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Abstract

Floating wind turbines are necessary to produce power from wind in deeper
water where bottom-fixed wind turbines are not economically competitive.
However, it is still not clear to which water depth a floating wind turbine
is cheaper than a bottom-fixed one. The semi-submersible is an attractive
floating concept with wide applicable range of water depths because of its
small draft. The thesis deals with the challenge of designing mooring system
for semi-submersible floating wind turbine in shallow water, including a
study of different hydrodynamic load models for shallow water conditions,
especially with respect to the higher order wave effects based on second-
order and fully nonlinear wave theories.

While significant efforts have been made on design of mooring systems
for offshore structures in deep water, there has been quite limited study on
mooring system design for floating wind turbines in shallow water especially
when the water depth is around 50 m to 80 m. Therefore, one of the focuses
in this thesis is to study the mooring line behavior in different water depths
and propose feasible mooring design concepts for semi-submersible float-
ing wind turbines in shallow water. In this connection, different mooring
line materials like chain and synthetic fibre rope, mooring components like
clump weight and buoy, anchors like drag embedment anchor and suction
anchor are used. The nonlinear material behavior of synthetic fibre rope is
described with the state-of-the-art numerical model - 'Syrope’. Based on
numerical analysis in serviceability and ultimate limit state conditions, the
performance of different mooring designs are compared from a number of
perspectives: static performance, dynamic response as well as capital costs
etc. Second-order difference-frequency wave effect is considered while sum-
frequency effect is neglected in view of the relevant large natural periods of
the mooring systems considered. For taut mooring made of fibre rope, the
mooring line tension increases linearly as offset increases. Meanwhile, the
tension increases nonlinearly for catenary mooring made of chain as offset
increases and the nonlinear increment is more significant in shallow water
than deep water. It is found in this study that a taut mooring consisting of
pure fibre rope, and a catenary mooring consisting of chain with additional
clump weight and buoy are recommendable concepts.

Calculation of second-order difference-frequency wave load effect in shal-
low water based on Newman’s approximation method and full quadratic
transfer function (QTF) method are compared and it is found that it is
important to apply the full QTF method in shallow water. While the effect
of nonlinear wave kinematics is not significant for small waves and deep
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water, it becomes important for large wave and shallow water. Due to
the difficulty and excessive computational costs of analyzing fully nonlin-
ear wave-structure interaction which deals with fully nonlinear free surface
conditions and body boundary conditions, the state-of-the-art method is
to generate the wave trains in a separate numerical wave tank, which ne-
glects the effect of the presence of the structure on the wave field. In this
study, the wave realizations are generated in a 2D Harmonic Polynomial
Cell (HPC) wave tank with horizontal flat seabed. The coupled dynamic
response analysis is then performed based on the imported wave kinematics
data in HAWC2 where the hydrodynamic load is calculated using Morison’s
equation and the wave kinematic is integrated up to the instantaneous wave
surface. To increase the computational efficiency, the wave kinematics data
generated from 2D HPC wave tank is approximated by polynomial fitting
method before being imported into HAWC2 for determination of wave loads.
The link between wave kinematics database and HAWC?2 is extended from
one dimensional case which is limited to bottom-fixed structure to two di-
mensional case which is applicable for floating structure as well. The whole
numerical code package has been verified against stream function wave and
linear Airy wave. In the end, fully nonlinear irregular wave trains are ap-
plied in the dynamic analysis to study the effect of wave nonlinearity on
the floater motion, internal structural tower force and mooring line tension
for different load cases. The results not only demonstrate the importance
of considering wave nonlinearity effect in hydrodynamic analysis in shal-
low water but also prove the applicability and efficiency of the proposed
numerical tool.
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Chapter 1

Introduction

1.1 Background and motivation

Climate change and global warming have drawn a lot of attention all over the
world, which has increased the demand for renewable and environmentally
friendly energy supply. Wind energy characterized as clean and reliable
has experienced a rapid development and it has become important energy
supply in many countries [1]. According to Global Wind Energy Council
(GWEC), the total installed wind power capacity all over the world has
reached 650 GW by the end of 2019 and the annual wind power installation
over last ten years is given in Figure 1.1 where expeditious progress have
been witnessed in both onshore and offshore sectors. In terms of new and
cumulative installations, the world’s top five markets are China, US, UK,
India and Spain [2].

60.4
® Onshore 34 540

51.7 )
® Offshore o 22 . 507
45.0 44
385 391 40-6
06 09
I ! ! I 52.7 463 I 542
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 1.1: Annual global gross onshore and offshore wind installations

(Source: GWEC) [2].



2 Introduction

Compared with onshore wind, several attributes for offshore wind make
it quite favorable such as immense stable resource, great area availability,
easy transportation, little visual disturbance and noise etc. Offshore wind
technology is developing with higher efficiency and lower cost. The current
Levelised Cost of Electricity (LCOE) for offshore wind has been significantly
reduced by almost 50% compared with 2012 [3].

According to the IEA offshore wind outlook [4], the offshore wind poten-
tial globally is 420878 TWh per year while 79.3% of the resource is located
in deep water. As for Europe, the annual wind power potential is 71845
TWh with 93.0% in deep water. Offshore wind resource for many countries
is found at water depth above 50 m [5] where bottom-fixed wind turbine
(BFWT) becomes excessively expensive. On ther other hand, floating wind
turbine (FWT) as a more economically attractive solution comes into the
picture as shown in Figure 1.2. The cost advantage of applying floating
concepts around 50 m water depth, which is considered as the limiting wa-
ter depth for installing bottom-fixed structures was further investigated by
WindEurope former The European Wind Energy Association (EWEA) in
[6]. From the current industrial practice’s point of view, the average water
depth and distance to shore of current operating commercial bottom-fixed
offshore wind farms in Europe is shown in Figure 1.3 where the projects are
organised by development status and the size of the bubble indicates the
overall capacity of the site. It is clearly seen that there is almost no bottom-
fixed wind projects designed at water depth above 50 m, which again proves
the potential for floating wind turbine to take over at deeper water. In this
thesis, the term ‘shallow water’ is often mentioned which refers to water
depth around 50 m to 80 m for floating wind turbine.

Alongside the trend of moving into deeper water, offshore wind sector is
also developing towards larger turbines. Ever since the well known NREL
5MW reference wind turbine was proposed in 2009 [9], the concept has been
implemented into industrial application by Repower, Areva, Bard, XEMC,
Goldwind, and Gamesa etc. [10]. Afterwards, there was a booming develop-
ment of increasing turbine size: Siemens Gamesa and GE designed a 6MW
turbine; Samsung and Vestas developed TMW and 8MW models respec-
tively; Senvion, AMSC and Siemens Gamesa collabrated on a 10MW tur-
bines; GE proposed the Haliade-X 12MW design; Siemens Gamesa launched
a 14MW direct-drive wind turbine; A 15MW reference wind turbine was pro-
posed in IEA wind task 37 [11], sponsored by the European Union’s H2020
Program. Based on the information from WindEurope [12], the offshore
turbine capacity has increased by 16% every year since 2014. The average
rated capacity of installed offshore wind turbines in 2019 is 7.8 MW.
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Figure 1.2: LCOE changes with water depth for different offshore wind
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4 Introduction

Four representative reference wind turbine models i.e. 5SMW-NREL [9],
SMW-LW [13], 10MW-DTU [14] and 15MW-IEA [11] are compared with
respect to their structural properties in Table 1.1 and thrust curves at dif-
ferent wind speeds in Figure 1.4. As rated power of turbine increases, both
rotor size and structural mass increase. Meanwhile, the resulting thrust
force at different wind speeds also significantly increases. As a result, a
larger size of supporting structure is normally required, which makes float-
ing supporting structure more preferable than bottom-fixed type. However,
it will also lead to challenges of designing the mooring system as the size of
floater increases.

Table 1.1: Summary of the characteristics for SMW-NREL, SMW-LW,
10MW-DTU and 15MW-IEA wind turbines.

Turbine NREL LW DTU IEA
Rating (MW) 5 § 10 15
Rotor diameter (m) 126 164 178.3 240
Hub height (m) 90 110 119 150

Hub mass (kg) 56.78 90 105.52 190
Nacelle mass (kg) 240 285 446 630
Blade mass (kg) 17.74 35 41.7 65
Tower mass (kg)  347.46 558 605 860

3000
— 5MW-NREL
2500
—8MW-LW
5000 10MW-DTU
z — 15MW-IEA
=3
%1500
2
=
—
1000
500 N
0

2 7 12 17 22
Wind Speed [m/s]

Figure 1.4: Thrust curves for the SMW-NREL, SMW-LW, 10MW-DTU and
15MW-IEA wind turbines [11, 13].



1.1. Background and motivation )

Floating wind industry has experienced a decent development all over
the world during the last decade [15], there are a number of commercial-
scale floating offshore wind farms under different phases of development as
shown in Table 1.2. As the world’s first operational floating wind farm, Hy-
wind Scotland consists of five 6MW Hywind spars and it was commissioned
in October 2017. In August 2019, Hywind Tampen project was launched
with the purpose of supplying power to the Snorre and Gullfaks oil fields
from 2022 [16]. The WindFloat Atlantic wind farm in Portugal is the world’s
second commercial floating wind farm which consists of three 8.4AMW Wind-
Float semi-submersibles and it started to supply power to Portuguese grid
since the end of 2019 [17]. The 50MW Kincardine offshore wind farm in
UK features a total of six WindFloat semi-submersible platforms supporting
five MHI Vestas V164-9.525MW turbines and one MHI Vestas V80-2.0MW
turbine. The 2MW turbine was connected to British grid in October 2018
while the rest of the project is scheduled to operate in 2020 [18]. The two re-
cently announced large-scale floating wind projects in South Korea brought
the total floating offshore wind development pipeline to be around 1 GW.

Table 1.2: Commercial-scale floating offshore wind farms worldwide [15]

Project MW  Location Turbine Status Commission
Hywind Scotland 30 UK Siemens Gamesa SG 8.0-167  Operation 2017
WindFloat Atlantic 25 PT MHI Vestas V164-8.4MW Construction 2020
Kincardine 50 UK MHI Vestas V164-9.5MW Construction 2020
Provence Grand Large 24 FR Siemens Gamesa SG 8.0-167  Development 2021
EolMed 24.8 FR Senvion 6.2MW Development 2021
Groix-Belle-1lle 28.5 FR MHI Vestas V164-9.5MW Development 2022
EFGL 30 FR MHI Vestas V164-10.0MW Development 2022
Hywind Tampen 88 NO Siemens Gamesa SG 8.0-167  Development 2022
Donghae 1 200 KR - Development 2024+
Ulsan Metropolitan City 500 KR - Development 2025+

There are mainly four substructure designs for floating wind turbine
in current industry: barge, tension leg platform (TLP), spar and semi-
submersible as shown in Figure 1.5. Among the four floating concepts,
the development of semi-submersible and spar are in the leading positions
with higher enough ‘technology readiness level’ (TRL) ready for launch
and operations compared with barge and TLP [19]. Furthermore, spar is
constrained to deep water locations because of its large draft while semi-
submersible is more flexible regarding applicable water depth thanks to its
small draft. Considering the fact that marginal transition water depth from
BFWT to FWT is approximately around 50 m [6], semi-submersible stands
out among the four floating types in terms of TRL and suitable working
water depth range and will be focused in this thesis.
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Figure 1.5: Floating wind turbine types: barge, TLP, spar and semi-
submersible.

