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Background
In recent years, the wind industry has seen a very fast development, moving from onshore to

offshore, and from bottom-fixed shallow water to deep water floating solutions. Many of the
floating wind turbine (FWT) concepts have been proposed for water depths larger than 100m.
So far, the costs of energy for floating wind turbines is quite high as compared to bottom-
fixed turbines, and they are significantly larger than onshore turbines. Therefore, the reduction
of cost of the turbines is one of the main challenges for the floating wind turbines. An
important contribution to the cost of FWTs is the mooring system.

During the recent development of FWTs for utilizing the offshore wind resource, various
technologies from the offshore oil and gas industry have been adopted, including mooring
system solutions. The purpose of the mooring system is to keep the floating wind turbine
safely at a required position. Today, standard practice is that the mooring system of a single
FWT consists of 3-9 mooring lines of chain, chain/steel wire rope or chain/synthetic rope.
FWTs are considerably smaller than floating O&G structures. The external loads are
characterized with large mean loads (due to the rotor thrust) in moderate wave conditions and
high wave motions in extreme wave conditions. In deep water, the mooring system can be
particularly expensive and novel solutions are needed.

The importance of the mooring system for a FWT is crucial. The moorings must be reliable
enough to prevent any free drift where power cable rupture and collisions are typical
consequences. The cost of mooring must be as low as possible to make such developments
profitable. Design and optimization of the mooring system is therefore an important task.

The overall objective of this thesis is to perform a detailed assessment of the mooring system
for a floating wind turbine. The work shall comprise a description of the status of floating
wind turbines, an overview of rules and regulations and a deep dive into design methods and
numerical analysis. Both state-of-art mooring systems and novel solutions shall be assessed
and compared.

One of the frontrunners for piloting FWTs is South Korea. The site off the east coast of South
Korea shall therefore serve as basis for the assessment.
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Scope of Work

1) Review relevant literature regarding floating wind turbine concepts and mooring system
design. This includes:

- Give a brief description of the status of floating wind turbines concepts.

- Describe different types of mooring systems in general and what types that could be
attractive for floating wind turbines in particular. Focus on station keeping principles and
main hardware components.

2) Give an overview of some of the design standards for floating wind turbines. Consider IEC
61400, DNV-ST-0437 and DNV-ST-0119. Based on the Design Load Cases (DLCs) given in
the rules, propose and discuss relevant cases for ULS design of mooring systems for FWTs.

3) Describe the mooring design process and how numerical mooring analysis can be
performed for a FWT. Environmental loads and FWT motions to be included. Different
approaches using time-domain analysis methods shall be considered. Topics like how
characteristic extreme values is estimated and models for mechanical behavior (tension-
elongation) of synthetic ropes shall be described. Theory to be based on the SIMO/SIMA
software suite and respective theory and user manuals and other sources. A separate section
on aerodynamics shall also be included.

4) Further develop a SIMA model of a 12MW FWT; the 12MW “INO WINDMOOR” model.
Describe the model and the different QA checks that is performed. Establish a “base case”
mooring system based on chain only to comply with the design requirements outlined in task
2) and operating in South Korea (Donghae location) in 100m water depth.

5) Perform a numerical simulation comparison study of different mooring concepts and
design methods. The numerical simulations shall focus on the use of both a coupled approach
based on the use of SIMO and RIFLEX and checks using a quasi-static, un-coupled approach
based on SIMO only. Propose, based on results from numerical analysis, alternative and novel
mooring systems based on use of synthetic ropes. Such systems may also include clump
weight components and buoys, often called “hybrid” solutions. The extent of this task shall be
agreed with supervisor.

6) Conclusions and recommendations for further work.

General information

All necessary input data for the simulation case is assumed to be provided by NTNU/Equinor.
The work scope may prove to be larger than initially anticipated. Subject to approval from the
supervisor, topics may be reduced in extent.

In the project, the candidate shall present his personal contribution to the resolution of problems
within the scope of work.

Theories and conclusions should be based on mathematical derivations and/or logic reasoning
identifying the various steps in the deduction.

The candidate should utilise the existing possibilities for obtaining relevant literature.
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Report/Delivery

The project report should be organised in a rational manner to give a clear exposition of results,
assessments, and conclusions. The text should be brief and to the point, with a clear language.
Telegraphic language should be avoided.

The report shall be written in English and edited as a research report including literature
survey, description of relevant mathematical models together with numerical simulation
results, discussion, conclusions and proposal for further work. List of symbols and acronyms,
references and (optional) appendices shall also be included. All figures, tables and equations
shall be numerated.

The original contribution of the candidate and material taken from other sources shall be clearly

defined. Work from other sources shall be properly referenced using an acknowledged
referencing system.

Ownership
NTNU has according to the present rules the ownership of the project results. Any use of the project

results has to be approved by NTNU (or external partner when this applies). The department has the
right to use the results as if the work was carried out by a NTNU employee, if nothing else has been
agreed in advance.
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Preface

This master thesis was written as part of the requirements for a Master of Science in
Marine Technology from the Department of Marine Technology at the Norwegian
University of Science and Technology (NTNU) in Trondheim, Norway. This thesis
was completed in the spring of 2022 as a continuation to the specialisation project
completed in the autumn of 2021.

The aim of this thesis is to perform numerical analyses and evaluate various of
mooring concepts for floating offshore wind turbines in the Donghae location,
South Korea. The motivation to choose this topic for the master thesis is due
to the relevance of floating wind turbines in the industry today. It is imperative
that a thorough understanding of the mooring system of floating wind turbines is
required to expand the horizon and make it feasible in deeper waters.

The reader is expected to have a basic understanding of marine hydrodynamics.

Trondheim, June 11, 2022
Ol it

Kaushik Shiva Manjeri Ramakrishnan
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Abstract

The world is progressing rapidly towards sustainable forms of energy, and the
share of electrical energy produced from wind will grow exponentially in the com-
ing years. Subsequently, floating wind turbines are moving towards deeper water
depths greater than 100 m. A significant challenge in deep water floating wind
turbines is the increasing cost compared to bottom-fixed wind turbines. A vital
contribution to the cost is that of the mooring system. Therefore novel solutions
are required to design and optimise the mooring system to reduce its cost.

As a part of this thesis, different types of mooring systems for a floating wind
turbine are studied. The design standards and various load cases relevant to the
ultimate limit state design of the mooring system are also discussed.

A floating structure at sea is subjected to wind, wave, and current loads. These
are discussed in detail with the equation of motion for a floating wind turbine.
Different types of analysis performed on a mooring system are also discussed,
emphasising the time-domain approach. Some dynamic instabilities observed in
floating wind turbines are also discussed.

The INO WINDMOOR 12MW floating wind turbine with a semi-submersible
substructure to be deployed at 100 m water depth off the coast of South Korea
is analysed in this thesis. The analysis is carried out using the SIMA software
package. The existing mooring system for the wind turbine designed by Inocean
is replaced by a mooring system suitable for 100 m water depth with three moor-
ing lines consisting of pure chain elements. A SIMO model with this mooring
system serves as the base case system in this thesis. In addition to this, hybrid
mooring systems such as Chain-Polyester-Chain system, Chain-Polyester-Chain
system Clump Weights and Chain-Nylon-Chain systems are also analysed using
a coupled SIMO-RIFLEX model to develop a cost-effective novel alternative for
deep water mooring of floating wind turbine.

To document the model’s behavior, identification tests such as constant wind tests,

X
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pull out and decay tests, and regular wave tests were performed. Furthermore,
time-domain analysis was performed to ensure compliance with the ultimate limit
state design for the various mooring concepts. According to the time-domain ana-
lysis, the hybrid mooring system shows great promise and can be used for floating
offshore wind turbines. Finally, a summary of the thesis and suggestions for future
research are provided.
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Chapter 1

Introduction

1.1 Background and Motivation

One of the seventeen sustainable development objectives set forward by the United
Nations (UN) is to ensure access to affordable and clean energy. By 2030, the UN
intends to achieve this aim by significantly expanding the amount of renewable
energy in the global mix and ensuring universal access to affordable, reliable, and
modern energy services [21]. The demand for electrification is currently more
significant than ever to establish a sustainable future. By 2050, it is expected
that the share of electricity in total world energy demand will have doubled, from
19 percent to 38 percent [6]. Offshore Floating Wind Turbines (FWT) have the
potential to help achieve these objectives, as shown in Figure 1.1.

Units:PWh/yr

1990 2000 2010 2020 2030 2040 2050
Wind I Bioenergy M Gas-fired

Solar Geothermal WM Oilfired
Bl Hydropower B Nuclear Hl Coal-fired

Figure 1.1: World grid-connected electricity generation by power station type [6]
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Following such sustainable development aims, the wind sector has seen rapid
growth in recent years, transitioning from onshore to offshore and from bottom-
fixed shallow water to deep water floating solutions. For water depths more than
100 m, many of the FWT designs have been proposed. This is due to the avail-
ability of reliable wind resources at greater depths and the depletion of near-shore
areas, respectively [7].

Figure 1.2 shows the list of wind farm pilot parks which will be commissioned by
2022.

CAPACITY TURBINES EXPECTED
COUNTRY WIND FARM (MW) FLOATER TYPE NUMBER AND COMMISSIONING
MODEL DATE®
Windfloat Atlantic 5 3xV164-8.4 MW =
Portugal Phase i 25.0 Semi-sub (MHI Vestas) 2020
EolMed 24.0 Barge £ G'ZMISZ 2021/2022
(Senvion)
Provence Grand 3 x V164-9.5MW
Large = UL (MHI Vestas) LA
France
. 3 xV164-10.0 MW
EFGL 30.0 Semi-sub (MHI Vestas) 2022
Eoliennes 3xV164-9.5MW
Flottantes de Groix 2% pLE (MHI Vestas) 2
- : - . 5 xV164-9.5MW
UK Kincardine 50.0 Semi-sub (MHI Vestas) 2021
Norway Hywind Tampen 88.0 Spar-buoy QST 2022

(SGRE)

Figure 1.2: Proposed floating wind farms pilot parks in Europe [7]

Moving wind turbines from onshore to offshore has several benefits and draw-
backs. One of the major advantages of offshore wind turbines is that they have
a capacity factor of 30-60%, which is higher than onshore wind turbines [1]. A
higher capacity factor implies that the average power output from offshore turbines
will be higher. Furthermore, large regions are available for installing offshore wind
turbines at a minimal cost. Offshore floating wind turbines have additional advant-
ages, such as the ability to be towed out to the energy production site, which allows
assembly in port and the ability to be situated further from shore, which reduces
visibility and noise impacts [22]. Another significant advantage of moving wind
turbines offshore is that the wind velocities are, in general, higher compared to
land as there is no interference due to trees and buildings. In addition to this, the
wind is less turbulent [1]. This is important because turbulent wind causes fatigue
damage to the structure. However, the downside of offshore wind turbines would
be the corrosive environment. It will also be challenging to access for carrying out
any maintenance of the turbines. The capital expenditure (CAPEX) and operating
expenditure (OPEX) are also higher for offshore wind turbines as the substructure
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and installation are more expensive than onshore turbines. Similarly, the OPEX
increases as bad weather can lead to downtime. The following table summarises
some of the benefits and drawbacks of offshore wind turbines.

Table 1.1: Pros and Cons of Offshore Wind Turbine compared to Onshore [1]

Advantages Disadvantages

Extensive regions are available at a low | Wet and Corrosive Environment.

price.

No noise or visual impacts. Difficult to access for installation and
maintenance.

Higher wind velocities and less turbu- | Higher CAPEX and OPEX.

lent winds.

Ease of transportation and installation.

Offshore wind turbines can be further classified as bottom-fixed wind turbines and
floating wind turbines. Bottom-fixed wind turbines are viable in water depths up
to 40-50 m, whereas floating wind turbines can be used in deeper waters beyond
50 m water depth [23]. Some of the potential locations such as Norway, Japan
and the west coast of the US lack shallow water, making it more cost-effective to
deploy FWT in deeper waters than bottom-fixed wind turbines [1]. Figure 1.3(a)
shows the water depth around regions in Europe, and Figure 1.3(b) shows the map
offshore South Korea, in the Sea of Japan, which is the location considered in this
thesis. The water depth in this region is between 100-150 m [19].

0-25

60 - 200
200 - 500

M > 500

(a) Water depth in Europe [1] (b) Location offshore South Korea, DONGHAE [19]

Figure 1.3: Water depth in various regions

For an FWT, the mooring system is critical since it ensures that the structure does
not drift and remains in place. Figure 1.4 shows the cost break-up for a typical
bottom-fixed and floating wind turbine.

From Figure 1.4 it can be observed that mooring systems take up more than 10% of
the total CAPEX, which is absent for bottom-fixed turbines. According to further
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Share of CAPEX
~
&

15

10%

1 hoo

% e

Turbine Foundation Moorings & Installation Balance of  Decommissioning
anchors System

W Fixed-bottom M Floating

Figure 1.4: Cost break-up for typical bottom-fixed turbines and FWT [8]

discussions with supervisor Kjell Larsen, it was understood that the mooring sys-
tem, including the accompanying maritime operations, might account for nearly
25% of the entire cost of FWT. So, to make offshore FWT feasible, the cost moor-
ing system of FWT must be reduced.

The usage of 3-9 mooring lines per FWT is the standard practice in the industry.
As a result, optimising the mooring system for the FWT is critical to reducing
mooring system costs. Existing technologies from the oil and gas industry can be
used when designing the mooring system for an FWT. However, because FWT
structures are smaller than oil and gas structures, it is vital to build on these tech-
nologies to find new and better solutions.

1.2 Scope of Work

The overall goal of this thesis is to examine the mooring system for a floating wind
turbine in detail. A description of the current state of FWTs, an overview of rules
and regulations, and a deep dive into design methodologies and numerical analysis
shall be included in the work. State-of-the-art mooring systems, as well as new
alternatives, shall be evaluated and compared.

The objectives are stated as follows:

1. To review relevant literature on FWT concepts and mooring system design,
emphasising the status of FWT concepts and different types of mooring sys-
tems applicable to an FWT with station-keeping principles and main hard-
ware components.

2. To provide an overview of the design rules and standards for floating wind
turbines. Based on the Design Load Cases (DLCs) given in the rules, discuss
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relevant cases for the Ultimate Limit State (ULS) design of mooring systems
for FWTs.

3. To describe the mooring design process and how numerical mooring ana-
lysis can be performed for an FWT, emphasising different approaches us-
ing time-domain analysis methods. To describe the environmental loads,
FWT motions, estimation of the characteristic extreme values and models
for mechanical behaviour (tension-elongation) of synthetic ropes. A separ-
ate section on aerodynamics shall also be included.

4. To develop a SIMA model of a 12MW FWT, the 12MW "INO WIND-
MOOR" model. To describe the model and different Quality Assurance
(QA) checks performed on the model. To establish a "base case" mooring
system based on chain only components to comply with the design require-
ments outlined in task 2) and operate in South Korea (Donghae location) in
100 m water depth.

5. To perform numerical simulations and comparison study of different moor-
ing concepts and design methods. The numerical simulations shall focus on
the use of both a coupled approach based on the use of SIMO and RIFLEX
and checks using a quasi-static, uncoupled approach based on SIMO only.
To propose an alternative and novel mooring system using synthetic ropes
based on results from numerical analysis. The system may include clump
weight components and buoys, often called as "hybrid" solutions.

6. Conclusions and recommendations for further work.

1.2.1 Approach

This master thesis is a continuation of TMR4520 Specialisation Project Design
and Numerical Analysis of Mooring Systems for Floating Wind Turbines car-
ried out in Autumn 2021. Hence, a significant part of the literature study has been
carried out in the project thesis.

The first three tasks stated in Section 1.2 are achieved by reviewing appropriate lit-
erature and extracting relevant theory. The part concerning SIMA theory and cal-
culations is based on the SIMO and RIFLEX manuals provided by SINTEF Ocean.
The SIMO model with a mooring system consisting of pure chain segments used
in the specialisation project is used for the "base case" study in task 4. The moor-
ing line is modified to meet the design criteria based on the numerical analysis.
To understand the difference between the coupled approach and the quasi-static
uncoupled approach mentioned in task 5, a comparative study is additionally per-
formed for the base case system using the SIMO model and a SIMO-RIFLEX
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coupled model. In addition to this, to propose an alternative novel mooring system
using synthetic ropes, as mentioned in task 5, numerical simulations are carried out
using a coupled SIMO-RIFLEX model. Various mooring concepts such as Chain-
Polyester-Chain system, Chain-Polyester-Chain system with clump weights and
Chain-Nylon-Chain system are evaluated using the coupled model.

1.3 Structure of the Report
This report is divided into ten chapters and is organized as follows:

Chapter 1 focuses on the background and motivation for the project and provides
an outline of the scope of work.

Chapter 2 discusses various FWT concepts and typical mooring systems employed
for an FWT. The hardware components in a mooring system and station keeping
principles are also described.

Chapter 3 provides an overview of design standards and regulations applicable for
the mooring design of an FWT with an emphasis on ULS criteria. Relevant load
cases are also discussed.

Chapter 4 discusses the equation of motion and excitation forces acting on an FW'T.
The wind turbine aerodynamics and wind spectra are briefly discussed. In addition
to this, some dynamic instabilities in an FWT are also described.

Chapter 5 describes the SIMA software package focusing on both SIMO and
RIFLEX modules. In addition to this, a section on estimating response from a
time-domain simulation is also described.

Chapter 6 describes various options available for modelling an FWT in SIMA with
their advantages and disadvantages, along with a detailed description of the INO
WINDMOOR 12 MW FWT model.

Chapter 7 provide the details of various mooring concepts evaluated in this thesis.

Chapter 8 explains the numerical simulations carried out in SIMA to verify the
model and validate the mooring system for the environmental conditions in Donghae
location, South Korea.

Chapter 9 presents the results and explanations of the numerical simulations car-
ried out using both the SIMO model and coupled SIMO-RIFLEX model.

Chapter 10 presents the summary & conclusions of this thesis work. Recommend-
ations for future work are also described.



Chapter 2

Mooring and Station keeping
Systems for FWT

2.1

Floating Wind Turbines Concepts

There are four basic floater types for an FWT, as explained below.

1. Semi-submersible Platform: This is a column stabilised platform which

floats on the ocean surface while anchored to the seabed through catenary
mooring lines [8]. The turbine may be placed on top of one of the columns
or at the geometric centre of the columns [11]. Kincardine floating offshore
wind farm in the UK uses a semi-submersible substructure for mounting the
wind turbines [7].

Spar buoy: This consists of a cylindrical hull structure that is ballast stabil-
ised [8]. The stability is attained by maintaining the centre of gravity lower
than the centre of buoyancy. Hywind Scotland and Hywind Tampen use a
spar substructure to mount the wind turbine [7].

. Tension Leg Platform (TLP): The floating platform is held in position by

pre-tensioned tethers, which provide stability to the platform. The tethers
may be anchored to the seabed using suction piles, driven piles, or a template
foundation [11]. Provence Grand Large wind farm in France uses a TLP
substructure to mount the wind turbines [7].

Barge: A barge type hull can also be used as a floating foundation for a wind
turbine. EolMed floating wind farm pilot project in France uses a Barge type
floater to mount the wind turbines [7].

7
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Figure 2.1 shows different floater concepts available for FWTs.

AVNITA

Figure 2.1: Common floater types for FWT [3]

As of 2020, there are nearly 25 floating platforms in development stages toward
commercial-scale worldwide. Around 44% of this are semi-submersibles, fol-
lowed by spar buoys and TLPs at 24% each and barge at 8% [9]. Figure 2.2 shows
the list of active platform designs around the world.

Typologies under Development

Spar - 6

Semi-Sub - 11

TLP -6

Barge - 2

Figure 2.2: Platform designs under development stages toward commercial scale [9]
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2.2 Mooring and Station Keeping Systems

Mooring and Station keeping systems are essential components of a floating off-
shore structure which ensures that the structure limits its horizontal motion and
maintains its position. An FWT must maintain its position as the failure of moor-
ing lines will lead to power line breakage and collision with surrounding floating
structures or ships. Therefore, a reliable mooring system must be installed for a
floating offshore structure.

2.21 Components of a Mooring System

A typical mooring system consists of the following components [10, 24]:

* Chain, Steel-wire rope or Synthetic Fibre ropes or their combination.
* Anchors or Piles

* Fairleads, Bending shoes or Padeyes

* Winches, Chain jacks or Windlasses

* Buoys or Clump weights

* Connecting Links

The main hardware components are depicted in Figure 2.3 and are described in
detail below:

Buoys or clump weights

Connecting
Lin
Anchor

Steel wire ropes or
Synthetic (polyester) fiber ropes

Figure 2.3: Main Mooring Line Components [10]

Chain:

The chain makes up the strength member of the mooring system [24]. Chains could
either be studless or stud-link as shown in Figure 2.4. Chains have a large weight
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which provides them with high geometric stiffness. Chains have good abrasion
characteristics and are commonly used in the top and bottom end of mooring lines.
With the requirement to operate in deeper waters, the suspended weight of the
chain becomes a limiting factor and hence is less attractive for greater water depths
[24].

(a) Stud-link Chain (b) Studless Chain

Figure 2.4: Stud-link and Studless Chain [10]

Steel Wire Rope:

These are either made of the spiral strand, which is covered with a plastic sheath
as shown in Figure 2.5(a), or six-strand/multi-strand, which is uncovered as shown
in Figure 2.5(b). These have lighter weight and higher elasticity than chains of the
same breaking load [11]. Wire ropes are generally used in the water span.

