3 Diffraction analysis preparation
	5.4 Diffraction analysis model build
	5.5 Validation and verification of the diffraction analysis
	5.5.1 Typical barge shape RAOs
	5.5.2 Additional viscous damping
	5.5.3 Numerical effects in the diffraction analysis
	5.5.4 Mesh size convergence
	5.5.5 Sea state RAOs

	5.6 Frequency domain model limitations
	5.7 Diffraction analysis outcome and purpose
	5.8 Conclusion and reflection

	6 Time domain modelling
	6.1 Introduction to modelling the time domain
	6.2 Time domain modelling procedure
	6.3 Time domain model preparation
	6.3.1 Input. Diffraction analysis results
	6.3.2 Input. Environmental conditions

	6.4 Time domain model build
	6.4.1 Body shape
	6.4.2 Fenders
	6.4.3 Mooring lines

	6.5 Time domain model validation and verification
	6.5.1 Verification with analytical results
	6.5.2 Comparing static results from quasi-static and the time domain model
	6.5.3 Rayleigh distribution in results
	6.5.4 Time step convergence
	6.5.5 Hydrodynamic effects

	6.6 Time domain model outcome
	6.6.1 Static solution
	6.6.2 Dynamic solution

	6.7 Time domain conclusion and reflection

	7 New mooring system design
	7.1 Challenging barge position
	7.2 Philosophy of improvement
	7.3 New line arrangement
	7.4 Fairleads at hull side
	7.5 Ship extender
	7.6 Cavotec MoorMaster ® system
	7.6.1 System properties
	7.6.2 Minimum number of MoorMaster devices
	7.6.3 Modelling
	7.6.4 MoorMaster design implementation
	7.6.5 Sensitivity analysis MoorMaster system properties


	8 Workability study
	8.1 Performance mooring system concepts
	8.2 Performance Base case versus MoorMaster mooring system
	8.3 Relative motions
	8.4 Wind and current contribution
	8.5 Workability
	8.5.1 Detailed case workability calculation
	8.5.2 High level results from the workability study


	9 Discussion and recommendations
	9.1 Approach
	9.1.1 Mooring system design requirements
	9.1.2 Environmental loading direction
	9.1.3 Base case mooring system
	9.1.4 Longitudinal barge extension
	9.1.5 Loading conditions
	9.1.6 Financial aspect
	9.1.7 MoorMaster system properties

	9.2 Modelling decisions
	9.2.1 Mooring lines and fenders
	9.2.2 Motion response of Pioneering Spirit
	9.2.3 Hydrodynamic data
	9.2.4 VLID damping factor

	9.3 Thesis results
	9.3.1 Workability
	9.3.2 Dynamic load for swell and wind seas
	9.3.3 Rayleigh distribution
	9.3.4 Stretcher length

	9.4 Concept-wise discussion on results

	10 Conclusion
	References
	A Literature
	A.1 Chapter Reviews from the literature report
	A.1.1 Review chapter 2 - Hydrodynamics
	A.1.2 Review chapter 3 - Numerical modelling
	A.1.3 Review chapter 4 - Multi-body dynamics
	A.1.4 Review chapter 5 - Mooring
	A.1.5 Review chapter 6 - Multi Criteria Analysis
	A.1.6 Review chapter 7 - Workability

	A.2 Reflection on literature report

	B Mooring procedure
	B.1 Stepwise approach
	B.2 Purpose of the mooring procedure
	B.3 Equipment involved
	B.4 Design requirements
	B.4.1 Health, Safety and Environment
	B.4.2 Unloading
	B.4.3 Continuous operation
	B.4.4 Barge loading requirements

	B.5 Design criteria
	B.6 Base case mooring procedure
	B.6.1 Heading control
	B.6.2 Step 1 - Transit
	B.6.3 Step 2 - approach
	B.6.4 Step 3 - Mooring
	B.6.5 Step 4 - unmooring

	B.7 Risk assessment
	B.7.1 Risks
	B.7.2 Precautions and mitigation's

	B.8 Multiple Criteria Analysis
	B.8.1 Criteria
	B.8.2 Analytical Hierarchy Process
	B.8.3 Score

	B.9 Improved mooring procedure concept 1
	B.9.1 Step 1 - Approach and anchorage
	B.9.2 Step 2 - Back to shore and barge unloading
	B.9.3 Step 3 - Barge connection
	B.9.4 Step 4 - Sail into the wind field

	B.10 Results mooring procedure improvement

	C Static modelling
	C.1 Introduction into the quasi-static model
	C.1.1 Input, mooring configuration
	C.1.2 Input, environmental loading conditions
	C.1.3 Initial conditions
	C.1.4 Shielding
	C.1.5 Sensitivity analysis
	C.1.6 Quasi-static model check
	C.1.7 Quasi-static modelling Limitations
	C.1.8 Results


	D Validation and verification of the diffraction analysis and frequency domain modelling
	D.0.1 Verification with analytical results
	D.0.2 Sea state RAOs
	D.0.3 Additional checks
	D.0.4 Sensitivity analyses

	E Time domain model validation and verification
	E.0.1 Verification with analytical results
	E.0.2 Compare with frequency domain results
	E.0.3 Sanity checks
	E.0.4 Sensitivity analysis

	F Model parameters
	F.1 Time domain modelling
	F.1.1 Vessel specifications
	F.1.2 Environmental loads


	G Metocean data
	H Design process
	H.1 Approach
	H.2 Fairleads at hull side
	H.3 (Additional)ShoreTension concept
	H.3.1 System properties
	H.3.2 Modelling
	H.3.3 Expected difficulties


	I Results
	I.1 Sensitivity analysis pre-tension
	I.2 Load contributions