1.2 Semi-submersible floating wind turbine

There are a number of semi-submersible FWT concepts that either have
been commissioned or are under development. Three or four columns are
commonly used in the semi-submersible floater design while braces are also
implemented in some of the popular concepts. Both horizontal-axis and
vertical-axis wind turbines can be accommodated on side column or central
column, while horizontal-axis wind turbine is more developed and will be
focused in this thesis. Some representative concepts are shown in Figure
1.6 including WindFloat [20], Tri-floater [21], Compact Semi-Sub [22], V-
Shape Semi-sub [22], NAUTILUS [23], OO-Star [23], CSC [24] and OC4 [25].
Among them, WindFloat has been successfully implemented in Kincardine
wind farm since October 2018 [18] and WindFloat Atlantic wind farm since
2019 [17] while the other concepts are still under development phase. Some
general properties of the concepts are provided in Table 1.3. In this thesis,
CSC and OC4 semi-submersible floaters are used for different case studies
and their general properties are described in Table 1.4.

The 5-MW-CSC concept (Figure 1.6 g) was first proposed by Luan et
al. [24] in the NOWITECH (Norwegian Research Centre for Offshore Wind
Technology) project. The 5-MW-CSC semi-submersible floater consists of
three pontoons, three side columns and one central column supporting the
tower and the wind turbine. Restoring stiffness is provided by the side
columns. The pontoons are used to provide buoyancy and space for bal-
last, which leads to a low centre of gravity and floater motion features are
improved as a result. No brace structure is used, which is favourable from
the fabrication point of view. The 5-MW-CSC model was used to study
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Figure 1.6: Semi-submersible floating wind turbine concepts: (a) WindFloat
(b) Tri-floater (c) Compact Semi-sub (d) V-Shape Semi-sub (¢) NAUTILUS
(f) OO-Star (g) CSC (h) OCY4

Table 1.3: Properties of semi-submersible floating wind turbines

Country Material Capacity Mooring ~ Water depth
WindFloat Portugal Steel 2 MW 3 Catenary 50 m +
Tri-floater ~ Netherlands Steel 5 MW 3 Catenary 100 m
Compact Japan Steel 2 MW 6 Catenary  Undisclosed
V-Shape Japan Steel 7MW 8 Catenary  Undisclosed
NAUTILUS EU Concrete & Steel 10 MW 4 Catenary 130 m
0O Star EU Concrete 10 MW 3 Catenary 130 m
CSC Norway Steel 5 MW 3 Catenary 200 m +

0C4 US Steel 5 MW 3 Catenary 200 m +
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second-order wave effects (Paper 2).

The OC4 concept (Figure 1.6 h) was proposed in the International En-
ergy Agency Wind Task 30 Offshore Code Comparison Collaboration Con-
tinuation (OC4) project [25] and has been frequently referred to ever since.
The floater consists of a centre column connecting the tower and three side
columns which is connected with main column through a number of smaller
pontoons and braces. The draft of the platform is 20 m and the tower is
mounted on the top of the main column with an elevation of 10 m above
the mean water level. The OC4 model was used in the study of mooring
system design in shallow water (Paper 1) and fully nonlinear wave effect
(Paper 3, 4, 5).

Table 1.4: Properties of 5-MW-CSC and OCY4 floating wind turbines

5-MW-CSC 0C4
Mass with ballast 9738 t 13473 ¢ Mass with ballast
Floater draft 30 m 20 m Floater draft
CoG below water level 24.36 m 13.46 m CoG below water level
Diameter of columns 6.5 m 6.5 m Diameter of main column
Length of center columns 34 m 12 m Diameter of upper columns
Length of side columns 44 m 24 m Diameter of base columns
Width of pontoons 9 m 26 m Length of upper columns
Height of pontoons 6 m 6 m Length of base columns
Length of pontoons 41 m 50 m Length of pontoons

1.3 Review of research work on mooring system
design and coupled analysis in shallow water

In order to successfully implement semi-submersible wind turbine in shallow
water, there are a number of issues that need to be addressed. Compared
with deep water mooring, the structural characteristics and corresponding
design philosophy is quite different for shallow water mooring. Nonlinear be-
havior of synthetic fibre rope is difficult to be implemented in the numerical
code. The slow-drift excitation forces can induce large horizontal excursion
for semi-submersible platform, which is important to consider in the analy-
sis. Meanwhile, the nonlinear wave effect becomes more significant as water
depth decreases. These issues have been investigated by several researchers
from different sectors including offshore oil & gas platform, floating wind
turbine and wave energy converter etc. A brief review of previous research
work is provided in this section.
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Mooring system design in shallow water

Brommundt et al. [26] developed an optimization tool for catenary
mooring system to study the optimal line length, angle and anchor radius
with a case study at two water depths (75 m and 330 m). Benassai et al. [27,
28, 29] compared the motion control performance of catenary and tensioned
line mooring systems for the Dutch tri-floater wind turbine at water depth
between 50 m and 200 m. The influence of line number, platform maximum
admissible offset and mooring line pattern were investigated. More catenary
mooring design concepts were proposed by Campanile et al. [30] at water
depth from 50 m to 80 m and from 200 m to 350 m. A preliminary cost
analysis regarding installation and maintenance cost was also performed.

Clump weight and buoy have been considered in the mooring design to
improve the mooring performance. Finn [31] implemented clump weight
in the mooring system for ‘the guyed tower’. When platform experiences
large motions in extreme condition, the clump weight will be lifted from the
seabed to establish an extended catenary shape to minimize the floater mo-
tion. The benefit of attaching buoy to mooring line was studied by Mavrakos
et al. [32] and confirmed that the reduction of mooring line dynamics can be
achieved when the size, number and location of buoy are properly selected.
Comparative mooring configurations consisting of catenary chain with or
without additional clump weight or buoy were compared by Vicente et al.
[33] for a floating point absorber. A hybrid mooring concept consisting of
clump weights and buoys attached to the lower and upper end of the line re-
spectively was developed by Yuan et al. [34] for a semi-submersible platform
in deep water. In order to artificially increase the effective water depth from
fairlead to seabed and further improve the mooring line tension characteris-
tics, the technique of moving fairlead from underwater to above water level
have been adopted by two collaborative research projects: INNWIND.EU
[35] and LIFES50+ [36] for designing floating wind turbines.

Considerable efforts have also been made regarding utilizing different
mooring line materials. Compared with traditional chain cable and steel
wire rope, synthetic fibre ropes is regarded as a cost-competitive mooring
solution. It was widely applied in deep water mooring in offshore oil & gas
industry [37, 38] and it is being considered by more and more offshore re-
newable projects. Currently, there are only a few projects that are actually
considering fibre rope as mooring solutions including the CETO wave energy
converter [39] and the Floatgen wind turbine [40]. Johanning and Smith [41]
studied the feasibility of applying fibre rope on wave energy converter by
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comparing with other mooring materials. Weller et al. [42] looked into the
influence of load history on synthetic rope where different initial bedding-
in levels were used to investigate the immediate quasi-static and dynamic
properties of the rope. An overview of the application of synthetic ropes
for marine renewable project was provided by Weller et al. [43] including
classification, model testing, installation, degradation and maintenance etc.

Coupled dynamic analysis

Currently, several approaches are available to calculate the second-order
difference-frequency wave load with different approximations and levels of
accuracy. Newman’s approximation method [44] is widely accepted in off-
shore industry, which is based on the assumption that the natural frequency
of slow-drift motion is sufficiently small so that the exact quadratic trans-
fer function (QTF) for difference-frequency forces can be approximated by
the mean drift force value which is a second-order effect depending only on
the first-order velocity potential and motions. The accuracy of Newman’s
approximation method to calculate horizontal slow-drift excitation force on
a ship in irregular beam sea waves was confirmed by Faltinsen and Lgken
[45, 46], which proved that the contribution from the second-order velocity
potential to the slow-drift excitation forces was small to be neglected. The
second-order velocity potential was incorporated in Pinkster’s approxima-
tion [47], which managed to provide the right order of magnitude to the
slow-drift excitation forces due to the contribution of the second-order ve-
locity potential. The difference-frequency QTF was approximated by Chen
and Duan [48] into two parts, while one depends on the quadratic products
of the first-order wave fields and the other one depends on the second-order
velocity potential. Shao [49] studied the second-order wave-body interac-
tion problems with a higher-order Boundary Element Method (BEM) where
a new formulation of the boundary value problem based on body-fixed co-
ordinate system was proposed to avoid the inconsistency in the traditional
formulation while increase the accuracy. You [50] studied the second-order
surge response of a moored vessel in shallow water by comparing a time do-
main BEM with Newman’s approximation and Pinkster’s approximation.

As water depth decreases, wave nonlinearity effect becomes more im-
portant to consider in the coupled analysis. According to Gibson and Swan
[51], the wave nonlinearity effect can be divided into higher-order bound
nonlinearity and resonant nonlinearity at third order and above by. The
bound nonlinearities in regular waves are the higher-order terms derived by
Stokes [52] which are phase locked to the corresponding linear wave com-
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ponent and intend to sharpen the wave peak and broaden the wave trough.
Fully nonlinear wave effect on monopile wind turbine has been systemati-
cally investigated by Schlger et al. [53, 54, 55]. Inline force and overturning
moment are compared between linear wave theory, stream function the-
ory and fully nonlinear irregular wave. The influence on fatigue damage
of the monopile and tower was studied in [54]. Redistribution of energy
at different frequency range was discovered in [55]. Similar approach was
used by Larsen et al. [56] to investigate jacket supported wind turbine.
Nematbakhsh et al. [57] extended the nonlinear wave study to TLP wind
turbine using computational fluid dynamics (CFD) method and the results
was compared with results from potential flow solver. The coupled FLEX5-
OceanWave3D tool was applied on a TLP wind turbine in the INNWIND
project [58] to compare response exposed to different wave models including
fully nonlinear wave and the result was further compared with experimental
data by Pegalajar-Jurado et al. [59].

1.4 Challenges & objectives

The marginal water depth between BFWT and FWT might be in the range
of 50 m - 80 m, which is quite shallow for a floating structure. It is chal-
lenging to implement floating wind turbine around this water depth mainly
due to the design of mooring system. In order to further promote the de-
velopment of semi-submersible floating wind turbine in shallow water, some
of the remaining work will be focused in this thesis:

1. The challenges of mooring system design in shallow water were not
studied into details before. Regarding the mooring application for
floating wind turbine in shallow water, there is a lack of comparison
between different mooring materials and sophisticated design propos-
als for industrial guidance.

2. The previous mooring design studies for shallow water were mainly
made of pure chain cable while the hybrid mooring concepts consisting
of clump weights and buoys were mainly designed for deep water and
the application in shallow water mooring was not considered.