(b) Six-strand wire rope

(a) Spiral strand wire rope

Figure 2.5: Steel Wire Rope [10]

Synthetic Fibre Rope:

These are made of synthetic fibre materials such as Polyester, Aramids, HMPEs,
or Nylon. However, synthetic fibre ropes made of polyester are most common
and dominant in the market. They weigh less in water than steel wire ropes and
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have higher elasticity. An example of synthetic fibre rope with its different parts is
shown in Figure 2.6.

SUB-ROPES

COVER PITCH
SUB=-ROFE STRAND

SUB-ROPE YARN

COVER STRAND

COVER YARN

Figure 2.6: Synthetic Fibre Rope [10]

Connectors or Connecting Links:

These are used to join sections of chain to one another or to connect a chain to
a steel wire or synthetic fibre rope. These are designed to take the full breaking
strength of the chain or wire rope. However, their fatigue strength must be carefully
assessed [24].

Anchors:

Anchors can be broadly divided into two types [24]:

1. Relying on Self Weight

2. Suction Anchors

(a) Drag Anchor [24]

(b) Suction Anchor
[25]

Figure 2.7: Anchor Types

Traditional embedment anchors as shown in Figure 2.7(a) are not designed for ver-
tical force components [24]. Their holding power depends on the seabed type and
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anchor weight. Suction anchors as shown in Figure 2.7(b) allow vertical anchor
loads. Piles can be used as an alternative to anchors. However, they require large
crane vessels with piling capabilities for installation [24].

Buoys and Clump Weights:

The purpose of adding buoys or clump weights to a mooring line is to improve
the mooring performance by reducing the platform offset and reducing the weight
of mooring lines that the platform must support. The additional weight provided
by these clump weights increase the mooring system’s restoring force [11]. Fig-
ures 2.8 and 2.9 shows the images of a buoy and clump weights respectively.

ey, NN RNIR

Figure 2.8: Buoy [11] Figure 2.9: Clump Weights [11]

2.2.2 Mooring Systems for FWT

The most commonly used mooring system configurations for FWTs are taut leg
mooring systems and catenary mooring systems. It is also possible to have a semi-
taut mooring system which is a hybrid of catenary and taut-leg mooring systems.

Taut-leg Mooring System: In a taut leg mooring system, pre-tensioned mooring
lines are used, making an angle between 30 - 40 degrees with the seabed as shown
in Figure 2.10(a). Synthetic fibre or steel wire rope are used for such types of
mooring systems, and the restoring forces are generated by the elasticity of the
mooring lines. An advantage of this system is that it will have a small footprint on
the seabed. It is suitable for deeper waters.

In the case of TLPs, tension leg mooring systems are used, which is different from
taut leg mooring systems. The tension leg consists of tubular steel members called
tendons that go vertically down to the seabed. Due to the high tension in these
tendons, the horizontal offset is limited, and the heave, roll, and pitch motions are
negligible due to high axial stiffness.

Catenary Mooring System: It consists of long steel chains or wires forming a
catenary shape as shown in Figure 2.10(b). When the surface platform is displaced,
the mooring lines lift-off or settle down on the seabed, causing an increase or
decrease in line tension to produce a restoring force. It is most suited for shallow
and medium water depths. However, it will have a large footprint on the seabed.
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i v
/E\VA a4 [ —
% % A g Z 2
(a) Taut Mooring (b) Catenary Mooring (c) Catenary Mooring with Buoys

and Clump weights

Figure 2.10: Typical Arrangement of Mooring Systems

2.2.3 Review of Mooring System for Pilot Parks

Various pilot parks have either been deployed or are under development, as shown
in Figure 1.2. Each of these has a different type of substructure and mooring
arrangement. Catenary mooring systems are most commonly used to secure the
substructure of an FWT, as shown in Figure 2.11 [8].

11
10

[+]

MNo. concepts

(S TR S - R

Catenary mooring Taut leg mooring Semi-taut mooring

M Chain m Chain & wire W Wire Synthetic fibre W Steel pipe

Figure 2.11: Mooring layout and types used for FWTs [§]

Most floating concepts call for at least three mooring lines to ensure adequate load
distribution, motion control, and mooring system redundancy in the event of a
failure; however, multi/hybrid solutions can utilise fewer anchors per turbine due
to economies of scale [8]. TLP concepts, on the other hand, necessitate more
mooring lines than other concepts, owing to the necessity to distribute the load
evenly across the structure and dissipate high forces between more mooring lines
and anchors [8]. The average number of mooring lines used per turbine is shown
in Figure 2.12.



14 Mooring and Station keeping Systems for FWT
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Figure 2.12: The average number of moorings per turbine [8]

Windfloat Atlantic has a triangular-shaped semi-submersible floater with the wind
turbine mounted on one of the columns. It consists of three hybrid catenary moor-
ing lines comprised of synthetic rope and chain connected to drag embedded an-
chors [8, 26].

Hywind Scotland and Hywind Tampen both have a spar buoy substructure with
three hybrid catenary mooring lines connected to the seabed by suction anchors.
The mooring lines comprise chain segments at the top and bottom and steel wire
rope in the water column [10].

GICON-SOF is an FWT pilot project deployed in Germany with a TLP substruc-
ture anchored to the seabed with four vertical taut-leg mooring lines and an ad-
ditional four support mooring lines to provide added stability which the designers
anticipate to be equivalent to conventional fixed-bottom foundations [8]. Similarly,
TLPWind is a concept developed by Iberdrola, which has a substructure made up
of a central cylindrical column and four pontoons symmetrically distributed on its
bottom. Two tendons are attached per pontoon which provides redundancy against
potential tendon failure [8].

2.3 Station Keeping Principles

There are six Degrees of Freedom (DoFs) for a rigid body - three translations and
three rotations. The three translational DoFs in x, y, and z directions are called
Surge, Sway and Heave, respectively, and the three rotational DoFs in x, y, and
z directions are called Roll, Pitch, and Yaw, respectively. These are shown in
Figure 2.13 for an FWT.

Each DoF, when excited, oscillates at a different natural period. For a semi-
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Figure 2.13: Rigid body motion modes for an FWT [3]

submersible, the typical values of natural periods in each of these DoFs are shown
in Table 2.1.

Table 2.1: The typical natural time period in different DoF for an FWT

DoF Surge Sway Heave Roll Pitch Yaw
T [s] ~> 50 ~> 50 15-30 25-30 25-30 ~> 80

For an FWT, these DoFs can primarily be excited by waves, wind, and current.
However, each of these phenomena would occur at different time periods, as shown
in Figure 2.14, and hence can excite different DoF of the structure. Figure 2.14
show the forces that are relevant for an FWT in red.

A mooring system maintains the position of the structure by absorbing the Wave
Frequency (WF) motions and controlling the mean offset and Low Frequency (LF)
motions.

Equation of Motion

When the hydrodynamic forces on the structure are defined, the equation of motion
of the structure can be written as shown in Equation (2.1).

(M + A(W)) - #+ C(w) -7+ Dy i+ Dy - 7 | # | +K(r) -7 = Q(t,r,7) (2.1)
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where,

€1s: SLAM €5s: HF 5-30 s: WF 30s=>: LF
(impulse) (high- (wave- (low-
frequency) frequency) frequency)

Extreme «springing»
wave slamon forces

column (2nd order)
and/or deck

Wind
Current
Ice/ Mean ice Collision with  Ice crushing ~ Small floes Large
Iceberg  drift Iceberg (broken, floes/ridges
s (level ice) managed ice)
Figure 2.14: Excitation Time Scales [10]
M mass matrix
A(w) frequency dependent added mass matrix
r position vector
C(w) frequency dependent potential damping matrix
D, linear damping matrix
D, quadratic damping matrix
K(r) stiffness matrix (non-linear)
Qt,r,7) excitation force vector :

The equation of motion is explained in detail in Section 4.1.1.

Considering the equation of motion in surge, the equation can be simplified as

shown in Equation (2.2).

(M +An(w)) -2+ (Cu(w) + D(2)) - & + K(z) - x = Q(t, z, %)

The quadratic damping provided by the mooring lines reduces the LF motion,
and the stiffness provided by the mooring lines controls the mean offset and LF
motions. The restoring force is generated by the geometric and elastic stiffness of

the mooring lines.

2.3.1

Geometric Stiffness

The physical interpretation of geometric stiffness can be explained as follows.

(2.2)
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The geometric stiffness of the mooring line is due to the submerged weight of
mooring lines in the water. In the equilibrium position of the mooring line, the
moment due to the submerged weight of the mooring line is balanced by the mo-
ment due to horizontal force from the mooring line.

Fp-D=Wy,-a (2.3)
where,
F Horizontal force from the mooring line
D Water Depth
W Submerged weight of mooring lines in water
a Arm of submerged weight from the top end of the mooring line
A 4 | Fyt E ]
: : it S — Ax : =
W, °

Figure 2.15: Geometric Stiffness of Catenary System

When the configuration of the mooring line changes due to the movement of the
floating structure, the submerged weight and its moment change, which results
in a different horizontal force. The difference in horizontal forces divided by the
distance moved by the structure gives the geometric stiffness of the mooring line.
This is illustrated in Figure 2.15.

F2 — F}
Kq = thh (2.4)
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where,

Kg Geometric stiffness of the mooring line
F,f Horizontal force due to change in configuration of mooring line
E} Initial Horizontal force
Ax Distance moved by the platform
For catenary chain/steel wire rope, geometric stiffness is important.

2.3.2 Elastic Stiffness

The elastic stiffness is provided by the axial stretch or elongation of the mooring
line. This is illustrated in Figure 2.16.

5

Depth (D)

Anchor

Figure 2.16: Elastic Stiffness of a Taut system

The elastic stiffness can be estimated as:
FA-AL FEA

AT =Ty T = ——— where Kg =

— 2.5
I Lo (25)

where,

Kg Elastic Stiffness of the mooring line
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EA Axial Stiffness of the line

Lg Length of the rope in its mean configuration
AL Length elongated by the rope

T & T Tension in the line in two positions

For polyester rope, elastic stiffness is dominating. The stiffness of a synthetic rope
is further explained in Section 2.5.

Total Restoring Stiffness

The total restoring stiffness is the combination of both geometric and elastic stiff-
ness as illustrated in Figure 2.17 and can be estimated as given in Equation (2.6).

Figure 2.17: Total Restoring Stiffness

1 1 1

=+ 2.6
Kr Ko | Kn (26)

where,
Kr Total Line stiffness

K is analytically calculated using catenary equations. This is explained in Sec-
tion 2.4.

2.3.3 System Restoring Force

Three mooring lines are often utilised for an FWT. When the platform moves, the
horizontal tension in the windward line increases, and the leeward line decreases
due to the external force. The difference in horizontal tension between the wind-
ward and leeward lines can be used to estimate the total system restoring force, as
shown in Figure 2.18.

An example of a spread mooring system with three lines and nine lines for an FWT
is shown in Figure 2.19. A spread mooring system’s restoring force in surge, sway
and yaw can be expressed as given in Equations (2.7a)—(2.7¢) respectively.
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Figure 2.18: System restoring force due to both windward and leeward lines [10]

(a) Spread mooring with three mooring lines (b) Spread mooring with nine mooring lines

Figure 2.19: Spread Mooring Arrangement

n
Fp = T cost; (2.72)
=1
n
Fy =Y Ty - sin); (2.7b)
=1
n
M, = T [ - singpy — y; - cosipy] (2.7¢)
=1

Here T; is the horizontal force from anchor line number 7. Its direction is from
the attachment point of the anchor line, i.e., from fairlead to anchor. x; and y;
represent the x— and y—coordinate of the attachment point of the anchor line to
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the vessel. ; is the angle between the anchor line and the x-axis as shown in
Figure 2.20.

r :
Figure 2.20: Mooring system restoring forces [10]

2.4 Static Equilibrium of Mooring Lines

This section is based on [10, 27]. Consider a two-dimensional mooring line with
zero bending stiffness as shown in Figure 2.21.

T .ds T+dT
X
ds ¥ EA o +do
lw
el dy
D
V dx

T

Figure 2.21: A 2D mooring line with forces acting on it [10]

From the figure, the following notations can be defined:

* D, F - External forces due to current on the line in radial and tangential
directions, respectively.

* w - Submerged weight per unit length of the mooring line.
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e FA - Axial stiffness of the mooring line per unit length, where A is the
cross-sectional area and F is the elastic modulus.

* ds - The length of the segment of the mooring line under consideration.
¢ T - Tension of the mooring line.

* ¢ - Angle between the mooring line and horizontal plane.

The bending stiffness is neglected, which is a good approximation for chains and
wires with a large radius of curvature [27]. The dynamic effects in line are also
neglected. The static equilibrium of the segment of length ds in tangential and
normal directions can then be expressed as:

Tangential direction:

T
T=|w-sin(g) - F(1+—— )| 2.
d [w sin(p) ( +EA>] ds (2.8)
Normal direction:
T-dp = () +D 1+ 2] d (2.9)
©=|w-cos(p oA s .

These equations can be referred to as catenary equations. These are non-linear,
and in general, it is not possible to find an explicit solution. For typical mooring
line components, the tension is much less than the axial stiffness, and hence it can

T
conveniently be assumed that A << 1. Therefore this term can be neglected,

and it simplifies the analysis.
2.4.1 Solutions of Inelastic Cable Line (Catenary) Equations

It is possible to solve for the submerged length of the mooring line, s, distance
to the Touch Down Point (TDP), x, and the vertical component of tension in the
mooring line, T}, using the pretension of the mooring line, T, the submerged
weight of the mooring line, w, and water depth, y.

The so-called line characteristics, which is a relationship between the top tension
of the mooring line and the offset of the floater, are of particular interest [10].

Figure 2.22 shows the notations used for defining line characteristics.

When the top end of the line moves, the TDP moves considerably. Hence, choosing
the anchor point as an earth-fixed reference point for the calculation is convenient.
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Anchori} —

k X —

Figure 2.22: Illustration of notations defining line characteristics [10]

The distance to anchor, X7, is often known, and hence it is of interest to calculate
the horizontal tension at the top of the line. Using the Catenary Equations (2.8)
and (2.9) and combining several equations, the following relation can be derived
for a line with no elasticity:

T, : 2T,
Xl:l+-cosh_1<1—|— v y) — Y- (y—|— > (2.10)
w w

Ty
where,
l Length of mooring line
T, Horizontal Tension at the top of the line

Equation (2.10) is referred to as the line characteristics.
2.4.2 Line Characteristics with Line elasticity included

The elasticity must be accounted for in the mooring lines, either if the lines are
long or if the tension levels are high or if the line contains multiple elastic seg-
ments. Equations (2.11) and (2.12) shows the line characteristics considering line

elasticity.
T 2 2wy
repa () o

T T T, - T,
z="2.sinh™! <y> + ==L (2.12)
w

T, w-FA
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2.5 Synthetic Ropes

A typical mooring line configuration usually comprises of hybrid mooring lines
with chain segments in the upper and lower section and synthetic or steel wire
rope in the water span. The use of synthetic ropes in the water span is gaining
more popularity due to its properties and also the fact that it can reduce the cost of
the overall mooring system [28].

As described in Section 2.3, the total stiffness of the mooring line is a combination
of geometric stiffness given by the chain and elastic stiffness provided by the syn-
thetic ropes. For mooring systems with synthetic line segments, the axial, elastic
properties of the synthetic rope determine the resulting line stiffness [2].

2.5.1 Axial Stiffness of Synthetic Ropes

This section is based on the reference provided from Equinor on the engineering
models that are used to estimate the axial stiffness of synthetic mooring lines [2].

A linear stiffness model has traditionally been used to represent the axial, elastic
stiffness of synthetic ropes.

Synthetic Rope

Figure 2.23: A synthetic rope segment under tension

Consider a segment of a synthetic rope as shown Figure 2.23. The length of the
segment is L. An axial tension 7" is applied on either side of the rope, due to which
the rope elongates by the length AL. The strain on the segment can be expressed
as

AL

T

(2.13)

The relation between tension (1), axial stiffness (Z/A) and strain (¢) can be ex-
pressed as

T=FA-¢ (2.14)

Based on Equation (2.14), a typical tension strain curve can be represented as
shown below.
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Figure 2.24: A typical tension strain curve

However, based on full-scale testing of synthetic ropes, it has been determined that
the synthetic fibre ropes have a visco-elastic change in length characteristics, and
hence, when the tension on the rope changes, the corresponding change-in-length
response has a non-linear trend [29]. This is shown in Figure 2.25.

Original curve
Original working curve /

Working curve
Dynamic stiffness ——

Working point O / /

Y Id
/¢/7
¥

Strain

Tension

Figure 2.25: Principle tension-strain curves observed and adapted from testing [2]
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The original curve shown in the figure represents the tension versus strain plot,
which is obtained during the first quick loading of a new rope. When the rope is
held at a given tension for a period of time, the rope elongates further, resulting in
an original working curve. So, the original working curve represents the stationary
working point if the rope is at its highest tension and permanent strain is taken
out after some time [2]. The working curve represents the path through which the
rope returns to its mean configuration when the tension is released. The working
curve describes a non-linear relation between the mean tension and mean strain
and determines the static elastic stiffness of a synthetic rope, which is used to
estimate the offset due to mean wind, wave and current loads [2].

The static working curve can be represented using the following equation:

T f
MBL ~ 5100 " [©@P(g- 100 Emean) — 1] (2.15)
where,
Tinean Mean tension
MBL Minimum breaking strength of the rope
Emean Mean strain

f and g are constants estimated from full-scaling testing. The values of these con-
stants for polyester and nylon ropes are given in Table 2.2.

Table 2.2: Parameters used for Static elastic stiffness [2]

Synthetic fibre type Parameters for STATIC stiffness (working curve)
Parameter f Parameter g

Polyester 3.0 0.6

Nylon 0.2 0.26

The static working stiffness curve for polyester and nylon ropes is shown in Fig-
ure 2.26.

The dynamic stiffness shown in Figure 2.25 is a linear curve which increases
slightly with mean tension. Dynamic stiffness is used for calculating the response
due to WF and LF excitations [2].

The dynamic tension model is similar to the static stiffness model and can be rep-
resented by the following equation:

Tdyn =FA,;- Edyn = (b -100 - Thnean + a - MBL) " Edyn (2.16)
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Figure 2.26: Static Stiffness (Working Curve) for polyester and nylon ropes

Equation (2.16) can be re-written as follows:

EA, _
MBL
where,
]byn
Edyn
FA,

Tmean

MBL

b-100 - +a 2.17)

Dynamic tension
Dynamic strain

Dynamic stiffness

a and b are constants estimated from full-scale testing. The values of these con-
stants for polyester and nylon ropes are given in Table 2.3.

Table 2.3: Parameters used for Dynamic elastic stiffness [2]

Synthetic fibre type Parameters for DYNAMIC stiffness
Parameter a Parameter b

Polyester 20 0.25

Nylon 1 0.4

The linearised dynamic stiffness curve for polyester and nylon ropes is shown in

Figure 2.27.
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Figure 2.27: Linearised Dynamic Stiffness for polyester and nylon ropes

2.5.2 Procedure for Estimating total tension

The total tension can be estimated through the following steps:

* The mean tension, T,eqn, 1S estimated using the non-linear working curve.

* The dynamic tension, Tg,,, is estimated using the linear dynamic stiffness,
where the linear dynamic stiffness is obtained corresponding to T}y cqyn €S-
timated above.

* Total Tension is the sum of mean and dynamic tensions.

Tiot = Trmean + Tdyn



Chapter 3

Design Standards and
Regulations

3.1 Rules and Standards for a Floating Wind Turbine

FWT is a relatively new concept, and the industry is transitioning from pilot pro-
jects to commercial projects. To assist in the segment’s expansion, various interna-
tional classification societies such as Det Norske Veritas (DNV) Maritime, Bureau
Veritas (BV) Marine & Offshore, American Bureau of Shipping (ABS) and in-
ternational organisations such as the International Electrotechnical Commission
(IEC) have come up with rules and regulations applicable for floating offshore
wind turbines. This chapter gives an overview of different rules and regulations
that govern the design of the station-keeping system for an FWT.

3.1.1 IEC 61400

This is an international standard published by the IEC regarding wind turbines.
This standard specifies the rules and regulations for wind turbines’ proper engin-
eering to prevent damage from dangers over their expected lifetime [30].

IEC 61400 series consists of various parts, out of which IEC 61400-3-2 deals with
the FWT and provides the design requirements for station keeping systems for
an FWT. As per IEC 61400-3-2, the station-keeping system for FWT shall be
designed following ISO 19001-7, and it provides the design situations and load
cases for station keeping systems. An overview of these load cases is included in
the DNV rules and is discussed in the subsequent sections.

29
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3.1.2 DNV Standard

DNV, formerly known as DNV-GL, is a classification society that provides a set
of rules and regulations for ships and offshore structures called Class Rules. DNV
has issued standards for floating offshore wind turbines such as DNVGL-ST-0437
and DNVGL-ST-0119.

DNVGL-ST-0437 provide principles, technical requirements, and guidance for
loads and site conditions of wind turbines. DNVGL-ST-0119 provide regulations,
technical requirements, and guidance for the design, construction, and in-service
inspection of floating wind turbine structures and station-keeping systems for float-
ing wind turbines. Furthermore, DNVGL-RP-C205 is used to define the environ-
mental conditions and loads. In this thesis, the DNV standards are followed to
design the station keeping system and are discussed in detail in the subsequent
sections.

3.2 Design Requirements for Mooring Lines

The design requirements for mooring lines are given based on Chapter 8 of DNVGL-
ST-0119 [3].