3. The experience regarding fibre rope from oil & gas sector was mainly
for deep and ultra-deep water, however there is also great potential
for fibre rope to be used in shallow water mooring due to its lower
elastic stiffness and capital cost, which has not been discussed much
before.
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. Current industrial practice for modelling fibre rope is to use the upper-

bound and lower-bound method [60], which is not only conservative
but also inconsistent because the offset is obtained based on a lower-
bound stiffness model while the dynamic tension is estimated through
another upper-bound stiffness model. There is still a lack of com-
mercially available mooring analysis programs with the capability to
simulate the non-linear change-in-length response.

Different methods are available to calculate second-order difference-
frequency wave load. The applicability and limitation of these meth-
ods is of interest to study for the hydrodynamic analysis of floating
wind turbine in shallow water.

Previous study of fully nonlinear wave effect on offshore wind tur-
bine mainly focused on bottom-fixed wind turbine and there is a lack
of engineering-practical numerical code that is applicable for floating
wind turbine too.

Accordingly, the main objectives of this thesis are summarized as:

1.

Systematically compare the different mooring system characteristics in
deep and shallow water. Identify the challenges of designing mooring
system in shallow water for both catenary and taut mooring systems.

Make recommendation of preferable mooring designs for floating wind
turbine in shallow water depth for industrial guidance through com-
parative studies of different mooring designs.

Considering the limitation of traditional conservative and inconsistent
method of modelling fibre rope, improve the numerical method that
can better describe its structural behavior.

. Study the feasibility of applying Newman’s approximation method to

describe second-order difference-frequency wave effect in shallow water
by comparing with results from full QTF method.

Investigate the significance of wave nonlinearity in shallow water and
develop an efficient numerical tool to study its effect on floating wind
turbine. Quantify the wave nonlinearity effect for different structural
responses.

Semi-submersible is selected as the targeting floater type because of its
applicability in shallow water as mentioned before. This thesis is written as
a summary of three journal articles and two conference papers as attached
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in the Appendix A. The scope of the thesis is shown in Figure 1.7 where
the main topics and the interconnection between appended papers are illus-
trated. In addition, the numerical codes and hydrodynamic theories applied
in the individual papers are summarized in Table 1.5.

T T T T T T T T T Y
[ Propose mooring concepts - _1\_/Iix1ri_n_g component _}
(Paper 1) g -

Radiation/Diffraction theory

2 | Newman’s approximation |
Moonng System [ Second order wave effect ]—_—F} Full QTF method :
. P r 2 - - - ___ -
in shallow water g

e e ~
Development 'l Develop the numerical code }
(Paper 4)
. e ~
[ Fullly o e vpos it Verification |l Verity against existing models }

7~

‘ Morison’s equation ‘ —————— -

. Application | | Quantify in different load cases !

Analysis L .
(Paper 5)

[ Potential flow theory / Morison’s formula ]

Floater hydrodynamics NMooring line hydrodynamics
; i i Coupledg :
Wind turbine aerodynamic Structural dynamics
BEM [ Multibody formulation ]

Figure 1.7: Scope of the thesis

Table 1.5: Numerical codes and hydrodynamic theories used in the papers

Numerical code Hydrodynamic theory
P1 SIMA Potential flow theory (second-order difference-frequency effect)
P2 SIMA Potential flow theory (second-order difference-frequency effect)
P3 | 2D HPC/HAWC2 Morison’s equation (fully nonlinear wave effect)
P4 | 2D HPC/HAWC2 Morison’s equation (fully nonlinear wave effect)
P5 | 2D HPC/HAWC2 Morison’s equation (fully nonlinear wave effect)
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The contents of the five papers in the Appendix A are summarized as follows:

Paper 1:

This paper studied the design challenges of mooring system for semi-submersible
FWT in shallow water and proposed preferable mooring design concepts.
Seven mooring design concepts were proposed at 50 m for the OC4 semi-
submersible with original design at 200 m as a reference. Different mooring
line materials were compared together with other mooring components and
anchors. Based on experimental data, a state-of-the-art numerical model
was used to describe the stiffness characteristics of fibre rope. The compari-
son was performed from different perspectives: static performance, dynamic
response and cost analysis. Preferable mooring designs were recommended
for engineering guidance.

Paper 2:

Apart from first-order wave load, second-order difference-frequency wave
load effect is important for semi-submersible platforms. This paper mainly
compares different hydrodynamic load modelling methods of second-order
wave drift force: Newman’s approximation method and full QTF method.
Three water depths were considered: 50 m, 100 m, 200 m. The floater mo-
tion, mooring line tension and non-Gaussian property of the response were
studied.

Paper 3:

The main purpose of this paper is to verify the numerical tool proposed in
Paper 4 which is used to study fully nonlinear wave effects. Three wave
models were compared: stream function wave, fully nonlinear wave and lin-
ear Airy wave. The comparison between the first two wave models was able
to verify the accuracy of the proposed model since they satisfy the same free
surface boundary conditions (FSBCs). The comparison between the latter
two models was meant to indicate the effect due to wave nonlinearity. Three
load cases characterized with different wave steepness were considered.

Paper 4:

This paper outlines an engineering-practical numerical tool to study fully
nonlinear wave effect on floating wind turbine. 2D HPC numerical wave
tank was used to generate the irregular linear and fully nonlinear wave
trains. A polynomial fitting method was proposed to scale down the size of
wave kinematics data file in order to satisfy the virtual memory requirement
of HAWC2. The link between the wave kinematics database and HAWC?2
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was extended from one dimensional (Wkin.dll) to two dimensional (Wkin.dll
2D) which enables the application to not only BEWT but also FWT. Two
wave-only extreme irregular wave conditions are studied as example to il-
lustrate the wave nonlinearity effect.

Paper 5:

Based on the numerical tool developed in Paper 4, the focus of this paper
is a systematic study of the wave nonlinearity effect in different load cases
where both wind and wave are considered. In operational conditions, floater
motion, tower base bending moment, pontoon axial force and mooring line
tension as well as the fatigue damage of mooring line and at tower base are
studied. In extreme conditions, the extreme value of critical responses are
predicted based on Gumbel fitting method and ACER method.

1.5 Thesis outline

The thesis consists of five chapters. A brief description of each chapter is
provided as follow:

Chapter 1: Introduction

This chapter includes research background and motivation, an overview of
state-of-the-art semi-submersible floating wind turbine concepts, a review
of previous research work on mooring system design and coupled analysis
method in shallow water, remaining challenges to be solved and main ob-
jectives of the thesis.

Chapter 2: Design of mooring system in shallow water

This chapter mainly introduces the design perspectives of mooring system
in shallow water as well as modelling technique in numerical program. Cur-
rently available offshore guidelines and standards regarding mooring system
from different authorities are introduced as well as basis information of dif-
ferent components of mooring system. The design challenges of mooring
system for floating wind turbine in shallow water are mentioned. Seven
feasible mooring design concepts including different mooring line materials,
anchors and mooring components are proposed for floating wind turbine in
shallow water.

Chapter 3: Numerical modelling and analysis method
The theoretical background of the fully coupled analysis method used in
this thesis is introduced in this chapter. The aerodynamic theory is briefly
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mentioned while the hydrodynamic theory is described into details includ-
ing different wave theories, processing of wave kinematics data and different
hydrodynamic load modelling methods. The main features of the numerical
tools used in this thesis is introduced. An improved numerical model of
fibre rope are described. The approaches of calculating fatigue damage and
predicting extreme value are described.

Chapter 4: Coupled analysis results

This chapter mainly presents the results and outcomes of this thesis. The
determination of the design load cases is also provided in this chapter. The
performance of mooring concepts proposed in Chapter 2 are compared in
this chapter from different perspectives including static analysis, dynamic
analysis and cost analysis. Advantages and disadvantages of different con-
cepts are summarized and recommendation of preferable designs are made.
The results of calculating second-order wave load using Newman’s approx-
imation and full QTF method at different water depths are compared. A
numerical tool to study fully nonlinear wave effect on floating wind turbine
is proposed and verified. The wave nonlinearity effect is further studied
from several aspects including fatigue damage and extreme value for criti-
cal responses.

Chapter 5: Conclusions and recommendations for future work
Conclusions, original contributions and recommendations for future work
are presented in this chapter.



Chapter 2

Design of mooring system in
shallow water

Precise positioning and motion control is critical for safe operation of the
floating wind turbine considering the integrity of electric power cable. The
purpose of the mooring system is primarily to provide station-keeping, es-
pecially to prevent drift-off under steady environmental loads, as well as
possibly limit motions - especially for tension-leg or taut mooring systems.
Moreover, for the tension-leg system the mooring system is crucial in pro-
viding stability of the floater.

The total restoring force of the mooring system in quasi-static condition
is related to geometric stiffness and elastic stiffness. Geometric stiffness
mainly comes from the weight and pre-tension of the mooring line which
is the main source of restoring force in catenary mooring system. Elastic
stiffness is mainly due to line elongation which is the main source of restoring
force in taut mooring system with synthetic fibre rope. The stiffness for each
mooring line is referred to as the in-plane stiffness while the out-of-plane
stiffness is normally very small. The stiffness for catenary mooring becomes
quite nonlinear when floater horizontal offset is large. Moreover, the line
laying on the seabed should be long enough to prevent being totally lifted
up. In dynamic conditions, mooring line tension response can be divided
into mean tension and dynamic tension which can be further decomposed
into wave frequency and low frequency components. Mooring line motion
will also lead to a drag force and an inertial force which contribute to the
damping and inertial effect of the mooring line respectively. The damping
effect is particularly important for floater’s low frequency motions which are
associated with a small potential damping.

17
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2.1 Guidelines and standards for mooring system

Currently, there are a number of offshore guidelines and standards available
for designing mooring system for offshore oil & gas platform, floating wind
turbine and wave energy converter etc. Some representative standards from
different authority organizations are given in Table 2.1. Referring to these
standards, redundancy in mooring system for offshore oil & gas platform is
normally required because the failure of mooring line could lead to unac-
ceptable consequences such as loss of life and environmental pollution etc.
As for the floating wind turbine, mooring system failure will most likely lead
to just economic loss, therefore the number of mooring line is normally kept
as few as possible for economical purpose. Design rules for floating wind tur-
bine is also required to check when designing its mooring system through
coupled analysis method. In this thesis, the standards from DNVGL are
mainly referred to.

Table 2.1: Offshore standards regarding mooring system

Authority  Guidelines and standards

DNVGL-0S-E301 Position mooring 2018

DNVGL-0OS-E302 Offshore mooring chain 2018
DNVGL-0S-E303 Offshore fibre ropes 2018

DNVGL-0S-E304 Offshore mooring steel wire ropes 2015
DNVGL-ST-0119 Floating wind turbine structures 2018
DNVGL-RP-E301 Design and installation of fluke anchors 2017

DNVGL

DNVGL-RP-E302 Design and installation of plate anchors in clay 2017
DNVGL-RP-E303 Geotechnical design and installation of suction anchors
in clay 2017

BV

NR493DTRO2E Classification of mooring system for permanent offshore
units. 2012

NI432DTORO1E Certification of fibre ropes for deepwater offshore services
2007

NR494DTRO2E Rules for the classification of offshore loading and offloading
buoys 2006

ISO

ISO19901-7:2013 Stationkeeping system for floating offshore structures and
mobile offshore units. 2013

1SO18692:2007 Fibre ropes for offshore stationkeeping: polyester 2007
ISO1704:2008 Ships and marine technology - stud-link anchor chains 2008

API

API RP 2SK Recommended practice for design and analysis of stationkeep-
ing systems for floating structures 2008

API RP 2SM Recommended practice for design, manufacture, installation,
and maintenance of synthetic fibre ropes for offshore mooring 2014

ABS

Guidance note on the application of fiber rope for offshore mooring 2014
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2.2 Introduction of mooring system and compo-
nents

2.2.1 Mooring configuration

e Catenary mooring system (Figure 2.1a) is the earliest and most common
mooring system that is used in current industry. The restoring force is
provided by the self-weight of mooring line. A number of mooring lines
are uniformly arranged around the floating structure. Normally, there is a
significant part of mooring line lying on the seabed to avoid the mooring
line being totally lifted up. Therefore, the anchor is designed to take only
horizontal forces. Moreover, the friction force due to the relative movement
between mooring line and the seabed should be taken into account.

e Taut mooring system (Figure 2.1b) consists of a group of stretched moor-
ing lines whose net weight is so small that the catenary properties of the
line could be ignored. The restoring force depends on the elastic stretch of
the line. Taut mooring arrives at the seabed at an angle, which means that
the anchor has to undertake both horizontal and vertical forces. Compared
with catenary mooring, the footprint of taut mooring system is smaller,
which could result in reduction of material quantity, cost and weight of the
total mooring system.

e Tension leg mooring system (Figure 2.1c) is specially used for tension leg
platform. The buoyancy of the platform is larger than its gravity which
leads to a net upward force to be balanced by the the mooring line tension.
Associated anchors are normally suction anchor or anchor piles which can
take vertical forces. The pre-tension in the line is often obtained by the use
of winches on the floating structure. The horizontal motion of the floating
structure is quite limited because of the tethers while vertical motion of the
floater could lead to large snapping load which should be carefully dealt
with.

2.2.2 Mooring anchor

The primary function of an anchor is to fix the mooring line to the seabed
at a given position. The choice of anchor depends on a couple of factors,
such as the water depth to be applied, the soil condition, the loading acting
on the anchor, anchor positioning accuracy and the cost of installation etc.
[62]. Many different types of anchors are applied in the offshore industry
and the most common anchor types are illustrated in Figure 2.2 including
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Catenary

(b) Taut mooring system

Tension Leg

(¢) Tension leg mooring system

Figure 2.1: Mooring configuration [61]
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Figure 2.2: Typical anchor types

drag embedment anchor (DEA) (No.1), dead weight anchor (No.2), pile an-
chor (No.3), suction anchor (No.4), torpedo anchor (No.5) and vertical load
anchor (No.6). The red arrows indicate in which direction the anchor can
take the force.

e Drag embedment anchor is the most popular anchor type available in the
industry. It is designed to partly or fully penetrate into the seabed. The
hold capacity is determined by the resistance of the soil in front of the
anchor. It serves perfectly for resisting large horizontal loads, but not for
large vertical loads. DEA is a quite attractive option for mooring solution
because of its high efficiency while the installation procedure is not simple.
The installation normally requires pulling operation using an anchor han-
dling vessel (AHV) with sufficient bollard pull and a pulling force equal to
the 100 year intact mooring line tension is required at Norwegian continen-
tal shelf.

e Pile anchor is a hollow steel pipe which is penetrated into soil with a
piling hammer or vibrator. The vertical and horizontal holding capacity is
determined by the friction of the soil along the pile and lateral soil resis-
tance respectively. Horizontal capacity can be further increased by adding
additional elements such as skirts or wings to the pile top. For the sake
of safety consideration, the pile is preferred to be installed well underneath
the seabed to ensure the holding capacity.

e Suction anchor is a caisson foundation with an open bottom and closed
top whose holding capacity is generated by friction of the soil along the
suction anchor and lateral soil resistance which enable it to cope with both
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horizontal and vertical loads. During the installation, a pump is connected
to the top of the pipe in order to pump the water out of the anchor which
will create a pressure difference between the outside and the inside of the
pipe and further force the pipe into the seabed to a target depth. The pump
is removed after installation is completed. Suction pile length to diameter
ratios may range from 2:1 for stiff clay soil to 7:1 for soft clay soil.

2.2.3 Mooring line

As the most important component in the mooring system, mooring line is
used to provide the restoring force by connecting the floater and anchor.
The most popular mooring line materials that are widely used in offshore
industry are chain, steel wire rope and synthetic fibre rope.

e Chain is the most common product used for catenary mooring lines which
is characterized with different diameters and grades [61]. The weight of
chain can be quite large compared with other mooring line material which
make it more suitable to be used in shallow water where the length of
suspended mooring line is quite short. According to [63], the submerged
weight per unit length (w), axial stiffness (F'A) and catalogue break strength
(CBS) of a chain link can be expressed as in Table 2.2:

Table 2.2: Properties of chain and steel wire ropes [63]

Chain Six strand wire Spiral strand wire
w (N/m) 0.1875 D? 0.034 D? 0.043 D?
EA (N) 90000 D? 45000 D? 90000 D?
CBS (N) ¢(44-0.08D) D? 525 D? 900 D?

where D is the nominal diameter with unit of mm and c is coeflicient which
should be selected according to the material grade.

e Steel wire rope used in offshore mooring line are normally structured as
six strand, spiral strand or multi-strand. Six strand independent wire rope
core is the most popular construction for mobile drilling units because of its
lateral flexibility and spiral strand construction is more commonly utilized
in floating production systems, where it shows great longitudinal stiffness,
torque balance and lower spinning loss performance. Multi-strand rope con-
struction is not commonly used in offshore industry. For the same breaking
load, steel wire rope is light-weighted. Meanwhile, zink and plastic sheath-
ing can protect steel wire rope from corrosion. In some cases, steel wire
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ropes are implemented in a taut mooring system to provide axial elasticity
for the restoring effect. The properties of wire ropes are influenced by not
only rope construction but also the manufacturer’s professionalism. The
properties of six strand and spiral strand ropes are compared in Table 2.2
where D is the nominal diameter of the rope with unit of mm.

e Synthetic fibre rope is made of polyester or other high-strength fibres
and it has been a popular material for deep water mooring solution thanks
to its light weight and high elasticity [43]. Moreover, it also has great
potential in shallow water mooring design due to its linear tension increment
behavior. The properties of fibre rope are more complex than traditional
chain or steel wire rope. The change-in-length response is nonlinear and
load-sequence dependent while the length of the line is also affected by the
loading rate and duration. Even though there has been a long history of
application of fibre rope mooring in offshore industry, current industrial
practice is normally conservative and inconsistent using an upper and a
lower bound axial stiffness method. Comprehensive understanding of the
material behaviour is still limited and so are relevant analytical methods.

2.2.4 Mooring component

In order to satisfy required performance criteria, additional mooring com-
ponents such as clump weights and buoys are quite helpful in achieving the
desired restoring force by adjusting the geometric stiffness of the line.

e Clump weight 1is a concentrated weight which can be used to improve
the geometric stiffness properties of the line by incorporating with lighter
mooring line to achieve same required pre-tension. With implementation
of clump weight, heavy chain can be replaced which is quite beneficial in
shallow water where mooring line tension will increase quite significantly at
large offset.

e Buoy is a structure whose buoyancy is larger than gravity which can be
connected to a mooring line in order to reduce the weight of the line, improve
the geometric stiffness and increase vertical clearance to any equipment on
the seabed. The application of buoy has been widely accepted in deep
water mooring where the weight of the mooring line is a limiting factor for
design consideration. Meanwhile, the utilization of buoy in shallow water
mooring is also quite favorable to prevent extreme tension at large offset due
to a favorable change of line geometric stiffness which however was hardly
discussed before.
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2.2.5 Mooring connector

Mooring connectors are used to connect different mooring line sections such
as chain links with different diameters, chain to steel wire rope, mooring line
to anchors or vessels etc. Mooring connectors are designed to take the full
breaking strength of the mooring line while their fatigue properties require
special attention. The connectors are typically designed as ‘fit for purpose’
for each project [61].

Figure 2.3: Mooring connectors [61]

Some examples of mooring connectors are shown in Figure 2.3:

Shackle (Figure 2.3a) is a universal connector with many different
types. It consists of a bow which is closed by a pin.

Kenter-type link (Figure 2.3b) is used for connecting two pieces of
chain links whose termination dimensions are same. Normally it is not
recommended for permanent mooring system because of their shorter
fatigue life than chain.

Pear-shaped link (Figure 2.3¢) is used for connecting two pieces of
chain links with different termination dimensions.

C-type link (Figure 2.3d) is similar to Kenter-type link while the major
difference is the way that the connector is opened and closed.

Mooring swivel (Figure 2.3¢) is used to relieve the twist and torque
that builds up in the mooring line. It can be placed a few links away
from the anchor point or between sections of chain or wire rope.

Anchor handling swivel (Figure 2.3f) is used to compensate the load
impact during handling process. The slim geometry allows the swivel
to run through fairlead, chaser ring or over an anchor handler stern
roller without damage to the bearing system or any other swivel part.
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2.3 Design criteria

Design of a mooring system normally consists of many aspects such as en-
vironmental condition, water depth, floater excursion limit, structure life-
time, installability and component cost etc. A systematic design of mooring
system normally include Ultimate Limit State (ULS), Fatigue Limit State
(FLS) and Accidental Limit State (ALS) [64]. Detailed mooring design cri-
teria have been mentioned by many offshore standards, such as API RP
2SK [62] and DNV-OS-E301 [64] etc. In this thesis, the main criteria in the

mooring design process are:

1.

Considering the safety of power cable and the power production effi-
ciency of wind turbine, the offsets of the floater have to be limited to
a reasonable range.

. All mooring lines have to be able to withstand the load effects in all the

environmental conditions considered which means that the maximum
mooring line tension can not exceed the maximum breaking strength
taking into account an appropriate safety factor.

. The catenary mooring line lying on the seabed should be long enough

to prevent drag anchor taking vertical load even in the most extreme
condition during lifetime. Because when it is fully lifted up, it will be
the stretching of the line that provides the restoring effect which will
lead to a very large tension in the lines. The requirement becomes
more important for anchors in sand and hard soil where the anchor
penetration is quite shallow.

. The leeward mooring line should not experience slack which may lead

to large tension.

. The properties of a deep water mooring system designed for a semi-

submersible floating wind turbine at 200 m is considered as reference
for shallow water mooring (50 m) such as: pretension, line length
etc. Comparative models with clump weight and buoy are included
to explore whether additional mooring components can improve the
mooring performance.