3.2.1 Limit States

A limit state is a condition beyond which a structure or component will no longer
satisfy the design requirement. The following limit states are relevant for the
design of a mooring system:

» Ultimate Limit State (ULS): It corresponds to the maximum load-carrying
resistance.

* Fatigue Limit State (FLS): It corresponds to the failure due to the effect of
cyclic loading.

* Accidental Limit State (ALS): It corresponds to survival conditions in a
damaged condition or in the presence of abnormal environmental conditions.

3.22 ULS and ALS Design Criteria

To design the mooring and station keeping system for an FWT, the limit states
of the mooring system shall be checked and verified. The ULS check is carried
out to ensure that an intact mooring system shall withstand all known loads with a
sufficient margin in extreme weather conditions [10]. The ALS check is performed
on a damaged mooring system to ensure that an accident shall not develop into
a progressive collapse of the structure in extreme weather conditions [10]. The
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design of a mooring system against overload for ULS and ALS shall be checked
as follows:
Design load < Design Resistance

Design Criterion

As per DNVGL-ST-0119 [3], the design criterion for ULS or ALS is calculated as
shown in Equation (3.1).
Sc > Ty 3.1)

where S¢ is defined as the body’s characteristic capacity and 7, is the design
tension.

Characteristic Capacity

The design resistance or characteristic capacity of the body of the mooring line is
calculated as:

Sc=ps-(1-COVg-(3—-6-COVg)); COVs <0.10 3.2)
where,

us The mean value of the breaking strength of the component

COVs The coefficient of variation of the breaking strength of the component

This formulation applies to mooring lines consisting of chain, steel wire rope, and
synthetic fibre rope [3]. The characteristic capacity of the body of the mooring line
can also be obtained from the minimum breaking strength, .S,,,;5, of new compon-
ents as [3]:

Sc =0.95 - Sips (3.3)

Design Tension

The total of two factored characteristic tension components, characteristic mean
tension, T jnean, and characteristic dynamic tension, 7. 4, determines the design
tension, T, of a mooring line and can be calculated as shown in Equation (3.4).

Td = Ymean * Tc,mean + Ydyn * quyn (34)

where Vinean and gy, are the load factors. These are given in Table 3.1 for both
ULS and ALS cases.

The characteristic mean tension, T¢ yean, can be defined as the mean part of the
50-year value of the line tension and is caused by pretension and mean environ-
mental loads from static wind, current and wave drift, whereas the characteristic
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Table 3.1: Load factor requirements for the design of mooring lines [3]

Limit State Load factor - Consequen;ae) class
ULS “/mean 1.30 1.50
ULS “Vdyn 1.75 2.20
ALS “Ymean 1.00 1.00
ALS Ydyn 1.10 1.25

 Consequence class 1 = where failure is unlikely to lead to unacceptable consequences
such as loss of life, collision with an adjacent structure, and environmental impacts.
Consequence class 2 = where failure may lead to unacceptable consequences of these

types.

dynamic tension, 7. gy, is the dynamic part of the 50-year value of the line ten-
sion and is caused by oscillatory LF and WF effects [31].

To estimate 1% seqn and T gyp using stochastic wind fields and/or irregular sea
states, a simulation of 1-hour duration shall be performed for multiple realisations
with different seeds [4]. The T\ ;,ecqan shall be estimated as the mean of means of
line tension and 7. 4y, shall be the Most Probable Maximum (MPM) value of line
tension from these simulations. Further details on how to determine the extreme
response from a time series is explained in Section 5.5.

3.2.3 Discussion on Design Load Cases for ULS Design

The governing ULS cases for mooring design are found in environmental condi-
tions with a 50-year Return Period (RP) and a parked turbine. The 50-year value
of line tension, on the other hand, may not necessarily occur during a sea state
in this two-dimensional contour because sustained wind speeds at the rated wind
speed, where the operational thrust is maximum, may generate the most drift and
the most loads in the mooring system [31]. Therefore, conditions with maximum
turbine thrust are equally important and must be checked [31]. Figure 3.1 shows a
typical curve with the variation of total wind force acting on the FWT with respect
to (w.r.t) the wind velocity at the hub.

Table 3.2 shows the list of DLCs applicable for ULS design check of mooring
lines.

Both DLCs 1.1 and 1.6 shall be examined during the power production condition.
For DLC 1.6, the wind condition shall have a Normal Turbulence Model (NTM),
and wind velocity at the hub, V},;, shall be equal to the rated wind speed, V" ;.
The significant wave height, H, in this condition shall be corresponding to the H
at Severe Sea State (SSS). This condition will be the most critical during power
production. However, from the metocean data [19], it can also be seen that as Vj,;,
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Figure 3.1: Variation of wind force on an FWT w.r.t the wind velocity at the hub
Table 3.2: Design load cases for station keeping system [4]
Design Wind . .
situation | DLC| condition Marine Condition
Waves Wind and wave | Sea Water
directionality Currents | Level
Power
Produc- 1.1 | NTM NSS COD, UNI NCM MSL
tion % H, =
<Vhub E[HIVhub]
<Vrout
1.6 | NTM SSS COD, UNI NCM NWLR
Vi H, =
<thb H $,888
<Vout
Parked
(standing | o | pyone | Bss MIS, MUL ECM | EWLR
still or id-
lin g) thb = H S - U =
Vier H, 50 Uso

NTM = Normal Turbulence Model

NCM = Normal Current Model
EWM = Extreme Wind Model

ECM = Extreme Curent Model
NWLR = Normal Water Level Range
COD = Co-Directional
MIS = Misaligned

NSS = Normal Sea State
SSS = Severe Sea State
ESS = Extreme Sea State
MSL = Mean Sea Level
EWLR = Extreme Water Level Range
UNI = Uni-Directional
MUL = Multi-Directional
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increases, the H also increases exponentially. This is shown in Figure 3.2. Hence,
at the cut-off velocity, Vi.,;—of, the H, will be higher than at the rated condition.
Hence, DLC 1.1 also has to be evaluated with NTM where Vj,up = Vews—opy at
Normal Sea State (NSS) where H; is equal to the expected value of Hg at Vi1

1-hour mean wind speed at 140 m above MSL vs. Significant wave height - DONGHAE
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Figure 3.2: Variation of significant wave height w.r.t the wind velocity at the hub

For DLC 6.1, the turbine shall be in parked condition, i.e., standing still or idling.
Extreme Wind Model (EWM) and Extreme Sea State (ESS) shall be applied, both
of which correspond to the wind speed and significant wave height at 50-year
condition. The 50-year ESS used for DLC 6.1 as per DNV-ST-0437 is associated
with a 50-year current. This is quite conservative regarding mooring design, as
there is typically a low correlation between current and the values of wind and
waves. Hence, the RP of current shall be reduced to 5 years [31]. While performing
this reduction, it may be required to also demonstrate an additional load case with
a current equivalent to 50-year RP and wind and wave with 5-year RP. However,
as the 50-year data for currents is not available in the metocean data, this condition
is not checked.

3.3 Fatigue Design

The mooring lines also have to be designed against fatigue failure. The design
cumulative fatigue damage for mooring lines can be estimated by [3]:

Dp =DFF - D¢ 3.5)
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where,

DFF The design fatigue factor. It varies based on the consequence class
as shown in Table 3.3
D¢ The characteristic cumulative fatigue damage caused by the stress history

in the mooring line over the design life and can be estimated by Miner’s Rule.

Table 3.3: DFF for mooring chain [3]

Consequence Class DFF
1 5
2 10

The fatigue design criterion is:

Dp <1.0 (3.6)

3.4 Design Requirements for Anchors

The design requirements for anchors are given based on Chapter 9 of DNVGL-ST-
0119 [3].

The design force, Ty, operating on the anchor and arising from line tension in a
mooring line connected to the anchor is equal to the design line tension in the
mooring at the interface between the mooring line and the anchor [3]. When more
than one mooring line is connected to the anchor, the design force, T, operating
on the anchor must be computed considering all mooring line contributions.

The design anchor resistance, R4, can be calculated as:
Ry=— (3.7)

where,

R, The characteristic geotechnical anchor resistance

Ym Material factor as defined in Table 2.3
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Table 3.4: Material factors for different types of anchors [3]

Material factors ,,
Anchor Type ULS ALS
Pile Anchor 1.30 1.00
Gravity Anchor 1.30 1.00
Free-fall Anchor 1.30 1.00
Suction Anch 1.20 1.007
uction Anchor . 1.20%
1.00D
Fluke Anchor 1.30 1302
1.00D
Plate Anchor 1.40 1,307

Y Consequence class 1
? Consequence class 2

The design criterion for anchors is given by:

Ty < Ry

(3.8)



Chapter 4

Theoretical Background

4.1 Forces and Motion

A floating structure in the sea is subjected to various environmental loads. These
environmental loads induce a motion to the floater and mooring system. The hori-
zontal and vertical motions at the top end of the mooring line are important to be
quantified when designing the mooring system [10].

The motions of a mooring system can be classified as static or mean and dynamic.
The mean offset causes static motions, while WF and LF motions cause dynamic
motions. The mean offset is caused by mean forces such as second-order mean
wave drift force, mean wind speed, and mean current speed, as shown in Fig-
ure 2.14. Dynamic forces result in WF and LF motions. First-order wave forces
cause the WF motions and the LF motions are caused by second-order wave drift
forces and wind gusts.

411 Equation of Motion

The equation of motion in 6 DoFs can be expressed as shown below.

(M + A(w)) -7+ C(w) -7+ Dy -7+ Dy - 77| + K(r) = Q(t,r,7)  (4.1)

The first term on the left-hand side of Equation (4.1) represents the inertia force.
The subsequent three terms represent the damping force due to frequency-dependent
potential damping, linear damping and quadratic damping respectively, and the last
term represents the restoring force. The term on the right-hand side represents the
excitation force.

37
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The excitation force can be further expressed as shown in Equation (4.2).

Q(t,77) = Qg + Qg + Qi + Geu + T 4.2)
where,
qt, First-order wave force
2, Second-order wave force
Qi Wind drag on the floater and tower
Qeu Current force (Viscous force)
T Thrust force generated by the turbine

These forces are explained in the Section 4.2.

4.2 Excitation Forces

A wind turbine in the sea will encounter environmental loads due to wind, waves
and current. The mooring system shall be designed to withstand these loads and
maintain the floating structure in its position. The environmental loads acting on
an FWT is shown in Figure 4.1 and are described in the subsequent sections.

Aerodynamic load

NNNN

Rotor

Wind blades

Wind
turbine
tower

Floating
foundation

Wave

|
i Current

Mooring
system

Figure 4.1: Environmental loads acting on an FWT [11]

421 Wave Loads

The wave forces acting on an FWT can be categorised as first-order wave forces
and higher-order wave forces. The first-order loads are, in general, larger than the
higher-order loads.
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First-Order Wave Loads

The first-order wave forces are proportional to the wave amplitude and are calcu-
lated using the linear potential flow theory by solving the velocity potential, ¢, up
to the first order. In order to solve the velocity potential, the wave body interaction
problem is divided into a diffraction problem where the body is fixed with incom-
ing waves and a radiation problem where the body is forced to oscillate without
any incident waves, as shown in Figure 4.2.

Figure 4.2: Wave body interaction problem [12]

In the diffraction problem, a fixed body interacts with incident waves. As a result,
the body experiences excitation force due to the linear dynamic pressure of the
incident wave, which is called the Froude-Kriloff loads and the linear dynamic
pressure of the diffracted waves generated by the body, as it is impermeable, which
is known as the diffracted loads [27]. There is no incident wave in the radiation
problem, and the body is forced to oscillate in each of the 6 DoFs. This results
in added mass and damping loads which are 180° out of phase with the body
acceleration and velocity, respectively [27]. It also results in restoring loads which
are caused due to the change of buoyancy and is 180° out of phase with the body
motion [27]. These are estimated using numerical tools based on potential theory
such as WAMIT, Hydrostar etc.

These loads have zero mean value and oscillate with the frequency of incident
waves [12]. These typically act in periods ranging from 5 to 30 seconds. As shown
in Figure 2.14, these result in WF motions of the platform. The WF motions create
cyclic tensions that cause maximum tensions and fatigue damage accumulation in
the mooring lines [11]. These loads are defined by force transfer functions.

As the INO WINDMOOR FWT substructure is modelled using slender elements
as described in Chapter 6, to determine the loads on a slender structure, Morison’s
equation is used, which is a long wave viscous approximation. It assumes that the
waves that are interacting with the structure are long relative to the cross-sectional
dimension of the body [12]. For an elemental length, dz, Morison’s equation can
be expressed as shown in Equation (4.3).
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wD?
4

Mass Force Drag Force

dF = pCyy a1dz + gCDDu\u]dz 4.3)

where p is the density of seawater, D is the diameter of the slender element, Cs
and Cp are the mass and drag coefficients respectively, a; is the acceleration in
the direction of inflow estimated at the geometric centre of the cross-section, and
u is the velocity of inflow in the direction of force at the geometric centre.

As described in Section 6.2.7, first-order force transfer functions are calculated
using WAMIT for the 12MW FWT model and are included in SIMA. These force
transfer functions obtained from WAMIT include the Diffracted and Froude Kriloff
loads. These, however, do not include the viscous effects as it is estimated using
solvers based on potential theory. As a result, the mass force from Morison’s
equation is included in force transfer functions from WAMIT, and only the drag
force is calculated using Morison’s equation. The drag force can be combined
with the current loads and can be calculated as viscous loads. This is explained in
Section 4.2.3.

Second-Order Wave Loads due to Potential Theory

Among the higher-order, second-order wave forces are important as they are rel-
evant for designing a mooring system [27]. Second-order wave forces are caused
by mean and LF wave drift forces. Viscous drag forces combined with current
will also result in higher-order excitation forces. As shown in Figure 2.14, the
LF wave drift forces have a period greater than 30 s and can typically excite the
mooring system at its natural periods in surge, sway and yaw. Second-order mean
wave drift forces are generally much smaller than the first-order wave forces and
are more difficult to estimate both numerically and experimentally. The wave drift
loads are defined by Quadratic force Transfer Functions (QTF).

Description of Waves

Ocean waves consist of irregular waves, which can be expressed as the sum or
superposition of regular long-crested waves, each having a different amplitude,
frequency and phase angle [32]. The time series for an irregular sea state can be
expressed by linear wave theory and creating different regular waves with random
phases as shown in Equation (4.4).

N

C(t) = Ajsin(wst + &) (4.4)

Jj=1

where A, w; and ¢; are the amplitude, frequency and phase angle of the regular
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wave. The amplitude can be estimated from a wave spectrum, S(w).
A]‘ = 2S(wj)Aw (45)

Each irregular sea state can be represented by a wave spectrum. A wave spectrum
is a function of significant wave height (H,) and peak period (7},). Several stand-
ardised wave spectra exist, but the Pierson - Moskowitz Spectrum and Joint North
Sea Wave Observation Project (JONSWAP) [32] spectrum are the most commonly
used. JONSWAP spectrum is used to define the sea state in this thesis, and the
spectrum may be expressed by the frequency, f, on the form:

o {W]
S(f) = ag*(2m) =" f Pexp [ - 5(f> ]7 207 (4.6)
4\ fp
where,

«a Spectral parameter

fp Peak wave frequency

~ Peakedness parameter

o Spectral parameter

4.2.2 Wind Loads

The total wind force acting on an FWT can be divided into two parts, namely a
mean thrust force acting on the rotor and a mean and LF component acting on the
floater and tower. To address the wind loads, as with waves, it is fundamental to
understand how the wind can be defined.

Description of Winds

This section is based on [1]. The short term description of the wind can be divided
into three parts:

1. Mean Spatial Variation: This is the part of wind that does not vary in time.
An example of mean spatial variation can be the vertical wind shear which
is related to the boundary layer of the earth and results in lower wind speeds
closer to the ground and increasing wind speeds higher up. This is shown in
Figure 4.3. This is usually described by a power profile or a log profile. It
is also worth noting that the wind shear may not just be vertical [1]. Other
types of wind shear include directional shear, speed shear or a combination
of both. The shear profile also depends on atmospheric stability [1].
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Figure 4.3: Vertical Wind Shear [1]

2. Temporal Variation at a Point: This refers to the wind variation at a point

in space. Short-term variations are of the greatest interest for an offshore
wind turbine [1]. This is usually described using a wind spectrum as shown
in Figure 4.4. The most commonly used wind spectrum for atmospheric
wind is the Kaimal spectrum. Von-Karman spectrum is commonly used for
wind tunnels [1].

Mesometeorological Micrometeorological
Range Range
(Turbulence)
Spectral gap

< Strong wind

| | | | | |

Period 1 year 4 days 12 hours 1 hour 1 minute 1 second

Figure 4.4: Wind speed spectrum over a broad range of frequencies [1]

. Spatial Coherence: Spatial coherence means that two points, such as the
two tips of the wind turbine blades, which are far apart and that experience
the same spectrum and may experience the low frequency component of the
wind at the same time, but the high frequency part may have no relation with
each other. As the distance between the points decreases, the high frequency
component will be more related and vice-versa. This feature of wind is of
importance for wind turbines with large rotor diameters. Typically Kaimal
or Mann spatial coherence models are used to describe this.
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Wind Drag on Floater and Tower

The wind velocity consists of two components as shown in Figure 4.5.

= «Mean» wind velocity
Wind :
velocity — Wind gust

Figure 4.5: Components of Wind Velocity [10]

The wind force acting on the floater and tower can be divided into two components;
a static load which is caused by the mean wind speed component, and the LF
dynamic force due to wind gusts. The wind gusts have significant energy at surge,
sway and yaw natural periods and can excite LF motions of the moored floating
structure [10].

The wind force acting on an elemental strip of length dz on the floater or tower
can be expressed as shown in Equation (4.7). The total force shall be obtained
by integrating the elemental force throughout the length of the tower and floater,
respectively.

dgui = P55 - Cp - A- (U () - i(2))%dz 4.7)
where
Pair Density of air
Ch Drag coefficient of the structure
A Projected area of the structure
U(t) Wind Velocity
z(2) Horizontal Velocity of the structure at vertical location z

The wind velocity, U (t), can be expressed as the sum of mean wind speed, U, and
dynamic wind gust, u(t) as shown in the equation below.

U(t) = U + u(t) (4.8)

The total wind force on the tower or floater can then be approximated as follows:

U-u(t) = pair-Cp-A-U-3 (4.9)

; —2
Qwi(t) ~ P(;zr CDAU +pair'A'
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The first term on the right hand side of Equation (4.9) represents the static load
imposed by mean wind speed, while the second and third terms represent the LF
excitation and damping force, respectively.

Thrust Force
This section is based on [13].

In addition to the loads on the floater and tower, the rotation of the wind turbine
blades creates a circular region at the top of the tower, resulting in an abrupt drop
in air pressure, which in turn creates a force in the direction of the wind called the
thrust force [33]. This thrust force is required to slow down the wind speeds to
extract the kinetic energy from the wind. To understand how the thrust and power
can be derived from a wind turbine, it is fundamental to understand the concepts
of aerodynamics explained below.

One Dimensional Momentum Theory

One dimensional (1-D) momentum theory serves as the basis for determining the
thrust and power from an ideal turbine. The term "ideal wind turbine" refers to a
wind turbine that does not lose energy when converting wind to electricity. This
theory approximates the turbine as an actuator disk placed inside a control volume
as shown in Figure 4.6.

rotor disk

P1

> V4

Po
Vo

inlet outlet

Figure 4.6: One-dimensional actuator disk rotor model [13]

The assumptions for an ideal wind turbine are:

1. Homogeneous, incompressible and steady-state flow

2. No frictional drag

3. Infinite number of blades and uniform thrust over the disk
4. Non-rotating wake

5. Pressure jump at the rotor disk with continuous velocity across the rotor disk
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6. Pressure is equal to the ambient pressure far from the disk

The governing equations for 1-D momentum theory are the conservation of mass,
the conservation of momentum and Bernoulli’s equation. Using these equations,
the velocity at the rotor disk can be expressed as the average of the wind velocities
at the inlet and outlet of the control volume as shown in Equation (4.10).

Ve = 0.5+ (vg + v1) (4.10)
where,
Vq Wind velocity at the disk
o Inlet Wind Velocity
V1 Outlet Wind Velocity

This method also introduces an axial induction factor, a, which is the fractional
decrease of the velocity in the stream tube.
Vo — Vg

a= @.11)
Vo

Using the axial induction factor, an expression for outlet velocity can be derived
as follows:
v1 = vo(1 — 2a) (4.12)

Combining Equation (4.12) with the governing equations, expression for thrust, 7',
and power, P, can be derived as shown in Equations (4.13) and (4.14) respectively.

T =0.5 pair- A~ (V3 — (vo(1 — 2a))?) (4.13)

P =05 pgir- A-vj-4a(l — a)? (4.14)

where pg;r, A and vy are the density of air, rotor area and incoming wind velocity,
respectively.

The power extracted by the rotor disk is a function of the air density, rotor area and
the power coefficient, C'p. The power coefficient should be maximum to maxim-
ise extracted power. With the axial induction factor known, the maximum power
extracted from the incoming wind can be found when Cp = 0.59 and a = 1/3.
This theoretical maximum is called the Betz Limit.

However, the actual power that can be extracted by a wind turbine is less than the
theoretical Betz Limit [13]. This is because a wind turbine has a finite number of
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blades, and wake rotation occurs behind the turbine as the torque exerted by the
blades will cause the flow to rotate in the opposite direction. Hence the assump-
tions considered in the 1-D momentum theory are not valid for an actual wind
turbine.