2.4 Design challenges for shallow water conditions

The integrity of the mooring system should be ensured by proper design,
fabrication, installation, use as well as condition assessment in the lifecycle
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at minimum lifecycle costs. On one hand, the mooring system should be
stiff enough to limit the floater offset under the mean wind and wave loads
and the floater slowly-varying motions due to the second-order wave loads
and the wind loads. On the other hand, it should be compliant enough to
allow wave-frequency floater motions and avoid large mooring line tension
induced by the first order wave loads on the floater. These features are rel-
atively easy to achieve in deep water while it is more challenging in shallow
water for both catenary and taut mooring systems [65]:

Catenary mooring system

1: The vertical span from fairlead to seabed in shallow water is much
shorter than deep water as shown in Figure 2.4, which directly affects the
length of suspended mooring line that provides pre-tension. Taking the
0OC4 semi-submersible floating wind turbine as an example, the fairlead is
located at 14 m below mean water level. The effective vertical distances for
suspended mooring line are 36 m and 186 m when water depths are 50 m
and 200 m respectively. In order to achieve reasonable pre-tension as deep
water, the size of mooring line has to be increased in shallow water.

Static
T T
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Figure 2.4: Catenary mooring configuration

2: With the same offset increment at fairlead, longer line in shallow water
will be lifted up than that in deep water. Given the same pre-tension and
stiffness at zero offset, the mooring line tension characteristics at different
water depths are provided in Figure 2.5. The comparison illustrates that
the mooring line stiffness increases faster with increasing offset for shallow
water mooring than deep water mooring, meaning that if the same wave
frequency motions are triggered, larger tension will be induced in shallow
water mooring line. The dramatic increase in line stiffness and associated
sudden increase of line tension may lead to potential line breaking.
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Figure 2.5: Mooring line tension characteristics at 50 m, 100 m and 200 m

[66]

3: According to [67], the horizontal, geometric, in-elastic stiffness k¢ of
a catenary mooring line can be expressed as:

b= T _ 9
G = —F— = _—_
Oz J1+ 25

where w is the unit weight of mooring line, x is the horizontal offset, h is
water depth and T}y is the horizontal tension. Given the same horizontal
tension Ty, the horizontal stiffness increases as water depth decreases as
shown in Figure 2.6. The mooring system is designed to be compliant to
the wave-frequency motions of the floating wind turbines. A stiffer mooring
system will lead to higher natural frequencies of the horizontal motions,
which are more easily excited by difference-frequency wave loads.

h
+ cosh™ (1 + ;—H)]*l (2.1)
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Figure 2.6: The influence of water depth on horizontal mooring stiffness
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4: The top angles between mooring line and axes, o and 3, indicate the
level of catenary shape of mooring line as shown in Figure 2.7 (a). The
bigger « is and the smaller § is, the less catenary shape is left while the
tighter and the more stretched the line is. The initial values for o and 3 at
static position are determined by mooring line tightness which is influenced
by the horizontal span s (distance between fairlead and touch down point),
effective water depth h (distance between fairlead and seabed) and length
of suspended mooring line I, as given in Equation 2.2:

2sh

(2.2)
Normally deep water mooring is designed with small tightness and reason-
able horizontal pre-tension can be achieved even with small angle . This
keeps a high level of catenary shape, which means it is quite rare that the
mooring line will be totally stretched even for large horizontal x-offset. On
the other hand, shallow water mooring is usually quite tight because the
effective water depth is much smaller compared with horizontal span. In
order to obtain reasonable horizontal pre-tension as deep water, the angle
a has to be increased even with heavier mooring line, which as a result will
eliminate certain level of catenary shape.

1 2
B_ b Shallow water Tv
LG |
Tu

Deep water

(a) Mooring line catenary shape in (b) Influence of z-offset on the top
shallow and deep water angles

Figure 2.7: Challenge of catenary mooring line top angles

From dynamic perspective, the increase of x-offset at fairlead will enlarge
« and decrease (3, but the change rate varies at different water depths. As
an example given in Figure 2.7 (b), when the fairlead moves from position
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1 to position 2 with a horizontal offset d,, the angle o and § will change
to o and 3. Similar as deriving the mooring line horizontal stiffness in
Equation 2.1, the average change rate of the angle 8 can be represented by
the derivative of tanf with respect to horizontal offset x:

B:dtanﬁzd%:%: L q, T g ATy
v dx dx dx (Th)? Y de dz
kG 2 F
= . 2 _T N o A 7
T2 (wm H 1 +2ah)
(2.3)

where kg is horizontal stiffness as described in Equation 2.1, w is the unit
weight of mooring line, x is the x-offset, h is water depth, a is a coefficient
expressed as a = Ty /w. As a result, the average change rate for angle a
expressed with unit degree can be written as:

dtanf )
dz

ag = 90 — arctan( (2.4)
Based on Equation 2.3 and 2.4, given the same horizontal tension Ty, the
change rate of top angle, a,, at different water depths are given in Figure
2.8. The angle change rate tends to increase as water depth decreases,
which means shallow water mooring is more vulnerable to lose catenary
shape and be stretched to straight line than deep water mooring. It will
lead to potential vertical force on the anchor which is quite dangerous. As a
result, large footprint of the mooring system is normally required for shallow
water with long chains laying on the seabed.
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Figure 2.8: The change rate of top angle o with increasing z-offsets at
different water depths
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Taut mooring system

1: In taut mooring system, the restoring force mainly comes from the
stretch of the line so that the horizontal, elastic stiffness, kg, assuming a
linearized elasticity, can be expressed as:

kg = EA%sina (2.5)
where F is the Young’s modulus, A is the cross sectional area, [ is the to-
tal line length and « is the angle between mooring line and vertical plane.
Normally when water depth goes from deep to shallow, the total length of
mooring line [ will become shorter which will lead to a larger stiffness kg.
Therefore, when experiencing same amplitude of wave-frequency motion,
the induced tension will be larger in shallow water mooring line.

2: Synthetic fiber rope as the most popular material used in taut moor-
ing system is more complicated than chain and steel wire rope regarding
the structural property. The change-in-length nonlinear behavior of syn-
thetic fibre rope can be illustrated with the a spring-dashpot model as
shown in Figure 2.9. The elastic stretch consists of instant-elastic and
visco-elastic stretch which can be considered as a spring without and with a
damper separately. The permanent stretch on the other hand includes visco-
plastic stretch which is irreversible when exposed to tension and construc-
tion stretch where the ratchet allows the spring to extend above previous
highest tension without retraction.

Slow Construction Creep
~ Fast spring spring dashpot
~ spring
~ L
~
~d ——>
~
~ =
3J MWAAMA
Instant-elastic  Visco-elastic =~ Construction Visco-plastic
Stretch Stretch Stretch Stretch
L Y ) \ ' )
Elastic stretch Permanent stretch

Figure 2.9: The spring-dashpot model for synthetic fibre rope [68]
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As shown in Figure 2.10, the current industrial design practice is to
use a lower-bound stiffness to calculate extreme offset and an upper-bound
stiffness to calculate extreme tension. The influence of mean tension level
on the stiffness is not taken into account. This conservative and inconsis-
tent approach has been mentioned in several offshore standards including
DNVGL-RP-E305 [69] and API-RP-2SM [60]. There is a lack of compre-
hensive understanding of the fibre rope performance and well-established
numerical program that can include the nonlinear behavior of synthetic fi-
bre rope.

Upper-Lower Bound Stiffness Model

=—4=—Upper Bound for Line Tension =@ : |ower Bound for Offset

Tension (%MBS)

Strain (%)

Figure 2.10: Lower-bound and upper-bound stiffness model [60]

2.5 Mooring design concept proposals in shallow
water

In view of the design challenges in section 2.4 and the design criteria in
section 2.3, seven initial mooring design concepts are proposed as potential
mooring solutions in shallow water for floating wind turbine as shown in
Figure 2.11. The black lines and blue lines indicate mooring lines made of
chain links and synthetic fibre rope respectively. The red square and green
circles stand for clump weights and buoys respectively. The concepts are
designed at water depth of 50 m (shallow water) while a mooring model
at 200 m (deep water) is used as a reference model. Because of the decent
performance of the reference model, the mooring line length, pre-tension,



32 Design of mooring system in shallow water

offset-tension characteristics etc. of the reference models are selected as
design criteria when the shallow water mooring concepts are proposed. The
detailed performance of the seven concepts are further compared in Chapter
4.

The features of the models are introduced in Table 2.3, while the detailed
properties of the mooring line are summarized in Table 2.4. Among the
seven designs, the first four concepts are catenary moorings using chain cable
while the last three are taut moorings using synthetic fibre rope. In addition,
clump weight and buoy are also included in the comparative designs to check
the influence on the overall performance. The parameters of the chain is
determined according to Vryhof [61] and the parameter for the fibre rope
is according to BRIDON [70]. The diameter of chain refers to the size of
the steel bar, while the diameter of fibre rope refers to the size of the rope.
The weight of mooring line is given as the unit weight in water. The anchor
radius refers to the distance of anchor from the center of the platform. The
property of buoy is given as the net buoyancy. The numerical modelling
technique for synthetic fibre rope is introduced in Section 3.4 especially
regarding the axial stiffness in static and dynamic conditions. EAs and
E Ad stands for axial stiffness used in static analysis and dynamic analysis
respectively as described in Equation 3.27 & 3.29.

Meanwhile, drag embedment anchor is used for the four catenary moor-
ing designs. To be more specific, 17 ton Stevshark Mk5 anchor designed
by Vryhof [61] is selected. This anchor can be adjusted for varying soil
conditions through modifying the shank angle. The selection is based on
two reference projects: Hywind II project [71] and WindFloat project [20]
where same anchor was used. In order to better take the vertical load from
the fibre rope and achieve accurate anchor location, suction anchor is cho-
sen for the three taut mooring designs. Similar to the conceptual TLWT
project [72], a 50 ton suction anchor is chosen. More details regarding the
comparison of different mooring designs are available in appended paper 1.

50 m
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1 50 Chain 11 50 Chain-Clump  1ll 50 Chain-Buoy 1V 50 Chain-Clump-Buoy V 50 Fibre VI 50 Fibre-Buoy VII 50 Fibre-Clump-Buoy

Figure 2.11: Mooring configurations



2.5. Mooring design concept proposals in shallow water 33

Table 2.3: Mooring concept introduction

Model Description Feature

I Chain The weight is quite heavy in order to achieve rea-
sonable pre-tension as deep water mooring.

II Chain-Clump Clump weight can contribute to pre-tension, so the
weight of mooring line can be reduced.

111 Chain-Buoy Buoy can influence the catenary shape by introduc-
ing more geometric stiffness.

v Chain-Clump-Buoy The attachment of buoys at the resting line can
help to decrease the weight of lifted line and de-
crease the extreme tension at large offset.

A% Fibre Pure fibre rope is used.

VI Fibre-Buoy Buoy is included as comparative design to include
geometric stiffness.

VII Fibre-Clump-Buoy  Both clump weight and buoy are included as com-

parative design.