Ideal Turbine with Wake Rotation

To consider the effect of wake rotation for an ideal turbine an additional coefficient
called the angular induction factor, a’, must be introduced. The angular induction
factor is a function of the rotor’s angular velocity, €2, and angular velocity impar-
ted to the free stream, w. As the control volume rotates with the blades, annular
sections must be considered. With w and €2 known, the pressure difference over
the rotor disk can be calculated and integrating this over the annulus gives us the
incremental thrust, d7°, and the rate of change of angular momentum gives us the
torque on an incremental annular area element, d(). The resulting expression for
a’ to obtain maximum extracted power is given below.

a,_1—3a
 4a—1

(4.15)

Blade Element Momentum Theory

An actual wind turbine consists of blades made out of airfoil cross-sections. An
airfoil subjected to incoming flow generates lift and drag forces as shown in Fig-
ure 4.7. These forces vary depending on the angle of attack, ¢.

1 pN:Lcos O+ Dsin ¢

Figure 4.7: Velocity and forces acting on an airfoil cross-section [13]

Airfoil theory combined with an ideal wind turbine with a rotating wake forms the
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basis for the Blade Element Momentum (BEM) theory. The inflow velocity, V,..;,
includes the incoming wind, the velocity of the blade due to rotor rotation, the
induced axial velocity, and the induced tangential velocity. The typical solution
procedure for BEM is described below [13]:

* Guess starting values for a and a’.

* Calculate the flow angle, angle of attack and determine the lift and drag
coefficients.

* Update the values of @ and a'.

* Check for convergence of the values of a and o’ and if they have not con-
verged, repeat the process using the current values of a and a’.

The thrust, power extracted and loads experienced by the blades are all calculated
automatically as a result of this technique. However, many engineering correc-
tions are applied to this method, such as Prandtl correction, Glauert Correction,
Dynamic Wake and Dynamic Stall, to account for the assumptions and physical
effects [13]. The thrust force is proportional to changes in wind speed and can be
either dynamic or static. As a result, if the wind speed varies, the thrust force is
composed of both static and dynamic forces [33].

Mean Wind Speed v/s Thrust Force
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Figure 4.8: Mean wind speed v/s thrust force for INO WINDMOOR turbine

The thrust force as a function of mean wind speed for the 12MW INO WIND-
MOQOR turbine is shown in Figure 4.8. An FWT will experience a mean offset in
surge and pitch DoFs due to the mean thrust force, which is critical for the design
of the mooring system.
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4.2.3 Current Loads

Current velocity is a combination of wind-generated currents and tidal currents.
The effects of currents should be considered for the design of offshore structures as
they can cause large steady excursions and slow drift motions of moored platforms
[18]. Ocean currents induce drag force on the floating structure proportional to the
square of the current velocity [11]. The current velocity varies with water depth,
and the total current velocity at a given location should be taken as the vector sum
of each current component present [18].

For the motion response of the floating structures, the current velocity at the sur-
face is important, and the velocity profile is assumed to be constant over the water
depth. The current force can be calculated as shown in Equation (4.16).
p = o
qcu(t):i-CD-A~\V—$|-(V—w) (4.16)

where p, Cp, A and # are the density of water, drag coefficient, projected area and
LF velocity of the structure, respectively. V' is the mean current velocity.

If V > #, then current force can be approximated as:
P —9 — .
qcu(t)z§-CD~A~V —p-Cp-A-V-z 4.17)

The first term on the right hand side of Equation (4.17) represents the mean force
due to current and the second term represents LF damping force.

Viscous Loads

The presence of even a low magnitude current along with waves can result in
viscous drift loads because of the viscous effect of the combined velocity of waves
and currents [34]. As the wave-current interaction effects result in a flow field of
viscous origin, the non-linear viscous drag term of the Morison equation is used to
compute the viscous drift loads [34].

The viscous load per unit length in presence of current can be expressed as follows:
fp = gC’DD|V+u|(V+u) (4.18)

where u is the wave-particle velocity. In the case of floating structures, the struc-
ture itself will oscillate with a horizontal velocity, . Hence the relative velocity
of the structure w.r.t to the incoming wave-particle velocity shall be considered
to calculate the viscous drift loads on the structure, and Equation (4.18) can be
modified as shown below:

fo = gCDD\V+u—:i;|(V+u—:i;) 4.19)
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4.3 Dynamic Instabilities in an FWT

The purpose of this section is to provide an overview of various dynamic instabil-
ities that have been observed in an FWT. Some of these instabilities are observed
for a long time, while some others are recent. These are listed below.

1. Pitch motion instability above rated wind speed due to negative feed-
back [35]

This type of stability problem occurs when a turbine with low natural fre-
quencies is used in conjunction with a traditional pitch controller [35]. This
is observed at wind speeds higher than the rated wind speed and when the
tower’s natural frequency is less than the natural frequency of the pitch con-
troller. The reason for this instability is the effect of thrust force on tower
motion, as it directly contributes to damping [35]. For turbines mounted
offshore, the 1% tower frequencies reduce considerably and become less fre-
quent than the pitch action. This results in the thrust gradient following a
negative slope of the quasi-static thrust curve, thereby leading to negatively
damped tower motion [35].

2. Mathieu Instability

This instability is relevant for spar type of platforms [36]. This instability
occurs when there is a harmonic variation in the pitch restoring coefficients
produced by substantial heave motion and the period of the heave motion
is half of the pitch natural period [37]. When heave resonance occurs at
half the pitch natural period, a type of lock-in event occurs due to Mathieu
instability, considerably increasing pitch motion [37].

3. Yaw misalignment in Idling or Parked Condition and Extreme Sea state

This relatively new instability is observed when the turbine is parked or
idling in extreme sea states. When an FWT is subjected to wind loads,
as shown in Figure 4.9, the FWT rotates in yaw through an angle, a, and
experiences a moment, M, in yaw. This is caused due to the wind force
acting on the semi, tower and the rotor nacelle assembly (RNA).

The wind force on the semi forces it to rotate in yaw, but the mooring system
attached to the semi provides a restoring moment and thus tries to bring
the semi back to its actual position, thereby providing a positive stiffness.
However, the force due to wind on the tower tends to push it further away
from its mean position until it reaches 90°. Similarly, the wind force on the
RNA also tends to rotate it away from its mean position. As both tower and
RNA do not have a restoring effect and tend to move away from their mean
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Figure 4.9: Bird’s eye view of the FWT with wind force acting on it

position, both these contribute to a negative stiffness. The net stiffness in
yaw will be a sum of all these stiffness contributions, and the typical curves
will be as shown in Figure 4.10.

Tower
M ;

\itable Point e ;

0 bl
Stable Point o

Figure 4.10: Principle curve showing moments acting on the FWT

The resultant curve intersects the x-axis at relatively far away points from
the mean position of 0°. The FWT will be stable at these points, and in
between, where the resultant curve is relatively flat to the x-axis, the turbine
will oscillate in yaw. If the pretension in the mooring line is increased, then
the resultant curve can be modified such that the wind turbine will remain
stable near 0°. According to discussions with supervisor Kjell Larsen, the
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actual shape of these curves is still an area of research in the industry.

. Aerodynamic Roll - Yaw Instability
This is based on the paper written by Haslum, H. et al. [38].

This is a relatively new instability phenomenon observed for FWTs. The in-
stability is induced by the turbine thrust force causing anti-symmetric coup-
ling terms in roll and yaw. These coupling forces could cause rigid body
roll and yaw oscillations in floaters with a short separation between the un-
coupled roll and yaw natural periods [38]. The root cause of this instability
was discovered to be a purely aerodynamic phenomenon due to coupling
between roll and yaw forces at large thrust force [38].

To explain this instability, damping forces are required. The damping effects
have been seen to reduce the stability margins due to the effect the damping
forces have on the relative phase difference between roll and yaw motions
[38].

Aerodynamic stiffness coupling terms

Considering that the turbine thrust force acts along the positive x-axis, it
results in a moment about roll and yaw axes, which may be expressed as
stiffness terms K46 and Ky in the equation of motion [38].

The thrust force causes a moment in yaw when the FWT heels over in roll,
as shown in Figure 4.11(a). This moment is given in the following equation.

Fs = —F, Ay = Ficos(ng)hsin(ny) ~ Fyhny = —Kgqny (4.20)

where F,, = Fjcos(ns) is the thrust force component in the global x-direction
and Ay = hsin(7n,) is the moment arm about an earth-fixed z axis. —Kgq =
Fih is the yaw-roll stiffness term. Similarly, the moment in roll due to a
rotation in yaw can be written as follows:

Fy = —F,Az = —Fysin(ng)h ~ —Fyhng = —Kyng 4.21)

where, F, = F;sin(7) is the thrust force component in the global y-direction
and h is the moment arm about roll axis. This results in roll-yaw coupling
term K4 = Fih. Thus, stiffness terms are anti-symmetric, which is a re-
quirement for the observed instability.

Analytical Stability Limit
The analytical solution is developed for a 2 DoF system including roll and

yaw components. It can be said that the system shall be stable if all eigen-
values have negative or zero real part and unstable if any eigenvalue has real
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Figure 4.11: Moment due to motion and thrust force

part larger than zero [38]. Omitting the damping terms, the eigenvalue for 2
DoF system can obtained as follows:

~1(Ku K Ku Ke\®>  4K3
)\2:< 44 + 66 + < 4 66) . 46 > 4.22)
2 \ Mgy Mes Mays Mg Mee Maa
As the thrust force increases the term inside the square root eventually be-
comes negative, in which case A\? becomes a complex number [38]. This
results in eigenvalue in the form +(a + ib), resulting in one stable and one

unstable node. Thus, stability requirement when damping forces are omitted
is given as follows:

(K Ka), as 2

M44 B M66 o M66M44

For systems with lower natural frequency in roll compared to yaw, wyy <
wee, the stability criteria can be expressed as follows:

Kege M. 2h M.
wee _ 66442\/1_|_ iy ) (4.24)
w44 Mo K44 Ka4 V Mege

This shows that yaw stiffness, K46, will have a higher impact on stability
margin than roll stiffness, K44 [38]. The requirement for yaw Kgg can be
derived from Equation (4.24) as follows:

Ky Mg Meg
Koo > —2766 4 opp, /2258 (4.25)
66 My, N\ My,

According to discussions with supervisor Kjell Larsen, this effect is still
being studied and is a topic of industry research.
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SIMA Software and Theory

5.1 SIMA Software Package

SIMA is a workbench that offers a complete solution for the simulation and ana-
lysis of marine operations [39]. This is developed and owned by SINTEF Ocean.
SIMA version 4.1.0 is used for analysis in this thesis work. SIMA consists of
two modules, SIMO and RIFLEX, which are explained below in the subsequent
sections.

5.2 SIMO

SIMO, an abbreviation for Simulation of Marine Operations, is a time-domain sim-
ulation program for studying motions and station keeping of multibody systems.
It contains five modules as shown in Figure 5.3.

INPMOD Input generation and presentation,
interface to external sources of data

STAMOD i E Read input data, static analyses, define

File system for initial condition
SIMO communication

DYNMOD between modules Dyrllamic analyses, generation of time
series

OuTMOD Post-processing of time series

S2XMOD

Export of time series

Figure 5.1: Program modules in SIMO [14]

SIMO solves the equation of motion defined in Equation (4.1) in the time-domain.
In order to do this, the frequency-dependent added mass and damping terms must

53
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be converted into the time-domain. SIMO performs this using two different meth-
ods as described below.

5.2.1 Solution by Convolution Integral

The equation of motion in x-direction can be written as below:
(m+Aw)) -2+ Cw) -2+ D;- &+ Dy - &|d| + K(x) -z

= ot )+ aba + 2 +T O

where,

Alw) = Ao + a(w), and C(w) = Coo + ¢(w),

As = A(w = o0) Coo = C(w = 0) ©2)

The frequency-dependent coefficients, A(w) and C'(w), from the dynamic equilib-
rium equation 5.1 are transformed from frequency-domain to time-domain using
inverse Fourier transform, which results in a retardation function h(7) as shown in
Equation (5.3). The total motion, z, is then solved by numerical integration in the
time-domain.

t
(m+AOO)'i+Dl'x'+Dq'ﬂ's|5c+K(a:)-:1:-|—/ h(t—7) -2 dr
0

(5.3
= Geu T Qui (t) + qgua(t) + %20(1 (t)
where,
h(t) = 2 /OO wa(w)sin(wt)dw = 2 /OO c(w)cos(wT)dw (5.4)
T Jo T Jo

The retardation function can be found either by the frequency-dependent added
mass or potential damping coefficient. SIMA uses potential damping to estimate
the retardation function [40]. A plot of retardation function in surge is shown in
Figure 5.2. The frequency-dependent added mass and potential damping can be
calculated from the retardation function using the Kramers-Kronig relations [40].

a(w) = 1L /000 h(7)sin(wT)dr

w

0o 5.5
c(w) :/0 h(t)cos(wT)dr

5.2.2 Separation of Motions

The motions can be split into a high frequency and a low frequency part as an
alternative to solving the complete differential equation in the time-domain using
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«108 Retardation Function Surge-Surge

Amplitude [N/m]

Tls]

Figure 5.2: Retardation function Surge-Surge from INO WINDMOOR model

the retardation function. The high frequency or wave frequency part can be solved
in the frequency-domain, and the low frequency part can be solved in the time-
domain. In order to solve the wave frequency motions in the frequency-domain,
the motions must be linear responses to the waves. Hence the quadratic damping
D, is to be set as zero and restoring coefficient K as constant.

Similarly, the excitation forces are separated into a high frequency part, ¢, and
a low frequency part, ¢ as shown in Equation (5.6).

q(t,z,7) = ¢V + ¢

¢ = q% (5.6)
¢ = QI(/IQ/)A +qwI1 + 4cU + Qext

The position vector is also separated as follows:
r=xHF+TLF (5.7)
The WF motions are solved in the frequency-domain and are expressed as follows:
(m+ A(W)) - Egp + (D1 + CW)) - dur+ K -zpp = ¢ (@) (5.8)

The first-order wave forces can be described in the frequency-domain as a transfer
function between wave elevation and force [41].

¢y (w) = HO(w){(w) (5.9)
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where H)(w) is the complex first-order transfer function and ((w) is the com-
plex harmonic wave component. In the frequency-domain, using Equation (5.9),
the first-order transfer function between motion and wave elevation, called as the
motion Response Amplitude Operator (RAO), can be established as follows:

Xup(w) = (—w*(m + A(w)) + iwD; + Cw) + K) ' Hi(w){(w)  (5.10)

where H; is the first-order transfer function between excitation force and wave
elevation. A detailed derivation is given in Section 8.1.3. The response spectrum
Sz(w) can be derived from the wave spectrum S¢(w) using the motion RAO as
follows:

Se(w) = X p(w) - Se(w) (5.11)

The LF motions are solved in time-domain and the dynamic equilibrium equation
is expressed as follows:

(m—l— A(w = 0)) - XLF + (Dl + Dq . |$LF|) - XLF +K(CL'LF) - XLF

2
= qéV)A +awr + qcu + Qext

(5.12)

5.3 RIFLEX

RIFLEX is a computer program used to analyse flexible risers and other slender
structures, such as mooring lines, fish cage systems, pipelines, conventional steel
risers etc., and implements a non-linear Finite Element Method (FEM) for analys-
ing the slender structures [42]. RILFEX program system consists of four programs
or modules communicating via the file system, as shown in the figure below [15].

INPMOD Inputand data baze
orznEation

RIFLEX Sutcsmhze
File system for
Flesgamr | e
between modules amlses

Fraquenc, domain
dynamic am |zas

OUTMOD Post-processing 3 nd
output by print’ plot

Figure 5.3: Program modules in RIFLEX [15]
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The time-domain analysis using a coupled SIMO-RIFLEX model for the mooring
system can be carried out in two different ways, as explained in Section 5.4.

5.4 Coupled and Uncoupled Analysis
This section is based [16].

In SIMA, the FWT and mooring system simulations can be numerically estimated
using two alternative methods. One approach is to do an uncoupled or separated
analysis where the total motions of the large volume body is calculated in SIMO.
In this approach, the stiffness K () is obtained from the modelled catenary lines in
SIMO, and additional damping from mooring lines is included in separate damping
matrices [16]. The total motions and quasi-static line tensions are estimated in
SIMO. The total motions from SIMO are exported as top end motion into RIFLEX,
which then calculates the total line tensions using the slender FEM model and
estimates the total dynamic line tensions. This approach is illustrated in Figure 5.4.

e 1 e\ 3 pen Large volume |
Geu +Twill) + Fwall) + Fiwall) SIMO body
In

Dy + Dy
(a) Large volume SIMO body

/
f/
P RIFLEX finite
/  plement model
/ \
/ ‘~
.‘- .‘\‘
y Y
d \
~ .

e S—)

(b) Slender RIFLEX model

Figure 5.4: Separated Analysis [16]



58 SIMA Software and Theory

The second approach is to perform a coupled analysis where the large volume
SIMO body and slender RIFLEX model are solved simultaneously, as shown in
Figure 5.5. In this approach, for each time step, the SIMO results are imported to
RIFLEX, and the mooring line’s responses and stresses are calculated. The stiff-
ness matrix will also be updated for each time step. The total motion, x, can be
solved only by numerical integration in the time-domain using retardation func-

tions.

Large volume
SIMO body

Fwi(t) + Qua(t) + Gha(t)

zh’
Jeu I" IJ;\
[\
I L B |

|
. f \
[ ;.f RIFLEX finite \

( /-’ element model ‘!\
\

/ Y

Figure 5.5: Coupled Analysis [16]

In this thesis, a coupled analysis is performed, and the complete equation of motion
is solved by the method of convolution integral and retardation functions.

5.5 Estimation of Extreme Response from Time Domain Simu-
lations

The results from time-domain simulations in SIMA are obtained as time series.
The characteristic values of different responses are obtained from these time series
using extreme value statistics. The Gumbel distribution is often well suited to
model the extreme value distribution, and the extreme value shall be estimated as
the MPM value of the extreme value distribution for the required response para-

meter.
For a wind turbine, the simulation for estimating extreme events using stochastic

wind fields and/or irregular sea states requires a simulation time of 1 hour [4]. The
MPM can be estimated from a time-domain analysis either through one long sim-
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ulation and establishing a peak distribution from the same or by simulating several
simulations of 1 hour duration and establishing an extreme value distribution from
the individual maxima of each simulation. In the former method, the peak can be
fitted into a Weibull distribution, while in the latter approach, the maxima can be
fitted into a Gumbel distribution. These are shown in Figure 5.6.

The MPM value of the Gumbel distributions corresponds to the 37% percentile,
i.e., 63% probability of exceedance [43].

The probability density function for the Gumbel distribution with location para-
meter p and scale parameter o is

1 — —
y = f(zlu,0) = Uexp( - xg“)exp [ - exp( - Z“ﬂ (5.13)

where z is the response of interest.

For mooring line tension, characteristic dynamic tension 7T 4,y is equal to the
MPM value from Gumbel distribution. The characteristic mean tension, 7t nean
will be obtained as the mean of means.

Process Peaks Extremes
™M ‘O'P{ A :
WAV AT
A4 %#N ;.";_._.9,4'5
AP
V‘Ay"’%j . AT
N Extremes
§
-
i Pesks Most Probable
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Figure 5.6: Illustration of Peak and Maxima Distribution [17]
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Chapter 6

12MW Floating Wind Turbine
Model

6.1 Modelling of FWT in SIMA

An FWT can be modelled in multiple ways in SIMA. Each approach has its ad-
vantages and disadvantages, as explained below.

1. SIMO body for both the floater and RNA with Catenary Mooring Lines

In this model, the tower is defined using slender elements in SIMO, and the
rotor and floater are connected using a stiff coupling. This model can obtain
results from WAMIT as input and has multiple options available for force
models. Only a quasi-static mooring analysis can be carried out using this
model, and it underestimates the dynamic effects in the mooring lines.

2. SIMO body for the floater with Drag Element in SIMO for RNA

This is a simplified version of the model described above. The difference
between these two models is that instead of modelling the rotor as a SIMO
body, a drag element from SIMO is used to model the RNA. The drag coef-
ficients for the drag element in this model shall be calibrated w.r.t a fully
modelled SIMO or RIFLEX RNA. This model is suitable when numerous
simulations are to be carried out, mainly during fatigue calculations.

3. Fully RIFLEX model

This is a fully dynamic finite element based RIFLEX model where the floater,
tower, RNA and mooring lines are modelled in RIFLEX. It is an advanced
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model compared to the above two models. This model can calculate the total
dynamic line tensions in the mooring lines and capture the dynamic effects
better than the first model. However, in this model, the force options for the
floater are limited to Morison formulation.

4. Coupled SIMO-RIFLEX model with SIMO body for the floater and
RIFLEX Mooring Lines

This is an advanced model, where a SIMO body is used for the floater, and
a RIFLEX model is used for the tower, RNA and mooring lines. Multiple
options for the force model come from the SIMO floater. A finite element-
based formulation of the mooring lines can calculate the total dynamic line
tensions in the mooring lines and capture the dynamic effects completely.
This thesis uses a coupled model to analyse hybrid mooring lines.

6.2 Description of INO WINDMOOR Floating Substructure

This section is based on [5, 20].

INO WINDMOOR is a 4-year competence building project funded by the Re-
search Council of Norway and the offshore wind industry [44]. It is a 12MW
FWT with a semi-submersible substructure. The semi-submersible floating plat-
form has three columns connected by pontoons and deck beams. The wind turbine
is placed on top of one of the columns, as shown in Figure 6.1. This platform was
jointly designed by Inocean and Equinor.

\
[}

Figure 6.1: Concept of WINDMOOR 12 MW FWT [5]
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As this thesis is a continuation of the specialisation project carried out in Autumn
2021, the same SIMO model has been used. All hydrodynamic analyses of the
platform carried out using WAMIT had been provided as an input and were in-
cluded in the SIMO Model. The motion RAOs were additionally provided by
Petter Andreas Berthelsen of SINTEF Ocean. The SIMO model, various hydro-
dynamic coefficients and the force and motion transfer functions are described in
the subsequent sections.

6.2.1 Coordinate System

An earth fixed global coordinate system and a body-fixed local coordinate system
is defined for the model.

Global coordinate system

The global coordinate system has the X-Y plane coinciding with the mean water
level. Z-axis is positive upwards. The direction of incident waves, wind, and
currents are defined in negative X-direction. Global coordinate system is shown in
Figure 6.2(a).

Local coordinate system

The platform has its local coordinate system located at its geometric centre on the
mean water level. The local coordinate system is fixed to the body and moves
along with the body. Local motions and response calculations are made w.r.t the
local coordinate system. Local coordinate system is shown in Figure 6.2(b).

~ X z
X
y X
Y < h - IB—
(0}
(a) Global coordinate system (b) Local coordinate system

Figure 6.2: Coordinate System [5]

6.2.2 Main Particulars

The principal particulars of the hull and its inertia properties with ballast are
defined in Table 6.1. The radii of gyration of the substructure refer to the hull
Centre of Gravity (CoG) and the total radii of gyration refer to the FWT CoG,
considering the turbine’s CoG at the tower centre. The floating properties include
the wind turbine.



64 12MW Floating Wind Turbine Model

Table 6.1: Main Particulars for INO WINDMOOR FWT [5]

Property Unit  Value
Column Diameter m 15.00
Column height m 31
Pontoon width m 10
Pontoon height m 4
Center-center distance m 61
Deck beam width m 3.5
Deck beam height m 3.5
Total substructure mass t 11974
Total substructure CG, m -5.91
Total substructure CG, m 9.7
Total substructure R, m 23.66
Total substructure R, m 8.63
Total substructure R . m 8.1
Displacement t 14176.1
Draft m 15.5
cGY m  [-0.37,0.37]
cGy m  [-0.37,0.37]
CG, m 4.23
R,. m 43.67
Ry, m 44.18
R,. m 30.26

Y CG, and CG,, are dependent on the nacelle
orientation.

6.2.3 Mass Matrix

The mass matrix is provided in the SIMO model. This considers the structural
mass of the semi-submersible and the tower. This is shown in Table 6.2. How-
ever, when modelling a coupled SIMO-RIFLEX model, the tower is modelled as a
slender element, and hence the mass matrix is modified to include only the struc-
tural mass for the semi-submersible without the tower.

Table 6.2: Mass properties for Semi and Tower from SIMO model

Property  Unit Value

Mass kg 1.3139 -107
I, kem? 1.6741-1010
Ly kgm? 1.7425-1010

L.. kgm? 1.1323-10%°
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6.2.4 Infinite Frequency Added Mass Matrix

The added mass at infinite frequency is estimated from WAMIT and is given as an
input in the SIMO model. This matrix is shown below.

[ 5.41e + 06 0.0 —93.04 0.0 —3.05e 4- 07 0.0
0.0 5.41e 4 06 0.0 3.05¢e + 07 0.0 646.97
—24.95 0.0 1.98e + 07 0.0 3137.8 0.0
0.0 3.05e + 07 0.0 5.87e + 09 0.0 9288.1
—3.05e + 07 0.0 4053.8 0.0 5.87e + 09 0.0
i 0.0 610.06 0.0 16903 0.0 95.46e + 09 |

Using the equations explained in Section 5.2.1, the frequency-dependent added
mass is calculated using the added mass at infinite frequency and the retardation
function included in SIMO.

6.2.5 Linear Damping Matrix

When importing the WAMIT results into SIMO, SIMA calculates the retardation
function using frequency-dependent radiation damping as given in Equation (5.4).
This calculation produces a residual value which is included as a constant damping
matrix. This is shown in the matrix below.

[1442.2 0.0 0.0 0.0 0.0 0.0
0.0 1442.2 0.0 0.0 0.0 0.0
0.0 0.0 1.5018e + 06 0.0 0.0 0.0
0.0 0.0 0.0 7.0073e + 08 0.0 0.0
0.0 0.0 0.0 0.0 7.0073e + 08 0.0
| 0.0 0.0 0.0 0.0 0.0 2.61e + 06 |

6.2.6 Hydrostatic Stiffness

The hydrostatic stiffness matrix contains the contribution due to volume variation
caused by small motions around equilibrium positions. This is applicable for
heave, roll and pitch DoFs. This is shown in the stiffness matrix given below.

[0.0 0.0 0.0 0.0 0.0 0.0]
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 5.33-10° 0.0 0.0 0.0
0.0 0.0 0.0 3.38 - 107 0.0 0.0
0.0 0.0 0.0 0.0 3.38-10° 0.0
0.0 0.0 0.0 0.0 0.0 0.0]

6.2.7 Force Transfer Functions

The transfer functions for first-order wave and wave drift forces are calculated
using a linear-diffraction analysis in WAMIT and are included in the SIMO model.
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The first-order wave force transfer functions for surge, heave and pitch at 0° wave
heading is shown in Figure 6.3.
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Figure 6.3: First-order wave force transfer function in Surge, Heave and Pitch

From Figure 6.3, we see that the resonance period in Surge is around 6.5 s. Sim-
ilarly, we can see that the resonance period in heave and pitch are around 10 s
and 8 s, respectively. The mean wave drift coefficient in surge is shown in Fig-
ure 6.4. The first-order wave force transfer function for all 6 DoFs and different
wave headings is provided in Appendix A.
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Figure 6.4: Wave drift force in Surge
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6.2.8 Motion Transfer Functions

RAOs describe the response of a structure to wave frequency excitation. It provides
the response of a structure in a given DoF due to unit wave amplitude in that DoF.
The RAOs for the INO WINDMOOR turbine are calculated using WAMIT and
included in the SIMA model. The RAOs in Surge, Heave and Pitch at 0° wave
heading are shown in Figure 6.5.
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Figure 6.5: RAOs in Surge, Heave and Pitch at the waterplane for 0° wave heading

The RAO plots show that the heave natural period occurs at around 16 s and the
pitch natural period occurs at around 31 s. The RAO plots for all 6 DoFs at differ-
ent wave headings in provided in Appendix B.

6.2.9 Slender Elements

Slender elements were newly defined for the pontoons and columns in the SIMO
model to account for the viscous forces and damping. The drag coefficients for the
pontoons were calculated from Table E-1 given in Appendix E of DNV-RP-C205
Environmental conditions and environmental loads [18].

For the pontoons of the semi-submersible with rectangular cross section, the drag
coefficient in y direction (C'D,)) was obtained as 2.35 from case 2 defined in Table
E-1 with T/D = 0 and L/D = 0.4. The drag coefficient in z direction (C'D,) has
been calculated as 1.4 based on extrapolation of case 2 with T/D = 0 and L/D =
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2.5. The dimensions are marked in Figure 6.6.

H<D/10

’//‘/j A .
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Figure 6.6: Rectangle with thin splitter plate - Case 2 in Table E-1 [18]

The quadratic drag in y and z directions for the pontoon is calculated as shown in
Equations (6.1a) and (6.1b).

1 1025
C2y = 5 - preavater - CDy - h = == 235 4 = 481T5Ns*/m”  (6.1a)

1 1025
C22 = 5 - preawater - OD: - = —— - 1.4-10 = 7175.0Ns*/m>  (6.1b)
where pgea water 1 the density of sea water and h and w are the pontoon’s height
and width, respectively.

For the columns with circular cross section, the drag coefficient in y and z direc-
tions (C Dy & C' D) were obtained as 1.00 from case 14 defined in Table E-1 with
D/L = 1.00. The dimensions are marked in Figure 6.7.

Figure 6.7: Ellipse - Case 14 in Table E-1 [18]

The quadratic drag in the y and z directions for the column is calculated as shown
in Equations (6.2a) and (6.2b).

1 1025

C2y = 5 " Pseawater CD, D= —10-15= 7687.5Ns%/m3  (6.2a)
1 1025

C22 =5 - preavater - OD: - D = —— 1015 = 7687.5Ns?/m®  (6.2b)

where D is the diameter of the column.
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6.2.10 Mooring System
Existing Mooring System

The existing model had a mooring system provided by Inocean consisting of three
catenary mooring lines with a combination of studless chains and polyester ropes
with a pretension of 1050 kN and designed for a water depth of 150 m.

The fairlead and anchor point locations to which the mooring lines were connected
are given in Table 6.3.

Table 6.3: Fairlead and Anchor Coordinates of existing Mooring System [5]

Fairlead Anchor
Mooring Line x(m) y(m) z(m) ‘ x(m) y(m) z(m) Azimuth (deg)
ML1 427 0.0 0.0 700.0 0.0 -150.0 180
ML2 214 37.0 0.0 -350.0 606.2 -150.0 300
ML3 214 -37.0 0.0 -350.0 -606.2 -150.0 60

The natural time period of the FWT in 6 DoFs is estimated using the free decay
test for the existing model. This is given in Table 6.4.

Table 6.4: FWT rigid-body natural periods [5]

Surge Sway Heave Roll Pitch Yaw
Natural Period (s) 97.3 98.0 16.3 29.5 314 88.0

Determination of Base Case Mooring System

To establish a base case model, the existing mooring system was replaced with a
catenary mooring system with three mooring lines consisting of only chain seg-
ments. The new mooring system was defined for a water depth of 100 m with a
pretension of 1250 kN as shown in Figure 6.8.

Furthermore, different models were also defined with mooring systems using syn-
thetic ropes and a hybrid mooring system with clump weights to study and com-
pare different mooring system concepts. Different mooring concepts that have
been studied are described in Chapter 7.
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Figure 6.8: SIMO model with base case mooring system

6.2.11 Coupled SIMO-RIFLEX Model

SIMO model can perform only quasi-static analysis of the mooring lines. How-
ever, the dynamics could be important and to capture the dynamic effect of moor-
ing lines, it has been modelled in RIFLEX, and a coupled analysis is performed.
As mentioned in Section 5.3, RIFLEX implements a non-linear FEM for analysing
the slender structures such as the mooring lines.

The coupled SIMO-RIFLEX model was provided by Professor Erin Bachynski-
Poli¢ of the Department of Marine Technology, NTNU, for the course project in
TMRO3 Integrated Dynamic Analysis of Wind Turbines in Autumn 2021. The
same model has been used in this thesis.

The substructure and the nacelle are retained as a SIMO body, while the tower,
blades, shaft and mooring lines are modelled as a slender system in RIFLEX. The
wind turbine is also modelled as a slender system in RIFLEX as the same cannot
be modelled as a SIMO body in a coupled SIMO-RIFLEX model.

Modelling Slender System in RIFLEX

Supernodes must be defined to model a slender system such as a mooring line
in RIFLEX. A line can be modelled in RIFLEX only between two supernodes.
Supernodes are locations with specified boundary conditions. The constraints at a
supernode can be set either as free, fixed, or slaved. Any line defined in RIFLEX
has to be of a specific line type. The line type contains information on different
segments in a line and the number of elements in each segment. Multiple cross-
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sectional properties can be defined to include multiple segments in the same line
type, and each segment shall be associated with a cross-section.

* SUPER-
NODE

Figure 6.9: Modelling Slender System in RIFLEX [15]

The SIMO body and the RIFLEX slender system are coupled using a slender sys-
tem connection at the nacelle. The resultant coupled model with the base case
mooring system in its initial configuration before static equilibrium is shown in
Figure 6.10.

Figure 6.10: Coupled SIMO-RIFLEX model with base case mooring system
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Chapter 7

Mooring Concepts

This chapter describes the various mooring concepts studied in this thesis. As men-
tioned in Section 6.2.10, a base case mooring system is defined using pure chain
elements. To understand the effect of synthetic ropes, a hybrid mooring system
with chain segments at the top and bottom end and polyester rope in between is
considered. In addition to this, clump weights are also introduced into this hybrid
system to study the effect of clump weights on line tension and platform offsets.
Finally, the polyester segment is replaced with nylon, and the mooring concept is
studied. The location of fairleads is the same as defined in Table 6.3 and remains
constant for all the mooring concepts explained in the subsequent sections. Sim-
ilarly, the mooring line length, the number of mooring lines, pretension and the
water depth are treated as constant for all mooring system concepts. A top view of
a typical mooring system is shown in Figure 7.1.

Table 7.1: Constant Parameters for all concepts

Parameter Value
Mooring line length 700 m
Number of mooring lines | 3

Water Depth 100 m
Pretension ~ 1250 kN

7.1 Pure Chain System

This is the base case system defined for this thesis as explained in Section 6.2.10.
This concept consists of a catenary mooring system using three mooring lines. The
mooring lines consist of only chain segments of uniform cross-section throughout.
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ML1
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Figure 7.1: Top view of a typical mooring system in SIMO-RIFLEX Coupled model

The properties of the chain were obtained from the technical brochure issued by
Ramnais [45].

An R4 grade studless chain with a diameter of 157 mm and a Minimum Breaking
Load (MBL) of 21234 kN is used for the mooring lines. The elastic modulus for
the R4 grade studless chain is calculated as 5.0575 - 1019 N/m? from Section 2.1.8
of DNV-0S-E301 Position Mooring [43]. The weight of the chain in the air is
obtained as 493 kg/m. The submerged weight of the mooring chain is calculated
as shown in Equation (7.1).

Submerged Weight — PSteel  PSeawater Weight of chain in air

PSteel
7850 — 1025

7850
= 0.87 x Weight of chain in air

x Weight of chain in air (7.1)

where psieel and pseawater are the densities of steel and sea water respectively. The
mooring line length was considered 700 m for the base case and was assigned a
pretension of 1250 kN. Marine growth is not accounted for in the base case. The
studless chain’s transverse and longitudinal drag coefficients were obtained as 2.4
and 1.15 respectively from Table 1-1 in Section 2.7 of DNV-OS-E301 Position
Mooring [43]. The mooring chain properties are summarized in Table 7.2.

The static configuration of Mooring Line 1 (ML 1) in the X-Z plane is shown in
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Table 7.2: Properties of Mooring Chain

Property Value
Grade R4
Diameter 157 mm
MBL 21234 kN
Weight in air 493 kg/m
Submerged Weight 428.91 kg/m
Axial Stiffness (EA) 1.96E+09 N
Transverse Drag Coefficient 2.4
Longitudinal Drag Coefficient 1.5
Figure 7.2.
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Figure 7.2: Static configuration of ML 1 in X-Z plane for Pure Chain System

7.2 Chain - Polyester - Chain System

The Chain-Polyester-Chain (CPC) concept has a hybrid mooring line consisting
of 20 m of chain segments at the top and bottom and 660 m of polyester rope in
between. The top and bottom end of a mooring line rub against the substructure
and seabed and are subjected to wear and tear. As mentioned in Section 2.2.1,
the chain has good abrasion characteristics compared to synthetic ropes and is
provided at both ends. This hybrid mooring system with three mooring lines forms
a taut moored system.

The chain used in this concept is the R4S grade chain with the same diameter
and weight in air defined in Table 7.2. The MBL of the chain is 23559 kN. The
polyester mooring line is modelled using the Superline Polyester used for perman-
ent mooring developed by Bridon [46]. Based on the discussions with supervisor
Kjell Larsen, the polyester line was chosen such that the MBL of this line was
in the same order as that of the chain segments considered. Accordingly, a poly-
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ester segment with a nominal diameter of 291 mm and MBL of 23544 kN was
considered. The drag coefficient for fibre rope was obtained from Table 1-1 in
Section 2.7 of DNV-OS-E301 Position Mooring [43]. The properties of the chain
and polyester segments are given in Table 7.3.

Table 7.3: Properties of Mooring Chain and Polyester Segments

Property Chain Polyester
Type R4S Grade Permanent Mooring
Diameter 157 mm 291 mm
MBL 23559 kN 23544 kN
Weight in air 493 kg/m 54.7 kg/m
Transverse Drag Coefficient 24 1.6
Longitudinal Drag Coefficient 1.5 -

The distance to anchor for the mooring line is found through an iterative process
such that the pretension remains similar compared to the pure chain system de-
scribed in Section 7.1. The static configuration of ML 1 in the X-Z plane is shown
in Figure 7.3.
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Figure 7.3: Static configuration of ML 1 in X-Z plane for CPC System

7.2.1 Non-Linear Stiffness model for Polyester Mooring Line

The non-linear stiffness model for synthetic ropes discussed in Section 2.5.1 is
implemented for the polyester mooring line. The non-linear stiffness model can
be represented through the working curve as given in Equation (2.15). Using the
constants for the polyester mooring line given in Table 2.2, the equation can be
re-written as follows:

Tinean _

MBL 0.6 -100

-[exp(0.6-100-epmean) — 1] = 0.05-[exp(60-€mean) — 1] (7.2)
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The working curve used for the static analysis of the chosen polyester line is shown
below.

45 «10Working curve for Polyester Line with MBL = 23544 kN
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Figure 7.4: Working curve for polyester line with MBL 23544 kN

7.3 Chain - Polyester - Chain System with Clump Weights

Various studies have been conducted to understand the influence of additional ele-
ments such as buoys and clump weights on mooring lines. A numerical study
conducted by Yuan, Z. et al. [47] on a hybrid mooring system with clump weights
and buoys for a semi-submersible based oil and gas asset found that the line ten-
sion could be reduced by using the hybrid mooring lines. The motion responses
were, however, hardly influenced. A recent study conducted by Bruschi, N. et al.
[48] on the influence of clumps-weighted moorings on a spar type offshore wind
turbine found that both the platform response and mooring line tension are affected
by adding clump weights to the mooring lines. To understand this effect further on
a semi-submersible substructure for an FWT, a CPC system with clump weight is
studied.

This concept uses the same line configuration as defined in Section 7.2. Clump
weights are added to the mooring lines so that system becomes a little software
compared to the taut system. The total stiffness of the line will be a combination
of elastic and geometric stiffness. During the discussions with supervisor Kjell
Larsen, it was understood that there are different ways to design clump weights.
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One method is to use mono-cast steel boxes that are attached to chain links. This
is shown in Figure 2.9. Another method is to use short chain segments in parallel,
connected with triplates at the ends.

The second method is used to model the clump weight system in SIMA. The clump
weight is introduced at a length of 200 m from the top end of the mooring line.
A chain length equivalent to a clump weight with 21.8 T submerged weight is
introduced in the mooring system with a CPC configuration. The drag coefficient
for the studless chain is obtained from DNV-OS-E301 Position Mooring [43]. The
distance to anchor for the mooring line is found through an iterative process such
that the pretension remains similar compared to the pure chain system described
in Section 7.1. The static configuration of ML 1 in the X-Z plane is shown in
Figure 7.5.
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Figure 7.5: Static configuration of ML 1 in X-Z plane for CPC System with Clump Weight

7.4 Chain - Nylon - Chain System

The Chain-Nylon-Chain (CNC) concept also has a hybrid mooring system with
20 m of chain segments at the top and bottom ends and 660 m of nylon rope
in between. This mooring system also forms a taut moored system with three
mooring lines.

The chain used in this concept is the same as defined for the CPC system in Sec-
tion 7.2. This nylon rope is modelled using Superline Nylon OCIMF 2000 de-
veloped by Bridon [46]. The analysis performed on this system determined that
maintaining the MBL of the nylon segment in the same order as that of the chain
is a highly conservative approach. Furthermore, based on the discussion with su-
pervisor Kjell Larsen, it was understood that nylon was more expensive than poly-
ester; hence, using an oversized nylon segment would have cost implications. Ac-
cordingly, the MBL of the nylon rope was selected as 16000 kN. The largest nylon
mooring line developed by Bridon has an MBL of 11507 kN [46]. As this MBL
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was insufficient for this concept, the nylon rope is up-scaled to have a larger MBL.
Figures 7.6 and 7.7 depicts how the MBL and weight per unit length are calculated
from the Bridon nylon line [46].

400
*
350 ]
K%
*¥
¥
300 - KX 7
S A R **¥
£ #*T
E 250 UL 1
= o¥ !
o o !
[5)
£ 200 go” i 1
o o i
a gd i
o I
8 150 oo ! ]
o) u} !
o i
100 E;dejj i 1
i
O  Actual Data i
50 - *  Extrapolated Data : ]
e Rope dia for MBF = 16000 kN i
0 I I L ‘
0 0.5 1 1.5 2 25
Minimum Breaking Force Wet [kN] x10*

Figure 7.6: Extrapolation of rope diameter for required MBL
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Figure 7.7: Extrapolation of weight per unit for calculated rope diameter

From Figure 7.6, it can be seen that for a required MBL of 16000 kN, the rope
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diameter can be extrapolated as 277.8 mm. Similarly, from Figure 7.7, it can be
seen that for a rope diameter of 277.8 mm, the weight in air is 52 kg/m, and the
submerged weight is 5.023 kg/m. The drag coefficient for fibre rope was obtained
from Table 1-1 in Section 2.7 of DNV-OS-E301 Position Mooring [43]. The prop-
erties of the chain and nylon segments are given in Table 7.4.