Table 2.4: Mooring line properties

Material ~Weight Diameter MBS Length Radius Clump Buoy EAs EAd
kg/m m KN m m t KN KN KN
200 Chain 113.35 0.0766 6001 835.5 837.6 No No 7.54E5
I Chain 613 0.175 25174 835.5 868.8 No No 2.62E6
I Chain 308 0.124 14358  835.5 868.8 28 No 1.31E6
11 Chain 308 0.124 14358  835.5 868.8 No 330 1.31E6
vV Chain 308 0.124 14358 935.5 965.4 28 330 1.31E6
v Fibre 26.5 0.203 11772 1000 1048.9 No No Eq3.27 Eq3.29
VI Fibre 26.5 0.203 11772 1000 1048.9 No 70 Eq 3.27 Eq 3.29
VII Fibre 26.5 0.203 11772 1000 1048.9 15 70 Eq 3.27 Eq 3.29
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Chapter 3

Numerical modelling and
analysis method

3.1 General

Floating wind turbine normally consists of several structural components
including blades, nacelle, rotor, floater and mooring system etc. In order
to better account for the aerodynamics, hydrodynamics, structural dynam-
ics, control system dynamics and mooring line dynamics, a coupled aero-
hydro-servo-elastic analysis method is required to perform the time domain
simulations. As most of current available hydrodynamic analysis codes for
floating wind turbine are based on linear wave theory which is more applica-
ble for deep water, there is a need of developing new numerical method that
can better consider the significant nonlinear wave effect in shallow water for
floating wind turbine.

3.2 Aerodynamics

The tower, nacelle and rotor of wind turbine are subjected to aerodynamic
loads. The loads acting on tower and nacelle can be defined as drag force,
while the loads on rotor consists of both lift and drag loads which can be
calculated with different level of accuracy and efficiency: 1D momentum
theory, 2D blade element momentum (BEM) theory and 3D blade structure
with a Navier-Stokes’s solution etc [73]. Currently, most of the available
numerical tool for floating wind turbines are based on BEM theory to cal-
culate aerodynamic loads including SIMA and HAWC2 which are used in
this study.

35
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or(l+a’)
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Figure 3.1: Local element velocities and flow angles

The BEM theory is based on coupling momentum theory with blade
element theory, which considers the flow across a given section as two-
dimensional. Since the blades are slender structures and the span-wise ve-
locity component is much lower than the stream-wise component, the forces
at a specific point on the blades can be calculated based on two-dimensional
aerodynamic properties with lift force, drag force and pitching moment on
each element [74]. It can be illustrated by breaking the blades into many
elements along the span as shown in Figure 3.1 where 0 is the local twist
angle which is the sum of original section twist angle and blade pitch angle,
r is the distance to the center of rotation, w is the rotating angular velocity,
Vb is the wind velocity perpendicular to the rotor plane, ¢ is the flow angle
and « is the attacking angle which is defined as:

VWwl—a

=¢—0 t = — 3.1
« (z) Y an(z) wr 1 + a/ ( )
where a and a’ are axial and rotational induction factors given as:
4sin’¢. , 4 sing cosg._,
=1 - =|-14 —]~ 3.2
a= [+ ZE0T = 1 S (32)

where o is solidity, normal and tangential force coefficients are defined as
C,, = Cr, cosp — Cp sing, Cy = C, sing — Cp cos¢ respectively. At last, the
lift and drag coefficients can be described as:

o Cp(a) = /o

C
L(a) 0. 5p‘/;elc 0. 5'0‘/;’616

(3.3)
where fr, and fp are lift and drag loads on the section, p is air density,

c is chord length of the section, V,; is the relative wind velocity which is
defined as:
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The above equations serves as the basis of classic BEM theory which are
based on several assumptions [74]. For example, the flow over the blades is
assumed to be in equilibrium all the time, which disregards the dynamics
of the wake. Pressure gradients in the span-wise direction of the blade are
ignored which will lead to a difference when the tip speed ratios are high.
In practice, several extensions can be made to the BEM theory in order to
handle more features, such as dynamic inflow, skew inflow, shear effect on
induction, large blade deflections, tip loss correction, dynamic stall etc. In
particular, three models are available to account for dynamic stall: Stig Qye
model which accounts for stall separation lag, modified Beddoes-Leishmann
model which also considers the effects of shed vorticity from the trailing
edge and ATEFlap dynamic stall model that calculates the unsteady lift,
drag and moment on a 2D airfoil section equipped with adaptive trailing
edge flap. In this thesis, the modified Beddoes-Leishmann model is used
to account for the dynamic stall. The flexibility of tower and blades are
considered in the aeroelasticity calculation of the aerodynamic loads for
bottom-fixed offshore wind turbine. As for floating wind turbine, the plat-
form motion should also be considered in the dynamic analysis.

3.3 Hydrodynamics

The hydrodynamic analysis of an offshore structure normally consists of
determining the sea states at the relevant site depth; selecting applicable
wave theory; choosing appropriate hydrodynamic load computation method;
calculating structural response.

Ocean wave behaves quite differently at different water depths which as a
result requires different numerical models to properly describe its property.
At the same time, the hydrodynamic force model for offshore wind turbine
should be sophisticated enough to capture the structural complexity and
efficient enough to be engineering practical. Suitable wave theory and hy-
drodynamic load modelling method for semi-submersible FWT should be
carefully determined when the water depth is shallow. Normally, Morison’s
formula is used for slender structures while panel methods with potential
flow theory are used for large volume structures.

3.3.1 Wave theory

In reality, ocean waves are random, nonlinear and irregular which varies in
height, length, propagation speed and traveling directions. Wave theories
used to predict the wave kinematics can be divided into linear and nonlinear
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groups according to the simplification level of boundary conditions. The
theories differ in the functional formulation and in the degree to which they
satisfy the nonlinear kinematic and dynamic FSBCs.

A linear regular wave has a sinusoidal surface profile with small ampli-
tude and steepness, while a nonlinear wave has sharper crests and flatter
troughs. The nonlinearity of wave can be described by higher order bound
and resonant nonlinearities [75]. Bound nonlinearities are induced by higher
order nonlinear harmonics which are phase locked to the first order wave
component. They tend to modify the free surface profile by sharpening
the peaks and flattening the troughs. Resonant nonlinearities on the other
hand influence the energy distribution within the wave spectrum by ad-
justing the phases and amplitudes of the first order wave components and
produces new wave components satisfying the dispersion relation. The non-
linear regular waves can be described by Stokes, cnoidal, stream function or
solitary wave theories. The applicable water depth for various wave theories
is discussed in IEC 61400-3 [76] as shown in Figure 3.2. Horizontal axis is
a non-dimensional measure of depth shallowness and the vertical axis is a
measure of wave steepness.

H

o
0,05
Deep water breaking limit
HIL=10,14
0,02
0,01 —
0,9 Hy
0,005 Shallow water Stokes' 5 or
breaking limit stream function 3
Hid=0,78
0,002 —
0,001 —|
0,0005 —
Stream function
0,0002 — (I Linear/Airy or
[ A | stream function
0,000 1 —
0,000 05
I I I I I I I d
0,001 0,002 0,005 001 0,02 0,05 0,1 02 _1_2
&

Waves: | Shallow water | Intermediate depth Deep water
| |
f T T 1

Figure 3.2: Applicability of various wave theories [76]
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3.3.1.1 Linear wave theory

Linear wave theory also known as Airy wave theory is the most widely
used wave theory in offshore industry especially for medium and large wa-
ter depth. It is based on the assumption that the contribution from the
nonlinear terms in FSBCs is negligible. The mathematical expression can
be derived considering a incompressible, inviscid and irrotational fluid.

1. Laplace equation is the governing equation in the fluid domain:
V¢ =0 (3.5)

2. Considering wave elevation, n which is proportional to wave height H
is small, the FSBCs can be linearized and described at the still water
level (SWL) z = 0 instead of z = 7 using Taylor’s expansion. Dynamic
FSBC is written as:

2o B
5c = "9n on z=0 (3.6)

where the atmospheric pressure is assumed to be zero on the free
surface.

3. Kinematic FSBC is expressed as

on _ 99

5 = 5, OO z2=0 (3.7)

4. The impermeability condition, such as sea bottom and fixed body
surfaces is described as:
oo

5 =0 (3.8)

3.3.1.2 Fully nonlinear wave theory

According to Shao and Faltinsen [77], different from linear wave theory, fully
nonlinear wave theory provides more accurate mathematical expressions by
including the nonlinear terms at FSBCs which are written as:

 Fully nonlinear dynamic FSBC

96 1 _
a0 =91 5 ARV on z=n(z,y) (3.9)

 Fully nonlinear kinematic FSBC

on 09 — — B
il vé-vn  on  z=n(z,y) (3.10)
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Here \7 = za$+jay+k and 7 = Zax+-78y' 2, ] and k are unit vectors
along x-, y- and z- axis respectlvely

When a material derivative following an arbitrary velocity v = {v, vy, v, }
is introduced, the fully nonlinear FSBCs can be rewritten as:

D¢ 1 . _
D= 91— 5 Ve Ve+T-vé  on z=n(x,y) (3.11)

Dn 0¢ _
Dt = B ~vo-vn+{ve v} vn  on  z=mnlzy)  (3.12)

A semi-Lagrangian approach can be used by following the vertical ve-
locities of fluid particles on the free surface, which means in 2D case the
following FSBCs shall be applied in the numerical implementation:

D 0¢ 0 0¢ 0
O g 5767+ U022 uw)s on 2 =n(e) (313)

Dt

Dy _0¢ 96 on _
Dt = 8> Bs B (x)n on z=mn(x) (3.14)

Here u(x) is a damping coefficient to dissipate the energy of the waves
which exists only in the damping zone at the end of the numerical wave
tank.

Except linear Airy wave, the other periodic wave theories shown in Fig-
ure 3.2 are restricted to a regular form which makes them not suitable to
represent the realistic irregular wave realizations. Meanwhile, linear wave
theory is formulated on the basis that only the linear terms are kept in
FSBCs while nonlinear terms are totally neglected. It can provide good
estimation of the wave kinematics for small waves in deep water. However,
the wave profiles will become quite nonlinear due to the significant contri-
bution from nonlinear terms when the wave height increases or water depth
decreases. In such case, fully nonlinear wave theory can provide better
description of wave profiles and water particle kinematics. Therefore, irreg-
ular wave train simulated from fully nonlinear models is supposed to be the
best wave option to describe large waves in shallow water. The difference
of structural response when exposed to irregular linear and fully nonlinear
wave is one of the main focuses of this study.
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3.3.2 Wave kinematics

Wave kinematics including wave elevation, velocity potential, velocity and
acceleration of wave particles are important properties of ocean waves. A
proper handling of the wave kinematics data can not only guarantee the
accuracy of the calculation of the hydrodynamic load but also increase the
efficiency of the process.

3.3.2.1 Wave generation

The fully nonlinear wave kinematics in this thesis is generated using 2D
HPC method which is developed by Shao and Faltinsen [77, 78, 79]. It is a
potential flow solver dividing the fluid domain into quadrilateral cells asso-
ciated with harmonic polynomials which are used to describe the velocity
potential in each cell. An explicit 4* order Runge-Kutta method is applied
to integrate the FSBCs in time to update the wave elevation and veloc-
ity potential on the free surface. Wavemaker at left end of the numerical
wave tank is used to generate the target waves. A sudden start of a wave-
maker will introduce instability and breakdown of the simulation eventually.
Thus, a ramp function r(t) is applied to the wavemaker signal s(¢) so that
the modified signal becomes s(t) = 5(t) - r(¢). In this study, the following
ramp function is applied

r(t) = {é[l - COS(FTTLW )]s t < Tramp

3.15
1’ t > Tramp ( )

Here T}.4pp is the duration of the ramp, which is taken as 2 times of
the peak period T}, of the wave spectrum. A numerical damping zone is
implemented at the end of the numerical wave tank to dissipate the energy
of the waves. A quadratic function, which has been suggested by Ning and
Teng [80] is applied:

xT

o= (W 2

0, r < myp

Here « is the coordinate measured from the location of the wavemaker.
xp is the location where the damping zone starts and )\ is the length of the
damping zone. The length of the damping zone and the damping strength
1o are so chosen to minimize the wave reflection from the wall at the end
of the tank.