Table 7.4: Properties of Mooring Chain and Nylon Segments

Property Chain Nylon

Type R4S Grade Permanent Mooring
Diameter 157 mm 277.8 mm
MBL 23559 kN 16000 kN
Weight in air 493 kg/m 52 kg/m
Transverse Drag Coefficient 24 1.6
Longitudinal Drag Coefficient 1.5 -

Similar to the previous concepts, the distance to anchor for the mooring line is
found through an iterative process. The static configuration of ML 1 in the X-Z
plane is shown in Figure 7.8
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Figure 7.8: Static configuration of ML 1 in X-Z plane for CNC System

7.41 Non-Linear Stiffness model for Nylon Mooring Line

As explained in Section 7.2.1, similar to the polyester line, a non-linear stiffness
model is implemented for the nylon line. Using the coefficients for nylon rope
given in Table 2.2, the working curve for nylon rope shall be calculated as shown
below.

Tmean 0 2

= ' : .26-100 €mean) — 1] = 0. : 26 emean) — 1
MBEL — 096100 [exp(0.26-100 - )—1] = 0.0077 - [exp(26 - £ )—1]

(7.3)
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The working curve used for static analysis of the nylon rope for the selected MBL
is shown in Figure 7.9.

s «10% Working curve for Nylon Line with MBL = 16000 kN
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Figure 7.9: Working curve for nylon line with MBL 16000 kN
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Figure 7.10: Comparison of working curves for polyester and nylon mooring lines

Figure 7.10 shows the comparison of working curves of polyester and nylon moor-
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ing lines. From the figure, it can be understood that the nylon mooring line is
considerably softer than the polyester mooring line.

7.5 Summary of Mooring Concepts

The following table shows the summary of all the mooring concepts described

above.
Table 7.5: Summary of all mooring concepts

Mooring Concept Pretension Line Anchor Clump
Length Distance”  Weight

Pure chain system 1250.00kN  700m  668.97m  No

CPC system 1228775kN  700m 70028 m  No

CPC system with Clump 1217.65kN 700 m  696.18 m  21.8T

Weight

CNC system 1255.00kN  700m  75424m  No

D Anchor distance of ML 1 from fairlead



Chapter 8

Numerical Simulations

This chapter explains the numerical simulations carried out in SIMA to check the
model and validate the mooring system for the environmental conditions given in
the metocean data for South Korea. The various QA checks include constant wind
test, free decay test and regular wave test as explained in Section 8.1.

Different load cases must be evaluated to validate the mooring design of the FW'T.
As mentioned in Section 3.2.3, there are three load cases evaluated for the ULS
design of the mooring system. DLC 1.1 and 1.6 consider the power production
situations where DLC 1.1 is assessed at the cut-off wind speed, and DLC 1.6 is
evaluated at the rated wind speed. Furthermore, DLC 6.1 is also checked, which
corresponds to the idling condition of the wind turbine at a 50-year sea state. This
is described in Section 8.3. All numerical simulations have been carried out in
SIMA.

8.1 Identification Tests

System identification tests are the QA checks performed to gain some understand-
ing of the model and document the behaviour of the dynamic system with new
mooring lines. This is an important step to ensure that the behaviour of the model
is correct before proceeding with a detailed analysis.

8.1.1 Constant Wind Test

Constant wind tests are performed to check the performance of the wind turbine,
including the controller. This test is carried out for wind speeds ranging from 4
m/s to 24 m/s at 2 m/s intervals. The wind is treated as constant and uniform for
one wind speed. Jonswap 3 parameter spectrum is used to define the sea state. No
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current is considered during this simulation.

The turbine takes longer to start up and achieve a steady state at lower wind speeds
compared to relatively higher wind speeds. This can be seen from Figure 8.1
which shows the RPM of the INO WINDMOOR turbine at 4 m/s and 12 m/s wind
speeds. Hence, the duration must be sufficiently long as the statistical analysis is
performed after the turbine achieves a steady state. So the analysis was performed
for a duration of 850 s for each wind speed.

10 T T
— Vwind — 4m/5 |
— Ywind = 12m/s

RPM
[6)]

0 100 200 300 400 500 600 700 800 900

time [s]

Figure 8.1: Comparison of RPM of the INO WINDMOOR turbine at 4 m/s and 12 m/s

Table 8.1: SIMA settings for constant wind test

SIMA Setting Value
Simulation Length 850s
Simulation Time Step 0.005 s

Time Increment in SIMA | 0.01 s
Environmental Condition | Hy=0.001 m, 7, =20s
Horizontal Wind Velocity | 4 m/s to 24 m/s at 2 m/s interval

The SIMA settings for the constant wind test is given in Table 8.1. The result of
this test is presented in Section 9.1.
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8.1.2 Decay Test

Free decay tests are performed to document the natural period of the system in all 6
DoFs. For the decay test, the initial displacement in translational DoFs is achieved
by applying a ramp force for a duration of 100 s in SIMO. The ramp force is
followed by a constant force for another 100 s. The force is then removed, and the
platform is let to oscillate freely in the selected DoF. The oscillation decays over a
period of time. The ramp force and constant force are defined using the ‘specified
force’ option in SIMO. An example of decay force with ramp duration of 100 s
and constant force duration of 100 s is shown in Figure 8.2.

Similarly, for rotational DoFs, a ramp moment and constant moment are applied
for 100 s each, and then the floater is released to oscillate. The ramp moment and
constant moment are defined using the ‘specified moment’ option in SIMO.

0 Il Il Il Il Il Il Il Il ¥
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Figure 8.2: Example of decay force with ramp force and constant force in Surge

The SIMA settings and simulation parameters for the decay tests are given in
Tables 8.2 and 8.3.

Table 8.2: SIMA settings for decay test

SIMA Setting Value

Simulation Time Step 0.005s

Time Increment in SIMA | 0.01s

Environmental Condition | No wind, wave or current
Turbine Status Parked
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Table 8.3: Simulation parameters for decay test

Motion Force/Moment Simulation Attack Point of Decay

Length (s) Force (Local Coordin-
ates)

Surge 3500 kN 950

Sway 3500 kN 950

Heave 5330 kN 800

Roll 300000 kNm 800 ©.0.0)

Pitch 300000 kNm 800

Yaw 11000 kNm 950

The results of the free decay test for various mooring concepts are presented in
Section 9.2.

8.1.3 Regular Wave Test

Regular wave tests are performed to derive the RAO of the FWT in different DoFs
at various wave headings. As explained in Section 6.2.8, RAO provides the re-
sponse of a structure due to unit wave amplitude in a given DoF. Mathematically,
it can be derived as shown below for heave only case.

The forced equation of motion in heave can be expressed as follows:
(M + Asz(w))ri3 + Bsg(w)ns + Csanz = F3 ezc(w) 8.1

where M is the mass, As3(w) is the frequency dependent added mass, Bs3(w)
is the frequency dependent potential damping, C's3 is the restoring coefficient in
heave, F3 ¢;.(w) is the excitation force. 13, 7j3 and 73 are the acceleration, velocity
and displacement in heave. In steady state condition, we can represent the heave
motion and the excitation force as shown below.

13 = M3ae’’ (8.2a)
F3,ezc = f3aeth (8.2b)

where, 13, and f3, are the amplitude of heave motion and force respectively and
are oscillating with the incident wave frequency w. Substituting Equations (8.2a)
and (8.2b) in Equation (8.1), the following expression can be derived.

(—w(M + Azz(w)) + iwBsz(w) + C33)034 = f3a
34 1 (8.3)

fsa  (—w?(M + Asg3(w)) + iwBsg(w) + Cs3)

=
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Multiply and divide the left-hand side of the above equation with wave amplitude
(q to derive the following expression.
Ma _ fsa 1 (8.4)
Ca Ca (—wg(M + Asz(w)) + iwBsz(w) + Cs3)
Equation (8.4) shows the expression for heave RAO between wave amplitude and
heave motion. The RAO for other DoFs can be similarly derived.

Regular wave tests were performed with the following SIMA settings and simula-
tion parameters.

Table 8.4: SIMA settings for regular wave test

SIMA Setting Value
Simulation Length 1100 s
Simulation Time Step 0.005 s

Time Increment in SIMA | 0.01 s

Wave Regular Wave
Wind No Wind
Current No current

Table 8.5: Simulation parameters for regular wave test

Hs | Tp Wave Heading
Im | 5sto35sat2.5sinterval | 45 deg., 90 deg. and 180 deg.

The RAOs are also compared with WAMIT output, and the results are presented
in Section 9.4.

8.2 Convergence Study

This study is performed to decide the number of seeds required for the time-
domain simulation of the mooring system. As per DNVGL-ST-0437 Loads and
site conditions for wind turbines [4], the simulations for the estimation of extreme
events using stochastic wind fields and/or irregular sea states require a simulation
time of 1 hour where each simulation is to be carried out with a different seed,
and the sum of different realisations shall be at least 5 hours. As explained in
Section 5.5, the Gumbel parameter o gives the MPM value which is equal to the
characteristic dynamic tension, 7 4, of the mooring line. To understand how
many seeds are required for the convergence of the MPM value, an analysis with
17 seeds of 1-hour duration is run in SIMA for DLC 1.6. Similarly, for DLC 6.1, an
analysis with 20 seeds is run. The wind files for the analysis are generated using
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TurbSim Ver. 2.0. The Gumbel parameters corresponding to the different num-
ber of seeds are determined using MATLAB. The Gumbel parameters are plotted
against the number of seeds to check the convergence. The results are presented
in Section 9.5. The SIMA setting and simulation parameters are shown in the
following tables.

Table 8.6: SIMA settings for convergence test

SIMA Setting Value

Simulation Length 4000 s
Simulation Time Step 0.005 s
Time Increment in SIMA | 0.05 s

Wave Jonswap - 3 Parameters
Wind TurbSim Fluctuating Three Component
Current Regular current

Table 8.7: Simulation parameters for convergence test

DLC | Hs Tp Wave | Wind | Current | Current | Blade | Wave &
Dir. | Dir. | Dir. Vel. pitch | Wind Seed
1.6 2.65m | 11.76s | 180° | 180° | 180° 1 m/s 0° 101-117
6.1 11.8m | 133s | 180° | 180° | 180° 1 m/s 90° 101-120

8.3 Design Load Cases for Mooring System

The governing load cases for the ULS design of a mooring system is discussed in
Section 3.2.3. As shown in Table 3.2, DLC 1.1 and 1.6 are checked during the
power production stage of the wind turbine, while DLC 6.1 is evaluated when the
turbine is parked or idling. The environmental conditions considered for these load
cases are further discussed in the subsequent sections.

8.3.1 Environmental Conditions

The motion of the floating unit caused by environmental loads, as well as the re-
sponse of the mooring lines to these motions, must be considered in the line tension
analysis [43]. For stationary environmental states, the characteristic load effects
are obtained, and each stationary environmental condition can be described using
the following terms [43]:

— Significant wave height (H;)

— Peak wave period (7})
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— Wave spectrum (JONSWAP or double peaked)

Main wave direction

Mean wind speed

Wind spectrum function

Wind direction

— Surface current speed (V)

Current profile over depth

Current direction

JONSWAP wave spectrum and Kaimal wind spectrum are used for all the load
cases in this thesis. As per DNV-OS-E301 Position Mooring [43], for all types
of units, both in-line and in-between directions shall be analysed for all the load
cases. The following two combinations of wave, wind and current relative to the
unit are generally applied during the mooring analysis:

* Collinear Environment: The waves, wind and current are acting in the
same direction. Figures 8.3(a) and 8.3(b) shows the collinear environment
for an in-line and in-between case for an FWT.

Wind, Wave & Current
S

Wind, Wave & Current

(a) In-line Collinear Condition (b) In-between Collinear Condition

Figure 8.3: Collinear Environment

* Non-Collinear or Spread Environment: The waves act in-line to the unit,
while wind shall be at 30° to the waves and current shall be at 45° w.r.t
the waves. Figures 8.4(a) and 8.4(b) shows the spread environment for an
in-line and in-between case for an FWT.
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Figure 8.4: Non-Collinear (or) Spread Environment

8.3.2 Environmental Condition for DLC 1.1

As explained in Section 3.2.3, DLC 1.1 is evaluated when Vj, = Veyi—ofs. The
cut-off wind speed for the INO WINDMOOR turbine is obtained as 25 m/s [5].
From Table 3.2, it can be seen that the significant wave height shall be taken equal
to the expected value of H for the wind velocity Vj,u, = Veut—ofr. Based on the
P50 curve given in Figure 3.2, the expected value of H; value shall be calculated
as follows:

H, = 0.5892 - ¢(0-0857<Viur) — () 5802 . £(0-0857%25) _ 5 99 1y 8.5)

From the metocean data [19], the peak period, 7}, corresponding to the calculated
Hj is obtained as 10.11 s.

Determination of Current Velocity

The metocean data does not provide any information regarding the current. As per
DNVGL-RP-C205 [18], the total current at a given location can be calculated as
the vector sum of each current component present, such as wind-generated current,
tidal current etc. The wind-generated current component shall be calculated as
follows [18]:

do + z

do

where d is the reference water depth and shall be taken as 50 m, z is the distance
from still water level and shall be taken as positive upwards, vc ind(0) is the
wind generated current velocity at the still water level. When statistical data is not
available, the v, 4inq(0) shall be calculated as follows [18]:

) (8.6)

Uc,wind(z) = Uc,wind(o) : (

Uc,wmd(O) =k-U; hour, 10 m where k£ = 0.015 to 0.03 (8.7)
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From the metocean data [19], Uj pour, 10m for 50-year RP is obtained and the
Vewind(0) is calculated as shown below:

Vewing(0) = 0.015 - 31.5 = 0.47 m/s (8.8)

As there is no information regarding the tidal current velocity at still water level,
as per discussion with supervisor Kjell Larsen, the total current velocity is conser-
vatively assumed as 1 m/s. The current profile is maintained constant throughout
the water depth. The same current velocity is applied for other load cases in this
thesis. The environmental conditions for DLC 1.1 are summarized in Table 8.8.

Table 8.8: Environmental parameters for DLC 1.1

Significant Wave Height | 5.02 m
Peak Period 10.11's
Wind Velocity 25 m/s
Current Velocity 1 m/s

8.3.3 Environmental Condition for DLC 1.6

As mentioned in Section 3.2.3, DLC 1.6 is checked for the rated wind speed, i.e.,
Vhub = V3, The rated wind speed for the INO WINDMOOR turbine is obtained
as 10.6 m/s [5]. From Table 3.2, it can be seen that the significant wave height for
DLC 1.6 shall be considered corresponding to that of the severe sea state. There-
fore, based on the P90 curve given in Figure 3.2, the H; shall be calculated as
follows:

H, =1.2517 - 20707 Vhuws — 1 2517 . 0:0707x106 — 9 65 (8.9)

From the metocean data [19], the peak period, T}, corresponding to the calculated
H is obtained as 11.76 s. All the environmental parameters considered for DLC
1.6 are summarized in Table 8.9.

Table 8.9: Environmental parameters for DLC 1.6

Significant Wave Height | 2.65 m
Peak Period 11.76 s
Wind Velocity 10.6 m/s
Current Velocity 1 m/s

8.3.4 Environmental Condition for DLC 6.1

As described in Section 3.2.3, DLC 6.1 corresponds to the case when the turbine
is parked or idling with an extreme sea state and wind model corresponding to the
50-year RP condition.
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The metocean data [19] shows that the wind speed corresponding to the 50-year
RP at hub height is 41.5 m/s. As per DNV-OS-E301 Position Mooring [43], the
wave conditions for the extreme sea state shall include a set of combinations of
significant wave height and peak period along the 50-year contour. The contour
plot for the Donghae location is given in Figure 8.5.

Storm conditions
T T

GPD

Significant wave height,Hs, [m]

L 1 B
4 6 8 10 12 14 16 18
Spectral peak period, Tp, [s]

Figure 8.5: Contour lines of H, and T}, for representative of the 1, 10, 50 and 500-year
return periods for omni-directional waves at Donghae Location [19]

It is important to perform this calculation for several sea states to ensure that the
mooring system is properly designed [43]. As a result, three points along the top
of the 50-year contour line are evaluated for DLC 6.1. These are highlighted using
blue circles in the Figure 8.5. The environmental conditions considered for DLC
6.1 are summarized in Table 8.10.

Table 8.10: Environmental parameters for DLC 6.1

Load Cases \;I/aves (SOz—jyear RP) Wind (50-year RP) | Current
s 2
Env1 | DLC6.1.1 11.8m | 1335
Env2 | DLC6.1.2 11 m 11.98 s 41.5 m/s 1 m/s
Env3 | DLC6.1.3 I1m 142s

The results of all numerical simulations are presented in Section 9.6.



Chapter 9

Results and Discussion

This chapter presents the results of all numerical simulations explained in Chapter 8.
All numerical simulations are performed in SIMA, and the results are post-processed
using MATLAB.

9.1 Constant Wind Test

The constant wind test provides an understanding of the performance of the wind
turbine with the controller. The result from the constant wind test is shown in
Figure 9.1.
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Figure 9.1: Results from constant wind test
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Figure 9.1 shows the variation of mean thrust, generated power, blade pitch angle
and rotor RPM w.r.t the mean wind speed, and it can be observed that till the rated
wind speed of 10.6 m/s, these parameters increase w.r.t the mean wind speed. This
helps the turbine to extract as much energy as possible from the wind in this regime
[1]. The thrust force varies quadratically, and the power varies cubically w.r.t the
wind speed as seen from Equations (4.13) and (4.14) and it can be observed that
the curves follow the theoretical observation.

Beyond the rated wind speed, it can be observed that the blade pitch angle changes,
and it increases w.r.t the mean wind speed. This assists the turbine in maintaining
a steady RPM and a constant power output beyond the rated wind speed till cut-
off, as shown in the figure. This also helps to reduce the thrust force on the FWT
and protect the turbine and the substructure from increasing wind loads at higher
wind speeds. From the figure, it can be seen that the maximum generated power
is 12 MW. Therefore, it can be noted that the SIMA model behaves in line with
the operating principle of a wind turbine. As an additional validation, the constant
wind test result from the SIMA model was compared with the OpenFAST results
provided by Professor Erin Bachynski-Poli¢ of the Department of Marine Tech-
nology, NTNU, for the course project in TMRO3 Integrated Dynamic Analysis of
Wind Turbines in Autumn 2021. The comparison does not show any significant
difference between these two models and is provided in Appendix C.

9.2 Decay Test

As described in Section 8.1.2, decay tests are performed in all 6 DoFs to determine
the natural time period of the FWT. The decay test data from SIMA were trans-
ferred to MATLAB to estimate the natural time periods in 6 DoFs. Only the free
decay after 200 s was considered for post-processing. Using the MATLAB tool-
box for Wave Analysis for Fatigue and Oceanography (WAFO), the turning points
from the time series were obtained, which were then used to calculate the natural
time periods. Table 9.1 shows the result of decay test for all mooring concepts.

9.2.1 Pure Chain System in SIMO

The pure chain system in SIMO is the base case system considered in this thesis.
The decay test for this system in the SIMO model was performed as a part of
the project thesis in Autumn 2021, and the result from the same is presented in
Table 9.1. The natural time periods of the base case system are compared with the
values in INO WINDMOOR 12 MW Base Case Report [5]. It has been observed
that the calculated values correspond reasonably well with the values provided in
the report.
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Table 9.1: Calculated rigid-body time periods for all mooring concepts

DoF Natural Period (s)
Pure Chain | Pure Chain | CPC CPC with Clump | CNC
SIMO SIMO-RIFLEX weight
Surge | 98.56 98.88 33.27 | 66.97 77.51
Sway | 97.84 98.93 33.29 | 66.14 77.28
Heave | 16.19 16.28 16.27 | 16.33 16.24
Roll 27.47 28.35 26.17 | 28.35 28.21
Pitch 32.44 30.72 30.47 | 30.77 30.67
Yaw 86.47 87.03 72.15 | 75.14 71.80
20 Free Decay in Surge Free Decay in Sway
20
Eo E ,
-20 -20
0 500 1000 1500 0 500 1000 1500
Time [s] Time [s]
] Free Decay in Heave Free Decay in Roll
"
E 0 E 0
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0 200 400 600 800 0 200 400 600 800
Time [s] Time [s]
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10
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0 200 400 600 800 0 500 1000 1500
Time [s] Time [s]

Figure 9.2: Decay test result from SIMO model for pure chain system [20]

9.2.2 Pure Chain System in SIMO-RIFLEX

The pure chain system was also defined in a SIMO-RIFLEX coupled model. The
results from the decay test performed on the coupled model are presented below.
The free decay time series with turning points obtained using the WAFO toolbox
for this model are presented in Appendix D.

When comparing the values in Table 9.1, it can be seen that the natural time periods
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Figure 9.3: Decay test result from SIMO-RIFLEX coupled model for pure chain system

for both of these models are similar. Furthermore, the natural time periods for
surge, sway, and yaw is in the range of 100 s, implying that these can only be
excited by mean and LF loads. Heave natural period is in the wave period range
and can be excited by first-order wave forces. Similarly, the natural periods of
the roll and pitch DoFs are in the order of 30 s, and they can be triggered by
first-order wave forces. Despite having the same hydrostatic stiffness as shown in
Section 6.2.6, the natural period in pitch is somewhat higher than in roll. This is
because the natural period is determined as follows:

Tn:2w.,/% = T,xVI+tA ©.1)

where I, A and K represent the moment of inertia, added mass and stiffness,
respectively. The natural period can be considered proportional to the sum of the
moment of inertia and added mass as stiffness is the same. Appendix A of INO
WINDMOOR 12 MW Base Case Report [5] shows that the added mass is the same
for both roll and pitch. Hence the variation arises due to the difference between
the moment of inertia in roll, I, and pitch, I,,,. From Table 6.2, it can be seen
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that I, > I, and hence the pitch natural period will be higher than in roll. The
calculated values correspond well with the theoretical observation.

9.2.3 Chain - Polyester - Chain System

Figure 9.4 shows the free decay plot for the CPC system. The free decay time
series with turning point obtained using WAFO toolbox for this model is given in
Appendix D.
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Figure 9.4: Decay test result from SIMO-RIFLEX coupled model for the CPC system

From Table 9.1 it can be seen that the natural time period in surge and sway is
relatively less compared to the pure chain system indicating that the system is very
stiff. Furthermore, it can be noted that the natural time periods differ in surge,
sway, and yaw, but not in heave, roll, or pitch when compared to the pure chain
system. This is due to the fact that the stiffness in the last three DoFs is controlled
by hydrostatic stiffness, which is unaffected by the mooring system, whereas the
stiffness in the first three DoFs is determined by the mooring lines. As a result, a
difference is observed. Furthermore, from Figures 9.3 and 9.4 it can be seen that
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the maximum displacement in heave, roll, pitch and yaw are relatively unaffected
by changing the mooring system. While in surge and sway, the maximum dis-
placement decreases considerably for the CPC system suggesting that the system
is relatively stiff in these DoFs compared to the pure chain system.

9.2.4 Chain - Polyester - Chain System with Clump Weight

Figure 9.5 shows the free decay plot for the CPC system with clump weight. The
free decay time series with turning point obtained using WAFO toolbox for this

model is given in Appendix D.
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Figure 9.5: Decay test result from SIMO-RIFLEX coupled model for the CPC system
with Clump weight

When the free decay plots of the CPC system with and without clump weights are
compared, it can be seen that adding the clump weight to the mooring lines softens
the system in surge and sway DoF. The natural time period has also increased in
these two DoFs compared to the CPC system without clump weight.
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9.2.5 Chain - Nylon - Chain System

Figure 9.6 shows the free decay plot for the CNC system. The free decay time
series with turning point obtained using WAFO toolbox for this model is given in
Appendix D.

0 Free Decay in Surge Free Decay in Sway
40
40
20
E 20 E
0
0
-20 -20
0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s]
5 Free Decay in Heave Free Decay in Roll
10
15
_. 5
A ¥
E 1 o, 0
S
0.5 -5
0 -10
0 200 400 600 800 0 200 400 600 800
Time [s] Time [s]
Free Decay in Pitch 5 Free Decay in Yaw
o
Bl E
= = 0
= 0 ES
-5
-10 -5
0 200 400 600 800 0 200 400 600 800 1000
Time [s] Time [s]

Figure 9.6: Decay test result from SIMO-RIFLEX coupled model for the CNC system

When comparing the free decay plots and natural time periods of the CNC system
to the CPC system, it can be seen that the CNC system is softer. The natural time
periods of this system in surge and sway are higher than the polyester system but
lower than the pure chain system. The natural time period in the other four DoFs
is quite comparable.

9.3 Pull Out Test

Pull out tests determine the system’s total stiffness and restoring force. Pull out
tests are performed for surge DoF in both in-line and in-between directions, as
shown below.
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Figure 9.7: Pull out test result for in-line direction
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Figure 9.8: Pull out test result for in-between direction

From Figures 9.7 and 9.8 it can be observed that for a given force, the offset in the
in-between direction is higher than the in-line direction indicating that mooring
lines are stiffer in the in-line direction. The system’s stiffness can be calculated as
the slope of these restoring curves. From both these figures, it can be seen that the
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slope of the restoring curve around O m offset is quite similar. As a result, the time
period will be the same in both these cases.

For the pure chain system, it can be observed that beyond an offset of 5 m in the in-
line direction and 15 m in the in-between direction, the restoring curve exhibits a
non-linear behaviour because as the platform is displaced, the shape of the mooring
line changes and the total stiffness is dominated by geometric stiffness for this
mooring line. Moreover, it can also be seen that the restoring curves in SIMO and
SIMO-RIFLEX models correspond reasonably well with each other.

For the CPC and CNC systems, it can be seen that the restoring curve is linear
in the in-line direction. This is because the elastic stiffness dominates the total
stiffness of these mooring lines. The CNC system in the in-between direction also
follows a linear trend. However, the restoring curve has a curvature for the CNC
system in the in-between condition when the offset is around 15 m. This is because
the total restoring force is calculated as the difference between horizontal tension
of the windward and leeward at a given offset, as shown in Figure 2.18. In the
in-between direction, the leeward lines may become slack after a specific offset,
resulting in a curvature in the restoring curve.

For both in-line and in-between directions, the CPC system with clump weights
shows a slightly non-linear behaviour than the CPC system without clump weight.
This is due to the contribution of clump weight in providing geometric stiffness to
the system. The system is also softer in surge when clump weight is introduced to
the mooring line.

9.4 Regular Wave Test

As explained in Section 8.1.3, regular wave tests are carried out to determine the
RAO of the FWT in a given DoF. This is calculated only for the base case mooring
system in SIMO. Figures 9.9-9.11 shows the comparison of RAO in surge, heave
and pitch for the wave period range of 5 s to 30 s determined from SIMA and
WAMIT. These are determined for a wave heading, 3 = 180°.

Similarly, Figures 9.12-9.14 shows the comparison of RAO in sway, roll and yaw
for the wave period range of 5 s to 30 s determined from SIMA and WAMIT. These
are calculated for wave heading, 8 = 90°.

The figures show that RAOs calculated from SIMA correspond reasonably well
to WAMIT results for surge, sway, heave, roll and pitch. The difference in the
peak observed in heave could be due to the difference in damping between these
two models. For example, in SIMA, the damping contribution from the mooring
lines is taken into account, whereas as WAMIT results are provided as input, it is
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Figure 9.9: Surge RAO Comparison for 3 = 180°
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Figure 9.10: Heave RAO Comparison for 5 = 180°

unknown whether this contribution is considered in WAMIT analysis.

In yaw DoF, a significant deviation is observed between RAOs calculated from
SIMA and WAMIT beyond 20 s. This is because, in the SIMA model, an iner-
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Figure 9.11: Pitch RAO Comparison for 5 = 180°

Sway RAO at 8 =90 deg

1.5 T
SIMA
WAMIT
1+
5
)
05
0 I I I I I
0 5 10 15 20 25 30

Time (sec)

Figure 9.12: Sway RAO Comparison for 5 = 90°

tial coupling term I, exists between yaw and roll, resulting in a double peak in
the yaw RAO determined from SIMA. It can also be observed from Figures 9.13
and 9.14 that beyond 20 s, the yaw RAO follows the same trend as the RAO in roll.
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Figure 9.14: Yaw RAO Comparison for 5 = 90°

9.5 Convergence Study

A convergence study is carried out to determine the number of seeds required in
the time-domain analysis. It is essential to determine the number of seeds because
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wave seed represents the randomness in the sea state in SIMA.

This study uses the base case mooring system in the SIMO model for two load
cases; DLC 1.6 and DLC 6.1. The results of the study are presented below. Fig-
ures 9.15 and 9.16 shows the results for DLC 1.6.

Convergence Study - Design Load Case 1.6
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Figure 9.15: DLC 1.6 Extreme value distribution of various number of seeds

From Figure 9.15 it can be observed that when the number of seeds is greater than
7, the variation in MPM value is less. Figure 9.16 shows the variation of Gumbel
parameters to the number of seeds.

From Figure 9.16 it can be noted that, in general, the variability along the y-axis
is less. It can be further seen that the variation in p is limited after 10 seeds.
Therefore, based on this study, the number of seeds has been chosen as 12 for
DLC 1.6. The same is used for DLC 1.1 also. The same number of seeds are used
for all mooring concepts.

Figures 9.17 and 9.18 shows the results for DLC 6.1. From Figure 9.17 it can be
observed that when the number of seeds is greater than 15, the variation in MPM
value is less.

Figure 9.18 shows the variation of Gumbel parameters to the number of seeds.
From Figure 9.18 it can be observed that the variation in p value is limited when
the number of seeds is greater than 15. Based on this study, the number of seeds
has been chosen as 16 for DLC 6.1. The same number of seeds are used for all
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Figure 9.16: DLC 1.6 Convergence plot of MPM value
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mooring concepts.
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Figure 9.18: DLC 6.1 Convergence plot of MPM value

9.6 Time Domain Analysis

This section presents the results of the time-domain analysis evaluated for the dif-
ferent mooring concepts discussed in Chapter 7. All results are post-processed
using MATLAB. The power spectra shown in the results are calculated using the
WAFO toolbox, where the default frequency smoothing using a parzen window
function on the estimated autocovariance function is used to smoothen the spectra
[49].

9.6.1 Base Case Mooring System in SIMO

This section describes the result of the analysis performed to validate the base case
mooring system for the FWT operating at 100 m water depth in Donghae location,
South Korea.

Motions

Table 9.2 shows the mean offset, the MPM and standard deviation in surge, heave
and pitch for various environments and load cases evaluated for the base case
mooring system. The negative sign in surge indicates that the FWT is displaced
along the negative x-axis and the negative sign in pitch indicates FWT is pitching
by aft. From Table 9.2 it can be observed that the in-between condition is softer
and results in a higher offset in surge for all load cases compared to the in-line con-
dition. This is consistent with the restoring curves seen for the pure chain system
in SIMO.



1Scussion

108 Results and D

Mean offset, MPM and standard deviation in Surge, Heave and Pitch for Base

Case Mooring System

Table 9.2
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Motions - Power Production Load Cases

DLC 1.6 and DLC 1.1 correspond to the power production load cases at rated and
cut-off conditions, respectively. When the mean offset and the MPM values of
the rated and cut-off conditions are compared, it can be observed that the mean
offset is slightly higher for the rated condition, but the dynamic offset is slightly
higher for the cut-off condition. This can also be seen from the time series for
surge shown below.

Surge motion comparison
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T T

DLC 1.1
DLC 1.6

Surge [m]
G

J ] Lol 'MU M\\f ‘w‘[ U’ w“ { I Wlﬁ/‘"/“l\vm, Al

LS L

Il Il Il Il Il Il
0 500 1000 1500 2000 2500 3000 3500 4000
time [s]

Figure 9.19: Comparison of surge time series for base case mooring system in DLC 1.1
and 1.6 in-line collinear case

The figure shows a WF component and a slowly varying LF component in the time
series for both rated and cut-off conditions.
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Figure 9.20: Comparison of power spectra in surge for base case mooring system in DLC
1.1 and 1.6 in-line collinear case
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Figure 9.20 shows the power spectra corresponding to the time series shown in
Figure 9.19. The power spectra show that the LF excitation from wind gusts is
higher for DLC 1.6, while WF excitation is higher for DLC 1.1.

In the case of heave, it can be observed that the mean offset is around O m for both
the load cases. The LF excitation does not affect heave and is only excited by WF
motions as shown in Figure 9.21. DLC 1.1 has a higher H, and T}, compared to
DLC 1.6, so it has a higher MPM in heave.
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Figure 9.21: Power spectrum for heave in DLC 1.1 in-line collinear case

For pitch, it can be observed that the dynamic offset is higher for the rated condi-
tion compared to the cut-off condition. This is because the thrust force is maximum
at the rated condition, and since there is a lever of 35.2 m between the platform
centre and the RNA, this case will also have the highest pitching moment than the
cut-off condition.

Motions - Idling Load Cases

DLC 6.1.1, 6.1.2 and 6.1.3 correspond to the load cases when the turbine is in
the idling condition. The dynamic offset is particularly significant for load cases
corresponding to the idling condition, as seen from the MPM values for surge
reported in Table 9.2.

Figure 9.22 shows the comparison of power spectra in surge for DLC 1.1 and
DLC 6.1.1. The figure shows that, as in DLC 1.1, the surge motion in DLC 6.1.1
is excited by both LF wind gusts and WF motions. However, because the wind
speed, Hs, and T'p are higher at 50-year RP, the surge motion during idling is
significantly higher than in the power production load case.
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Figure 9.22: Comparison of power spectra in surge for base case mooring system in DLC
1.1 and 6.1.1 in-line collinear case

The mean offsets for heave motion of the substructure during idling conditions are
also close to 0 m, as in the power production load cases. The MPM values, on the
other hand, are significantly higher than the power production conditions. This is
also due to higher Hs and T'p during this load case as the heave motion is only
influenced by WF motion. This is also shown in Figure 9.23.
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Figure 9.23: Power spectra in heave for base case mooring system in DLC 6.1.1 in-line
collinear case

In the case of pitch motion of the FWT, it can be seen that there is a change of
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sign in pitch in the in-line and in-between directions for power production load
cases and idling load cases. As previously stated, the turbine generates thrust force
during the power production stage that is not present when the turbine is idling. As
a result, the pitching moment is also zero. As a result, the pitch direction changes
when the turbine is idling.

It is also worth noting that the idling condition also resulted in a very high yaw
angle of the FWT, as shown in Figure 9.24.
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Figure 9.24: Yaw time series for DLC 6.1.1 Inline Collinear Case

This was identified as one of the dynamic instabilities of the FWT as discussed in
Section 4.3. The yaw misalignment at extreme sea state is caused to the difference
in stiffness of the mooring system, RNA and tower. Following additional discus-
sion with supervisor Kjell Larsen, it became clear that this is a real problem for
FWTs, and it could be reduced to some extent by increasing the pretension of the
mooring lines. Hence to understand this effect, the pretension of this system was
increased to 1500 kN, which resulted in approximately a 30% reduction in yaw
angle.

Mooring Line Tension

Table 9.3 shows the calculated mean, dynamic and design tension of the mooring
line. The design is compared against the characteristic capacity of the mooring
line as per Equation (3.1) to check if the ULS design criterion is satisfied.

As it can be seen from Table 9.2, the maximum offset occurs for the collinear
load cases. ML 1 will be the most heavily loaded windward line in the in-line
direction and the most heavily loaded leeward line in the in-between direction.
Hence, the design tension calculation and ULS check are performed for ML 1. The
characteristic capacity, .S, is calculated as per Equation (3.3), where the minimum
breaking strength of the component is considered as the MBL of the chain element
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. DLC 1.1
Environment
Te,mean (KN) | T¢ ayn (KN) | Tq (kN) Se (kN) Status
In-line Collinear 2648.71 4780.61 11809.38 | 20172.30 OK
In-between Collinear | 670.47 748.88 2182.15 20172.30 OK
In-line Spread 2518.20 4667.99 11442.65 | 20172.30 OK
In-between Spread 724.40 807.32 2354.53 20172.30 OK
(a) DLC 1.1 line tension for ML 1 for the base case mooring system
Environment DLC 1.6
Temean (KN) | T¢ ayn (KN) | Tq (kN) Se (kN) Status
In-line Collinear 3143.20 4288.14 11590.41 | 20172.30 OK
In-between Collinear | 590.96 670.99 1942.48 20172.30 OK
In-line Spread 3124.40 4142.25 11310.66 | 20172.30 OK
In-between Spread 684.11 770.04 2236.91 20172.30 OK
(b) DLC 1.6 line tension for ML 1 for the base case mooring system
Environment DLC6.1.1
Te,mean (kN) | Teayn (kN) | Tq (kN) | Sc (kN) | Status
In-line Collinear 3342.57 9047.03 20177.64 | 20172.30 | NOT OK
In-between Collinear | 677.49 817.73 2311.76 20172.30 OK
In-line Spread 2710.87 7088.45 15928.92 | 20172.30 OK
In-between Spread 716.02 894.17 2495.62 20172.30 OK
(c) DLC 6.1.1 line tension for ML 1 for the base case mooring system
Environment DLC6.1.2
Teomean (KN) | Te ayn (KN) | T4 (kN) Se (kN) Status
In-line Collinear 3413.81 8765.07 19776.81 | 20172.30 OK
In-between Collinear | 669.34 779.40 2269.08 20172.30 OK
In-line Spread 2775.78 7137.72 16099.53 | 20172.30 OK
In-between Spread 706.37 875.82 2450.96 20172.30 OK
(d) DLC 6.1.2 line tension for ML 1 for the base case mooring system
Environment DLC6.1.3
Tc,mean (kN) Tc,dyn (kN) Td (kN) Sc (kN) Status
In-line Collinear 3203.87 8091.22 18324.67 | 20172.30 OK
In-between Collinear | 693.64 833.38 2360.14 20172.30 OK
In-line Spread 2586.71 6117.31 14068.01 | 20172.30 OK
In-between Spread 734.30 907.54 2542.79 20172.30 OK

(e) DLC 6.1.3 line tension for ML 1 for the base case mooring system

Table 9.3: Line tension for ML 1 in base case mooring system
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as given in Table 7.2. The load factors as per consequence class 1 are considered
for determining the design tension.

Mooring Line Tension - Power Production Load Cases

From Table 9.3 it can be observed that the in-line collinear condition results in
the maximum design tension in the mooring lines. It is known that the top end
motions of the substructure influence the line tension [10]. In the case of surge,
the mean value was higher at the rated condition, while the MPM was higher at the
cut-off condition. It can be seen from Tables 9.3(a) and 9.3(b) that mean tension
is higher at the rated condition while the dynamic tension is slightly higher during
the cut-off condition, indicating that line tension is strongly correlated to the surge
motion.

Furthermore, from Tables 9.3(a) and 9.3(b) it can also be noted that there is a suf-
ficient margin between the design tension and the characteristic capacity of the
mooring line for the rated condition and cut-off condition. The mooring line uses
57.4 % of its total capacity at the rated condition and 58.5 % at the cut-off con-
dition, indicating that the power production cases are not critical for the mooring
design.

Mooring Line Tension - Idling Load Cases

For DLC 6.1.1, 6.1.2 and 6.1.3, it can be seen that the design tensions are higher
than the power production load cases. This is also because the surge motion is
higher when the turbine is idling, as seen above. It can be noted that DLC 6.1.1
marginally exceeds the characteristic capacity of the windward mooring line for
environment 1 at a 50-year sea state in the in-line collinear condition. Figures 9.25
and 9.26 shows the time series and power spectrum for DLC 6.1.1 windward moor-
ing line.
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Figure 9.25: Time series of line tension of windward line for DLC 6.1.1 base case mooring
system
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Spectrum of Windward Line
»10° DLC 6.1.1

T T T T
Windward Line Spectrum
— — — -Peak Wave Frequency |-

S(w)(kN2%s/rad)

0 0.1 02 03 04 05 06 0.7 0.8 0.9 1
w (rad/s)

Figure 9.26: Power spectrum of line tension of windward line for DLC 6.1.1 base case
mooring system

From the time series and power spectrum it can be observed that both LF and WF
excitation affect the line tension of the windward mooring line.

Hence, to satisfy the ULS criteria for the base case mooring system, the chain MBL
has to be increased. Accordingly, the chain grade was increased to R4S, maintain-
ing the same diameter and weight for the chain. The new MBL was 23559 kN
which gives a characteristic capacity of S, = 22381.05 kN. This gives the utilisa-
tion factor of 90% for the mooring line, thereby satisfying the design criteria for the
base case mooring system. In addition to the ULS check, it was verified whether
the leeward mooring lines were going slack for DLC 6.1. From the time series, it
was observed that the line tension did not go to zero, as shown in Figure 9.27.
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Figure 9.27: Time series of line tension for DLC 6.1.1 base case mooring system
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9.6.2 Comparison of Base Case Mooring System in SIMO and SIMO-RIFLEX
Coupled Model

As explained in Section 6.1, SIMO can only estimate the quasi-static line tension
and underestimates the dynamic effects. Hence to understand the dynamic ampli-
fication in the mooring line tension, the base case mooring system is also analyzed
using a SIMO-RIFLEX coupled model.

Based on the discussion in Section 9.6.1, it can be understood that the load cases
during the idling condition are more critical than the load cases during power
production in determining the maximum offset of the FWT and the line tension.
Hence, the comparative study is performed for DLC 6.1.1 in-line collinear condi-
tion, and the results are presented below.

From Figure 9.28, it can be observed that no significant difference is present in the
mean offset or MPM in both these models.
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Figure 9.28: Comparison of mean offset and MPM for surge, heave and pitch in SIMO
and SIMO-RIFLEX Coupled model

Similarly, from Figure 9.29 it can be seen that the mean tension is the same for
both these models. On the other hand, the dynamic tension is amplified by about
20% in the SIMO-RIFLEX coupled model. This implies that a coupled SIMO-
RIFLEX model is required to capture dynamic effects such as mooring line drag
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Figure 9.29: Comparison of line tension for SIMO and SIMO-RIFLEX Coupled model
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Figure 9.30: Line tension vs Offset in SIMO and SIMO-RIFLEX Coupled model

Figure 9.30 shows the comparison of line tension against the offset of the FWT in
both SIMO and SIMO-RIFLEX coupled models. SIMO uses catenary equations to
estimate the line tension, and it can be seen that the curve follows a catenary shape
as well. A disadvantage of this method is that it underestimates the slack criterion.
From the line tension estimated using the coupled SIMO-RIFLEX model, it can
be seen that the tension is higher than in the SIMO model, and the dynamic amp-
lification can also be seen in the figure. Furthermore, as the offset increases, the
rate at which the line tension falls to zero and goes into a slack condition also in-
creases in the coupled SIMO-RIFLEX model. The minimum value of line tension



118 Results and Discussion

is essential to calculate the fatigue cycles and to estimate the slack criterion. It can
also be seen that the tension goes to a negative value in SIMO-RIFLEX coupled
model. This is because of the constant stiffness assumed in the model and is not a
physical effect.