A free-surface filter is implemented in order to simulate nonlinear steep
waves over a long time duration without any instability developing. Without



42 Numerical modelling and analysis method

such a filter, sawtooth instability will eventually occur for waves over a
certain steepness as consequence of aliasing effects due to the quadratic
terms in fully nonlinear free surface conditions. In this study, the simulated
wave elevation along the numerical wave tank is projected into wave number
space through FFT technique, and the following filter is then applied to the
resulting wave numbers

k

— ko)ﬁ) (3.17)

v(k) = exp(—(

Here ky is a reference wave number, which normally corresponds to
a characteristic wave number of the considered wave spectrum. In this
study, ko is taken as k,, which is the root of the dispersion relationship
w2 = kyh - tanh(kyh). Here w, = 2m/T), h is the water depth. « and 3 are
constant coefficients.

Hs=15.24m, Tp=17.00s Hs=15.24 m, Tp=17.00 s

0 20 30 40 50 60 70 0.0 0.5 1.0 15 2.0 2.5
kikp w(rad/s]

(a) Filter strength (b) Cut-off of wave spectra

Figure 3.3: Wave generation

An ideal filter should be able to sufficiently remove energy from very
short waves while keep the important waves unchanged. « and § are deter-
mined through v (kpaz) = 0.01 and y(kpnin) = 0.99 which indicate that the
filter takes away 99% wave amplitude from a short wave with wave number
kmaz and only 1% wave amplitude from a wave with wave number k.
In this study, kmaer = 27/(4Ax) and kpy = 27/(10Ax) are used in all the
analysis with irregular waves. Ax is the size of the element along horizontal
direction of the numerical wave tank. Figure 3.3 (a) is an example of the
filter strength (k) as function of k/k, for a sea state with Hy =15.24 m
and T, =17.0 s. The filter strength is dependent on the discretization and
the characteristic wave number kg = k,. The horizontal discretization is
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defined with Az = Z‘—S = i—’; . %, which means that 40 elements are uni-
formly distributed within a characteristic wave length, which corresponds
to the peak-frequency of the spectrum. According to figure 3.3 (a), the filter
completely removes energy for waves with k/k, > 40 while it has almost no
effect for waves with k/k, < 20.

When a wave spectrum is used to generate irregular waves in the time do-
main, it is common practice to truncate the wave spectrum by a lower-limit
frequency w; and upper-limit frequency w,. The cut-off frequency limit in
this thesis is determined mainly based on two aspects: the important waves
containing most of the energy cannot be cut off and extremely short wave
which requires quite fine mesh should be cut off in order to avoid numerical
breakdown and increase of CPU time. As recommended by Stansberg et
al. [81] and DNV-RP-C205 [82], the cut-off limit defined in this study is:
wy = +/29/Hs and w; = 0.4%w,, which leads to only 1.1% loss of the zero-th
moments of the wave spectra for the condition. The vertical dashed lines in
Figure 3.3 (b) represent the cut-off frequencies while the red lines represent
the wave spectra.

3.3.2.2 Polynomial fitting method

The velocity potential, wave elevation, velocity are directly calculated from
2D HPC wave tank, while acceleration is available by post-processing ve-
locity and grid deformation. All the grids are fixed in the tank in linear
wave making problem, while the grids deform vertically in nonlinear case as
shown in Figure 3.4, which leads to the different technique when calculating
the acceleration.
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Figure 3.4: Example of boundary-fitted grid, which deforms with the instan-
taneous wave profile [17].

Bernoulli’s equation is only valid in an inertial system. Therefore, ma-
terial derivative is introduced to calculate the acceleration [72]:
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U _ U

ot 6t

Since the grid deformation only appears in vertical direction, Equation
3.18 can be further written as:

U U 9z U
2 (3.19)

where U is the velocity, % is the relative velocity representing the grid

deformation in vertical direction.
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Figure 8.5: Horizontal velocity of wave particles

The wave kinematics data obtained from the wave tank at each time step
is expressed at discrete grid points across the whole wave field. Figure 3.5 is
an example of the horizontal velocity of wave particles in the wave field with
corresponding horizontal and vertical coordinates at a certain time step.
At the same time step, there are three other similar figures representing
vertical velocity, horizontal acceleration and vertical acceleration which are
not shown here. It takes about 18 hours to generate a 1 hour irregular wave
realization with 148 grids horizontally and 22 grids vertically on a normal
computer when only 2 processors are engaged. However, the size of resulting
wave kinematics files including wave elevation, velocity and acceleration in
both horizontal and vertical directions is around 8 Gbyte, which exceeds
the memory requirement of the simulation tool for wind turbine, HAWC2
in this study. Besides, huge occupation of virtual memory will slow down
the computation especially for floating wind turbine whose element number
is normally very large.
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Table 3.1: Polynomial function

order polynomial
0 1
1 T oz
2 2 xz 22
3 2 2%z zz 23
n " xnflz :L.n7222 1’22”72 xznfl P

Accordingly, a polynomial fitting method to deal with the wave kine-
matics is developed. First of all, the vertical and horizontal dimensions of
the wave field are determined by water depth and footprint of the mooring
system respectively. Normally, it is sufficient to use 50 grids horizontally per
wavelength and 30 grids along water depth. Then the whole wave field is di-
vided into a number of horizontal divisions based on the wavelength. Within
each division, a 2 dimensional polynomial function representing horizontal
and vertical coordinates up to a certain order n is introduced as shown
in Table 3.1. The corresponding coeflicients using least-squares method are
calculated and arranged in a descending power regarding x coordinate. As a
result, the kinematics data at each time step can be expressed in a function
form instead with location coordinates as input variables:

U=cz" +02xn_12’ + ... FCrmin(nt2) _21‘2’”_1 +Cntr1)(nt2) _1Zn +Cntr1)(nt2) (3.20)
2 2 2

Here z represents horizontal coordinate, z represents vertical coordinate and
¢; 1s corresponding polynomial coefficient.

In nonlinear wave problem, the vertical coordinates of the grid points can
be directly applied as input for z, since the grids deform vertically following
instantaneous wave elevation up to the free surface. Meanwhile, in linear
wave problem, the grid is fixed and the kinematics is calculated below mean
water level. Therefore, Wheeler stretching method is applied to obtain the
kinematics up to the free surface by scaling vertical coordinate:

/ d
z = (z 77)d+77 (3.21)
where z is original grid coordinate, 2 is scaled coordinate, 7 is the instan-
taneous free surface elevation and d is water depth.
As a result, the wave kinematics at any locations in the whole wave field
at each time step can be calculated based on Equation 3.20, which include
not only the original grid points directly from the wave tank as shown in
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Figure 3.6: Fitting surface and original data

Figure 3.5 but also at the locations between the grid points. The resulting
wave kinematics information can be expressed with a fitting surface where
different color represent different amplitude of the kinematics. Figure 3.6 is
an example of the fitting surface for horizontal velocity and it can be seen
that the velocity between the grid points are available as well represented
by the fitting surface. The same procedure is applied to acceleration and
velocity in both horizontal and vertical directions.

In the end, the original wave kinematics expressed at discrete grid points
are replaced by coefficients ¢; and corresponding polynomial functions z;,
z; representing horizontal and vertical coordinates. The size of data is de-
creased from 8 Gbyte to 1 Gbyte for a 1 hour irregular wave problem using
148 grids horizontally and 22 grids vertically, which fulfills the memory re-
quirement of HAWC2 to import pre-generated wave kinematics. The order
of the polynomial function applied should be carefully chosen in order to
achieve good result especially for irregular wave problems whose variation
of wave kinematics is harder to predict.

3.3.3 Hydrodynamic load modelling

Once proper wave model is determined, the resulting hydrodynamic load on
the structure can be calculated using different theories mainly depending
on the size of the structure. Radiation/diffraction theory and Morison’s
equation are widely applied in current offshore industry because of their
accuracy and efficiency.
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3.3.3.1 Radiation/diffraction theory

Radiation/diffraction theory is mainly for large-volume structure to describe
the wave-body interaction. It is used to study second-order wave load effect
in this thesis [66]. A linear radiation/diffraction theory solves the Laplace
equation in the fluid domain with linearized boundary conditions. The
solution consists of independent velocity potentials representing incident,
diffraction and radiation wave problems which are expressed with frequency-
dependent added mass, damping and restoring coefficients in frequency do-
main. The results can be further applied in time domain simulation through
Cummins equation [83]. Take a floating single degree-of-freedom system in-
cluding mooring system as an example, the motion equation in time domain
can be written as:

t

(M+A)E(t)+ / K(t—7)E(7)dr+CE(1)+K(Z(t)) = FIEFD (1)4 FAcro+Drag (i),

’ (3.22)
where M is the mass matrix of the body, A is the added mass matrix at
infinite frequency, x(t—7) is the retardation function consisting of frequency-
dependent added mass and damping coeflicient, C is the hydrostatic restor-
ing matrix, K(Z(t)) is the nonlinear restoring matrix from the mooring sys-
tem, FFEK ig the Froude- Krylov force, FP stands for the diffraction force
F FAero | is the aerodynamic load and F #Drag is the viscous drag force, &, a: i
are the displacement, velocity and acceleration.

Based on linear radiation/diffraction theory, the first-order wave load
can be solved at the mean position of the body with linearized boundary
conditions and the resulting loads and motions oscillate with the incident
wave frequency. second-order wave loads on the other hand are proportional
to the square of the wave amplitude and the frequency is equal to the sum or
the difference of incident wave frequency pairs. Generally, the second-order
hydrodynamic load is small in magnitude but it may lead to the resonance
of structure with large response. When it comes to loads and motions of a
semi-submersible platform, the second-order difference-frequency load also
known as wave drift load becomes important consisting of mean wave drift
load and slowly-varying drift load.

The second-order wave loads can be described by either full QTF method
or Newman’s approximation. Similar to response amplitude operator (RAO)
to each individual wave component for the first order problem, QTF is based
on each pair of wave components and represents the contribution from the
wave pair to the second-order wave load. QTF is expressed with a complex-
valued function of wave directions 81 & 2 and wave periods 7 & 7o of
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the wave pair. Then the difference-frequency second-order wave loads are
the sums of contributions from all the combination of wave pairs in the sea
state:

Farige =Y > R{Qa(Bi, Bj,7i,75) - ai - a; - ewp [iw; — w;)t — (¢i — ¢5)]} (3.23)

i=1 j=1

where R means taking the real part of the complex number, Qq(8;, 55, i, 75)
is wave drift QTF for wave components ¢ and j, a; and a; are the wave
amplitudes, w; and w; are the wave frequencies and ¢; and ¢; are the wave
phases.