9.6.3 Comparison Study of Various Mooring Concepts

This section summarizes the results and compares several mooring concepts, with
an emphasis on line tension and the platform response in surge. As seen from Sec-
tion 9.6.1, the maximum response is observed for in-line collinear environment
with 50-year RP condition. Hence, the results of load case DLC 6.1.1 in in-line
collinear condition are presented in detail for the comparative study. The result of
DLC 6.1.1 in the in-between collinear condition is presented in Appendix E. Sim-
ilarly, the results for the rated and cut-off conditions are presented in Appendices F
and G respectively.

Motions

Figure 9.31 shows the mean offset and MPM of the critical responses for the FWT
for all mooring concepts. The results from the SIMO model are presented for the
pure chain mooring system.
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Figure 9.31: Comparison of platform motions for all mooring concepts
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From the Figure 9.31 it can be observed that the mean offset and MPM in heave do
not change w.r.t the mooring concept. The heave motion is only affected by WF
loads, as shown in Figure 9.32. As the mooring system can only control the mean
offset and LF motion, heave is not affected by changing the mooring concepts.
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Figure 9.32: Power spectra of heave for all mooring systems

However, a difference is observed in surge and pitch motions. When the surge and
pitch motions are compared, it can be seen that the CPC concept is the stiffest sys-
tem compared to all four mooring concepts. This is followed by the CPC concept
with clump weight, Chain system and CNC system.

The CNC concept results in a very high dynamic offset compared to all four moor-
ing concepts. It was also observed that increasing the pretension of the mooring
lines hardly affected the MPM in surge for this concept. As a result, the power
cables should be designed to absorb this motion in surge for the CNC mooring
system. As it can be seen from Figure 9.31, the MPM was reduced by 40% and
45% for CPC systems with and without clump weight respectively compared to
the CNC system, suggesting that these systems are favourable when the aim is to
minimize offset to avoid power cable rupture. Figures 9.33 and 9.34 compares the
time series and power spectra for the CPC and CNC concepts.

From Figure 9.33 it can be observed that the CPC system has only a WF compon-
ent while the CNC system has both WF and LF components present in the time
series. This can be further understood from the power spectra comparison. In the
CNC system, the surge motion is excited by LF forces from wind and wave drift
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Figure 9.33: Time series of surge for CPC and CNC systems
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Figure 9.34: Power spectra of surge for CPC and CNC systems

compared to the CPC system. However, it can be seen that the WF excitation in
surge is higher for the CPC system compared to the CNC system. This is because
the CPC system is very stiff compared to the CNC system, attracting more wave
frequency loads.

However, when a clump weight is introduced into the CPC system, it can be seen
that the CPC system becomes softer, and the mean offset and MPM in surge are
slightly higher. The period in surge increases from 33.3 s to 66.9 s when clump
weights are introduced. Comparing the time series for CPC systems with and
without clump weights, it can be seen that only the WF component is present in
the time series for the system with clump weight. From the spectrum comparison
for both these systems it can be observed that WF excitation in surge becomes less
when clump weights are introduced into the system, as shown in Figure 9.35.
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Comparison of Surge Spectrum
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Figure 9.35: Power spectra of surge for CPC system with and without clump weights

From Figure 9.31, it can be seen that for pitch motion, the CNC system and chain
system resulted in approximately the same MPM. The MPM of the CPC system
with and without clump weight is lower compared to the other two systems. How-
ever, it can be seen that the variability along the y-axis is less for pitch, indicating
that pitch is not highly influenced by changing the mooring system. Another im-
portant observation for pitch is shown in Figure 9.36.
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Figure 9.36: Power spectra of pitch for all mooring systems
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From the figure, it can be observed that none of these mooring systems is excited
by WF loads in pitch. However, from the spectra, it can be observed that the peak
occurs at 0.19-0.2 rad/s for all the systems, which is close to the pitch natural fre-
quency. Hence, irrespective of the mooring system, resonance in pitch DoF has to
be expected for the FWT. This becomes a critical consideration while performing
the FLS study.

Yaw Misalignment in Extreme Sea State

Figure 9.37 shows the yaw time series for the different mooring concepts in DLC
6.1.1 in-line collinear condition. The figure shows that irrespective of the mooring
concept, the yaw misalignment is to be expected for FWT in an extreme sea state.
The direction is random and could be either positive or negative, as explained in
Section 4.3. However, looking at the absolute values, it can be observed that the
pure chain system results in maximum yaw angle followed by the CNC system.
CPC systems with and without clump weights are stiffer than the other two con-
cepts, and hence the magnitude is less for these systems. It may also be noted that
when the weather direction is in-between two mooring lines, this misalignment is
not predominant as shown in Figure E.1.
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Figure 9.37: Comparison of yaw motion for all mooring concepts

Mooring Line Tension

Figure 9.38 shows the characteristic mean and dynamic tension multiplied with
their respective safety factors for the different mooring systems. Table 9.4 shows
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the ULS criteria evaluation and the results for these concepts. The minimum MBL
of the component in the mooring line is considered to determine the characteristic
capacity for hybrid mooring systems.
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Figure 9.38: Comparison of line tension in the windward line for all mooring concepts

Table 9.4: ULS check of windward line for DLC 6.1.1 in-line collinear condition for all

mooring concepts

Concept DLC6.1.1
Tc,mean (kN) Tc,dyn (kN) Ty (kN) Sc (kN) Status
Chain System 3342.57 9047.03 20177.64 | 22381.05 | OK
CPC System 3234.17 9981.73 21672.45 | 22366.80 | OK
CPC System with | 3189.36 9479.59 20735.45 | 22366.80 | OK
Clump weight
CNC System 3010.20 4423.55 11654.47 | 15200.00 | OK

From the Figure 9.38 it can be understood that the mean tension is unaffected
by changing the mooring concepts. However, the dynamic tension varies. This
is because the static forces acting on the FWT do not change w.r.t the mooring
system, resulting in the same mean tension for all mooring concepts.

For the pure chain mooring concept, the stiffness of the mooring line is dominated
by geometric stiffness. As the floating substructure offsets, the shape of the chain
changes. As the floating substructure moves, the chain lifts off and settles down
at the seabed, attracting large transverse drag loads resulting in dynamic tension
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in the mooring line. As shown in the power spectrum for the windward line in
Figure 9.26 both LF wind gusts and WF loads significantly affect the line tension
in the pure chain system.

From the Table 9.4 it can be seen that the dynamic tension increases by 10% for the
CPC system compared to the pure chain system. This is because of two factors.
First, the chain system studied in SIMO only provides quasi-static line tension.
Therefore the dynamics are limited. Second, the CPC system includes stiff moor-
ing lines, which attract larger WF loads and has higher dynamics and response
than a pure chain system. This can also be seen from the time series and spectrum
comparison shown in Figures 9.39 and 9.40.
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Figure 9.39: Time series comparison of line tension in the windward line for pure chain
and CPC systems
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Figure 9.40: Comparison of the power spectrum of line tension in the windward line for
pure chain and CPC systems
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It can be observed from the spectrum comparison that for the CPC system, the LF
contribution to line tension is in the same order as the pure chain system. How-
ever, it is not significant compared to WF contribution. The WF contribution is
significantly higher for the CPC system, resulting in higher dynamic and design
tension. As discussed in Section 4.2.1, WF motions can create cyclic tensions and
fatigue damage accumulation in the mooring lines. Therefore, it is also necessary
to perform the FLS study for the CPC system to understand its fatigue strength.

However, when the clump weights are introduced into the mooring lines of the
CPC system, it can be observed that the dynamic tension reduces. Figures 9.41
and 9.42 shows the time series and power spectrum comparison of line tension in
the windward line for the CPC system with and without clump weights.
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Figure 9.41: Time series comparison of line tension in the windward line for CPC systems
with and without clump weights
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Figure 9.42: Power spectra comparison of line tension in the windward line for CPC
systems with and without clump weights
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From the above figures, it can be seen that by introducing clump weights into
the mooring lines of the CPC system, the maximum tension can be reduced as
the chain’s geometric stiffness helps absorb the WF motion. Furthermore, when
clump weights are introduced into the mooring system, the line characteristics of
the mooring line is modified. Similar to the restoring curve shown in Figure 9.7,
the typical line characteristic curve, which is linear, for a polyester line will have a
slight catenary shape due to the clump weight. As a result, the horizontal tension
in the mooring line for the CPC system with clump weights will be lower with the
same dynamic offset.

When the CPC system with or without clump weight is compared to the CNC
system, it can be seen that the dynamic tension is reduced by more than 50% for
the CNC system. Figure 9.43 shows the time series comparison of the CPC system
and CNC system.
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Figure 9.43: Time series comparison of line tension in the windward line for CPC and
CNC systems

This reduction can be explained by treating the mooring lines as a spring. The
elastic stiffness of the mooring line can then be estimated as EA/L, and the dy-
namic tension can then be calculated as follows:
FA
Tdyn = T . l’dyn = Tdyn XX EA

where x4y, is the dynamic offset. The dynamic offset is due to the WF motion
and will remain the same for all mooring concepts. As the mooring line length is
constant, the dynamic tension is affected by axial stiffness, £’ A. The typical £ A
of nylon is lower than polyester [10]. Hence CNC system results in the lowest dy-
namic tension and, in turn, the lowest design tension compared to other concepts.

Slack Condition

In addition to the ULS check, it is also necessary to ensure that the mooring lines
do not go into slack condition. This is especially relevant for hybrid mooring lines



9.6. Time Domain Analysis 127

as the synthetic ropes have lower abrasion resistance, and if the lines go slack, they
will rub against the seabed. The power production load cases are not critical as the
offset is less, and from the time series it was observed that the mooring lines did
not go into slack condition. However, the risk of lines becoming slack is higher
for idling conditions. Figure 9.27 shows that for the pure chain system, mooring
lines do not become slack during extreme sea states. Figures 9.44-9.46 shows the
time series of windward and leeward line for other concepts in extreme sea state.
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Figure 9.44: Time series comparison of line tension in the windward and leeward line for
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From the figures, it can be seen that none of the mooring systems become fully
slack in extreme sea states.



Chapter 10

Conclusion and
Recommendations for Future
Work

10.1 Summary and Conclusion

Deep-sea FWTs are gaining popularity as a viable option for generating sustain-
able energy, in line with the UN’s goal of achieving a sustainable future. From the
literature review, it has been seen that various types of FWT concepts are being
developed for commercial deployment all around the world. Semi-submersibles,
Tension Leg Platforms, Barges, and Spar buoys are examples of FWT designs with
different substructures. Mainly two types of mooring systems are used to maintain
the position of these FWTs. These are catenary and taut mooring systems, with the
former being preferred more in shallower water depths and the latter being used
more in deeper waters.

In this thesis, four different mooring concepts were analyzed for the 12MW INO
WINDMOOR FWT concept with a semi-submersible substructure to be deployed
off the coast of South Korea. These include a pure chain catenary mooring system
and a hybrid mooring system consisting of chain and polyester segments with and
without clump weights. Finally, the polyester segment was replaced with nylon
without clump weights in the hybrid mooring system. ULS analysis of the intact
mooring system was performed using different load cases. These include load
cases corresponding to the rated condition of the turbine, cut-off condition of the
turbine and idling condition at sea state corresponding to 50-year RP.
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All numerical simulations were carried out in the SIMA software. The pure chain
catenary mooring system was the base case in this thesis. It was analyzed using
a SIMO model, and based on the results, a chain of R4S grade with 157 mm
diameter was finalized for the base case mooring system. Furthermore, the pure
chain catenary mooring system was also analyzed using a SIMO-RIFLEX coupled
model to understand the effect of dynamic amplification. From the analysis, it was
observed that the SIMO model underestimates the dynamics. The design tension
was increased by 20% when analyzed using the coupled SIMO-RIFLEX model.
From this, it shall be concluded that a quasi-static analysis is not sufficient as it
underestimates mooring line dynamics and does not fully capture the effect due to
drag on the mooring lines.

For the CPC mooring system, it was seen that as the system was very stiff com-
pared to the pure chain catenary mooring system, the offsets were limited. The
MPM in surge was reduced by 28%, indicating that this system is favourable when
the aim is to reduce the offset to avoid power cable rupture. However, as the sys-
tem was very stiff, the mooring line tensions were very high, and it was seen to be
dominated by WF motions. As WF motions can cause cyclic tension and fatigue
damage accumulation in mooring lines, an FLS study has to be performed for this
system. A slightly longer mooring line can also be used to decrease the elastic
stiffness and thereby the dynamic tension for the CPC system.

The CPC system with clump weights showed a positive effect on the design tension
of the mooring line. The clump weight contributed to the geometric stiffness of
the mooring line and helped to absorb the WF motion. As a result, design tension
was reduced by approximately 5% compared to the system without clump weight.
However, the offset of the platform was moderately increased as the system was
softer than the CPC system without clump weight. Nevertheless, this was lesser
than the base case mooring system, indicating that this system can be implemented
for the FWT.

A significant advantage of replacing the polyester segment with nylon in the hy-
brid mooring system was that the design tension was reduced by more than 50%.
This was due to nylon’s property, which has a lower axial stiffness than polyester.
However, the downside of the CNC system was that the offsets increased consid-
erably. It was seen that the MPM in surge was more than the base case mooring
system. Hence, the risk of power cable rupture or collision with a nearby wind
turbine in an FWT farm is high for this system.

Furthermore, if the extent of yaw misalignment in extreme sea state is considered,
it has been observed that the CPC system with and without clump weight resulted
in the lowest yaw angle compared to all four systems. Therefore, considering all
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these aspects, it can be stated that either the CPC system with clump weight or
the CPC system with a slightly longer mooring line and no clump weight can be
considered a viable alternative for the FWT mooring system in deep waters off the
coast of South Korea.

10.2 Recommendations for Future Work

The primary focus of this thesis work was to understand the concepts of station-
keeping principles and evaluate various mooring concepts through a time-domain
analysis for 100 m water depth off the coast of South Korea. Based on the ULS
analysis, a hybrid mooring line with chain and polyester segments, either with
or without clump weights, can be considered a feasible option. However, it is
also necessary to perform the FLS study to understand the fatigue capacity of the
mooring lines fully. This is important because the CPC system is dominated by WF
motion which can cause cyclic tension and fatigue accumulation in the mooring
lines. Furthermore, as seen in Chapter 9, irrespective of the mooring system, a
pitch resonance is observed for the FWT. Therefore, it is critical to understand the
effect of pitch resonance on the FLS capacity of the mooring lines.

To use nylon instead of polyester in a hybrid mooring system, further study has to
be performed to design the power cables such that they can absorb the excessive
surge motion of the platform. Similarly, the fatigue capacity of nylon is not fully
known and further studies shall be performed to understand the same.

Furthermore, when performing the detailed analysis for mooring system, the effect
of marine growth on the mooring lines shall also be considered. In the ULS ana-
lysis consequence class 1 is considered for the mooring system. This implies that
the structure shall not drift away even if there is a mooring line failure. Therefore,
it is also essential that an ALS analysis be performed to validate this assumption.

The ULS analysis for the synthetic rope systems is carried out using the simulation
set-up and procedure for the fibre rope model provided by supervisor Kjell Larsen.
Based on this procedure, the initial static offset and mean dynamic offset should
correspond well with each other. However, it was observed that a significant differ-
ence was present, especially for the CNC system. As a result, the mean non-linear
static tension determined from the static analysis will be slightly underestimated.
Therefore, it is important to develop this simulation procedure further for future
analysis.
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Appendix A

First-Order Wave Force Transfer
Functions

The first-order wave force transfer function in the 6 DoFs for different wave head-
ings are estimated in WAMIT and is included in the SIMA model. The trans-
fer functions for Surge, Sway, Heave, Roll, Pitch and Yaw at wave headings,
B = 0°,45°, 90° are shown in Figures A.1-A.6 respectively.
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Figure A.1: First-order wave force transfer function in Surge
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Figure A.2: First-order wave force transfer function in Sway
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Figure A.3: First-order wave force transfer function in Heave
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Figure A.6: First-order wave force transfer function in Yaw

From Figures A.1 and A.5, it can be observed that the maximum force in surge will
be experienced by the structure in head sea condition with 0° wave heading. For
quartering sea and beam sea conditions at wave headings 45° and 90° respectively,
the amplitude of force decreases.

Similarly from Figures A.2, A.4 and A.6, it can be observed that for Sway, Roll
and Yaw DoF, the maximum force will be experienced by the structure in beam
sea condition with 90° wave heading. In head sea condition, the structure will not
experience any force in these DoFs.

In Heave, the maximum force will be experienced during the head sea condition
and will reduce as the wave heading changes and goes to beam sea condition.
However, the extent of change is less compared to Surge or Pitch DoFs.



Appendix B

Response Amplitude Operators

The RAO in the 6 DoFs for different wave headings are estimated in WAMIT and
is included in the SIMA model. The motion transfer functions for Surge, Sway,
Heave, Roll, Pitch and Yaw at wave headings, 8 = 0°, 45°, 90° are shown in
Figures B.1-B.6 respectively.
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Figure B.1: RAO in Surge
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Appendix C

Comparison of Constant Wind
Test from SIMA and OpenFAST

Figure C.1 shows the comparison of constant wind test results obtained from SIMA
with results obtained in OpenFAST.
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Figure C.1: Constant wind test result comparison with OpenFAST result for INO WIND-
MOOR 12 MW turbine
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Appendix D

Decay Test Plots

The free decay plot in all 6 DoFs with turning points for various mooring systems

are shown in Figures D.1-D.6.
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Figure D.1: Surge Decay with Turning Points
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Appendix E

Results for DL.C 6.1.1 in
In-between Collinear Condition

Table E.1 shows the line tension in the leeward line for DLC 6.1.1 in the in-between
collinear condition.

Table E.1: ULS check of leeward line for DLC 6.1.1 in-between collinear condition for
all mooring concepts

Concept DLC 16
Tc,mean (kN) Tc,dyn (kN) | Ty (kN) Sc (kN) Status
Chain System 677.49 817.73 2311.76 | 22381.05 | OK
CPC System 570.02 3813.13 7414.00 | 22366.80 | OK
CPC System with | 696.89 2435.46 5168.00 | 22366.80 | OK
Clump weight
CNC System 196.22 685.05 1453.92 | 15200.00 | OK

From Table E.1, it can be observed that dynamic tension and thus the design ten-
sion is the highest for the CPC system, similar to the in-line collinear condition.
The CNC system has the lowest dynamic and design tension among all the con-
cepts.

Furthermore, when the mean and MPM in surge is compared in the in-line and in-
between condition, it is seen that the values are higher in the in-between direction
compared to in-line direction, similar to the restoring curves shown in Figures 9.7
and 9.8. However, it is observed that when the weather is acting in the in-between
direction, the yaw misalignment is not predominant as shown in the below figure.
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Comparison of Yaw motion
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Figure E.1: Yaw Time Series Comparison DLC 6.1.1 In-between collinear Condition

From the figure it can be seen that the mean offset is around 0 m for all mooring
concepts.



Appendix F

Results for DLC 1.6

The response of the FWT in surge, heave and pitch and the line tension in ML 1
for DLC 1.6 is presented below.
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Figure F.1: DLC 1.6 In-line collinear motions
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Table F.1: ULS check of windward line for DLC 1.6 in-line collinear condition for all

mooring concepts

Concept DLC 1.6 In-line Collinear
Tc,mean (kN) Tc,dyn (kN) Td (kN) Sc (kN) Status
Chain System 3143.24 4288.14 11590.41 | 22381.05 | OK
CPC System 3192.29 4614.92 12226.09 | 22366.80 | OK
CPC System with | 3305.21 4684.07 12493.90 | 22366.80 | OK
Clump weight
CNC System 3095.16 3426.41 10019.25 | 15200.00 | OK

Table F.2: ULS check of leeward line for DLC 1.6 in-between collinear condition for all

mooring concepts

Concept DLC 1.6 In-between Collinear
Tc,mean (kN) Tc,dyn (kN) Ty (kN) Sc (kN) Status
Chain System 590.96 670.99 194248 | 22381.05 | OK
CPC System 376.09 1013.80 2263.07 | 22366.80 | OK
CPC System with | 649.69 821.50 2282.22 | 22366.80 | OK
Clump weight
CNC System 168.70 321.21 781.42 15200.00 | OK
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Appendix G

Results for DLLC 1.1

The response of the FWT in surge, heave and pitch and the line tension in ML 1
for DLC 1.1 is presented below.
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Figure G.1: DLC 1.1 In-line collinear motions
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Figure G.4: DLC 1.1 In-between collinear tension

Table G.1: ULS check of windward line for DLC 1.1 in-line collinear condition for all

mooring concepts

Concept DLC 1.1 In-line Collinear
Tc,mean (kN) Tc,dyn (kN) Td (kN) Sc (kN) Status
Chain System 2648.70 4780.61 11809.38 | 22381.05 | OK
CPC System 2671.42 4841.33 12062.18 | 22366.80 | OK
CPC System with | 2797.53 4729.76 11913.88 | 22366.80 | OK
Clump weight
CNC System 2645.68 3241.38 9111.80 15200.00 | OK

Table G.2: ULS check of leeward line for DLC 1.1 in-between collinear condition for all

mooring concepts

Concept DLC 1.1 In-between Collinear
Tc,mean (kN) Tc,dyn (kN) Ty (kN) SC (kN) Status
Chain System 670.47 748.88 2182.15 | 22381.05 | OK
CPC System 462.84 1442.20 3125.54 | 22366.80 | OK
CPC System with | 696.41 1045.54 2735.04 | 22366.80 | OK
Clump weight
CNC System 285.52 465.32 1185.49 | 15200.00 | OK
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