Figure 3.7: Mesh of floater and free surface in HydroD

Despite QTF can provide an accurate estimation of second-order wave
loads, the calculation of QTF is however quite intensive because it not only
involves analysis in diffraction/radiation code for N*(N+1)/2 wave pairs
but also calculates the double summation in Equation 3.23. The computa-
tion in numerical code normally requires an additional mesh of free surface
as shown in Figure 3.7. Newman’s approximation on the other hand only
requires wave pairs of equal direction and periods which are the diagonal
values of the full QTF data representing the mean wave drift load. The
off-diagonal values defining the slowly-varying drift load are thereafter ex-
trapolated based on the diagonal terms, which reduces the calculation time
significantly.

Newman’s approximation can provide accurate result for low difference
frequencies when Aw =|w; — wj| is small, which normally is the case for
massive structures such as barges or FPSO in surge, sway and yaw, and for
which the drift forces in regular wave are large. However, the accuracy is
limited for responses whose natural period is small such as heave, roll and
pitch for slowly-varying resonant excitation forces. Since the second-order
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incident potential is not taken into account at all for Newman’s approxima-
tion, there may be inaccuracy in shallow water calculation even for small
Aw, which has been demonstrated by You (2012) [50] and de Hauteclocque
et al. (2012) [84].

3.3.3.2 Morison’s equation

The structure can be considered as slender structure when the diameter-
to-wavelength ratio is less than 1/5. Under such case, Morison’s equation
which is a semi-empirical method can be used to calculate the resulting
hydrodynamic loads. It has been mostly applied on slender vertical surface-
piercing cylinders such as monopile and spar. Some recent research results
also proved the applicability for small-diameter floating wind turbine like
semi-submersible in high sea states compared to model scale measurements
[85]. The hydrodynamic loading according to Morison’s equation is ex-
pressed in terms of the undisturbed fluid-particle velocity and accelerations
which provides a straightforward manner to consider nonlinear wave kine-
matics models and it is used to study fully nonlinear wave load effect in
this thesis [86, 87, 88]. The wave force dF' on a strip of length dz of a rigid
moving circular cylinder can be written as:
9 .
U gz )T (Crr = 1) Sz + £ CpD iy — ] (i — )z
(3.24)
where D is the cylinder diameter, u,, is velocity of the undisturbed incident
wave, T is velocity of the moving of cylinder, Cp is the drag coefficient and
C\s is the inertia coefficient which is related to the added mass coefficient
Capas Cy =Ca+1. Cp and C)y are dependent of several parameters such
as Reynolds number, the roughness number and the Keulegan-Carpenter
number. They should be determined empirically and C}; specifically can
be determined according to the result from potential flow theory. In conclu-
sion, Morison force as shown in Equation 3.24 can be interpreted as three
component: Froude-Kriloff force, hydrodynamic added mass force and drag
force.

D2
T Cor

dF =r= a TP

3.3.3.3 Computational fluid dynamics

Computational fluid dynamics (CFD) method with proper turbulence mod-
elling considered as a highly sophisticated numerical method to study float-
ing wind turbine can inherently takes into account relevant linear and non-
linear hydrodynamic effects including viscous effects [57]. Despite the ac-
curacy in hydrodynamic wave modeling with CFD method, high computa-
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tional effort is expected which still requires a lot of effort before engineering
application. CFD method is not the focus of this study, therefore only a
brief introduction is given in this section.

A numerical CFD code normally consists of a fluid-structure interaction
part which solves Navier-Stokes equations and a structural part which mod-
els the structural components. Navier-Stokes equations supplemented with
continuity equation is the basis for CFD method which can be written as
follows for incompressible flows:

ou

p<8t+v-(uu)>Z—Vp+pg+v-ﬂ(vu+VuT)+F (3.25)

v u=0 (3.26)

where p is the density, u is velocity, g is gravitational acceleration, p is
dynamic viscosity, p is pressure and F is the force term that couples the
fluid-structure part with the structural part. The Navier-Stokes equations
are analytical equations and discretization is needed to be implemented into
numerical codes. Typical discretization methods include finite difference
method, finite element method and finite volume methods.

3.4 Mooring dynamics

Finite element method (FEM) approach is normally used in the numerical
code to model the mooring line [89]. The modelling technique for catenary
is to use 3-D bar element which consists of a node with 3 spatial degree
of freedoms at each element end. For catenary mooring consisting of chain
link or steel wire rope, the numerical model is specified in terms of sequence
of segments with homogeneous cross sectional properties. Cross sectional
component type, length and number of elements to be used for finite el-
ement discretization are specified for each segment. The seafloor contact
is modelled by nonlinear stiffness which is implemented as springs at the
nodal points that may touch the seafloor. The horizontal contact force with
the seabed will be modeled as independent with respect to axial and lateral
direction.

With respect to the current conservative approach of fibre rope analy-
sis in offshore industry as mentioned in Section 2.4, many recent research
projects have been launched with the objective to improve the modelling
method for safe and reliable fibre rope mooring system. Among them, Sy-
rope JIP [68] project led by DNV GL provided specific and practical guide-
lines based on extensive laboratory testing.
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Figure 3.8: Syrope model for synthetic fibre rope [68]

The 'Syrope’ model as shown in Figure 3.8, was proposed in the JIP
[68] to better describe the tension-stretch and axial stiffness characteristics
for synthetic fibre rope used in mooring analysis. Based on the results from
full scale testing, the ’Syrope’ model can be interpreted as a combination of
four curves:

e Original curve represents the tension-stretch relationship during the
first, rapid loading of the new rope, which can be considered as the
upper limit of the tension-stretch curve.

» Original working curve represents the stationary curve when the
rope is at the mean tension with permanent stretch taken out.

e« Working curve represents the curve when the rope is at a lower
mean tension than the previous historical maximum mean tension.
In a stationary sea state, the working curve is determined by the
historically highest mean tension level while the exact working point
on the curve is determined by the mean tension level.

e Dynamic stiffness represents the slope of the linearized stiffness
curve for a given mean tension. It increases with mean tension and
is used to calculate the tension dynamics due to low-frequency (LF)
and wave-frequency (WF) top end motions.

More details about the model can be found in [68] while the determi-
nation of static and dynamic stiffness is focused in this paper. The static



52 Numerical modelling and analysis method

stiffness is represented by the nonlinear working curve depending on previ-
ous highest mean tension. It describes a nonlinear relation between mean
tension and mean stretch which is used to estimate the offset due to mean
environmental loads. The dynamic stiffness, applied for both LF and WF
load effects, is linear and increases with mean tension. The proposed models
are linearly dependent on mean tension only. The analytical expression of
the linearized static stiffness F A5 can be expressed as:

o dTimean
 de

where € is stretch, MBS is minimum breaking strength of the rope, Tinean
is the mean tension, a and b are constants estimated from full scale testing.
It is a linear differential equation and the solution is a nonlinear exponential
relation between the mean tension and the stretch. By assuming zero mean
tension for zero stretch, it can be further described as:

EA, =a Tyean +b- MBS (3.27)

Tinean _ é
YEBS - 2 lexp (a-€) — 1] (3.28)

The analytical expression of the linearized dynamic stiffness, FAy is ex-
pressed as:

dTayn

de
where Tueqn is the mean tension determined from previous static analysis
using linearized static stiffness, f and ¢ are constants estimated from full
scale testing. Examples of linearized static and dynamic stiffness curves are
given in Figure 3.9.

Static stiffness is nonlinear with stretch (Equation 3.28) while both static
and dynamic stiffness vary with mean tension level and the mean tension
is also influenced by the stiffness. Drawing lessons from [90], the mooring
analysis procedure applied in this thesis work is explained as follows:

EAy = = f Thean + g MBS (3.29)

e Step 1: Determine the parameters of the static and dynamic stiffness
models; i.e. a, b, f and g. Select pre-tension and determine anchor
positions.

e Step 2: Perform static analysis where wind turbine is exposed to
mean environmental forces using the nonlinear static stiffness model
in Equation 3.28. Calculate mean offset and mean tension in the lines.

» Step 3: Based on the mean tension in each line, calculate the dynamic
stiffness and apply them in the final dynamic analysis of the mooring
lines to document dynamic tension.
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» Step 4: Calculate total tension by adding the results from Step 2 and
3.

Fibre rope stiffness
: : :

L ~e-Linearized static stiffness
—+Linearized dynamic stiffness|

EA/MBS ()

Mean tension / MBS (-)

Figure 3.9: Linearized static and dynamic elastic stiffness of fibre rope.
Typical curve shapes from full-scale *Syrope’ testing and internal work in
Equinor. [91]

3.5 Fully coupled analysis method

The analysis of floating wind turbine system is a complicated process which
should consider many aspects such as turbulent wind field, nonlinear wave
loading, nonlinear structural behaviour, mooring line dynamics and servo
control etc. Therefore, it is recommended to perform fully coupled aero-
hydro-servo-elastic dynamic analysis to capture the nonlinear responses [92].
The dynamic motion equation of the floater can be written as:

(M + Ace)i () + /0 k(t—7)a(r)dr + (Ko (x, )+ Kp)x(t) = q(t, 2, %) (3.30)

where M is the mass matrix, A is the added mass matrix at infinite
frequencies, k(t — 7) is the retardation function which is calculated from
frequency-dependent added mass or potential damping, K}, is the hydro-
static restoring matrix, K, is the nonlinear restoring matrix from mooring
system, z, &, are the displacement, velocity and acceleration, g is the ex-
ternal force which includes wave excitation force, wind force and any other
external forces. All the forces are functions of floater motions, velocities
and acceleration, in addition to time. The aerodynamic and hydrodynamic
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loads and corresponding structural responses are considered simultaneously
in the coupled time-domain analysis, including the wind turbine controller.

The Newton-Raphson iteration is used to achieve equilibrium at every
time steps between external and internal forces. The solution of Equation
3.30 in time domain can be obtained through an incremental procedure
using the dynamic time integration algorithm. Every sub-solution is calcu-
lated by utilizing the start condition from previous time step and assuming
a new motion pattern, which will make the solution become the start condi-
tion for the following time step. The Newton-Raphson iteration is normally
used to calculate equilibrium at every time steps between external and in-
ternal forces. It recalculates the mass, damping and stiffness matrices at
each iteration cycle and the phases between wind and wave excitation and
structural responses can be reasonably considered. Meanwhile, all sources
of damping, e.g. aerodynamic, hydrodynamic, soil and structural damping
can be included correctly. Moreover, the variation of wind turbine loads
due to the change of rotor speed or blade pitch angle through the controller
could be properly considered as well.

3.5.1 Numerical tools

Currently, a number of numerical analysis tools are available to perform cou-
pled dynamic analysis for FWT. Some of them originate from wind industry
while others are originally from offshore industry. Table 3.2 summarizes the
features of some popular existing numerical codes [93].

Table 3.2: Overview of offshore wind code capabilities

Code Developer Aerodynamics Hydrodynamics Mooring
SIMA  SINTEF Ocean (BEM' or GDW?)+DS? PF°+ME® FEM™ /Dyn™?
HAWC?2 DTU (BEM or GDW)4DS PF/ME FEM/Dyn
FAST NREL (BEM or GDW)+4DS PF+QD” Qs'?
Bladed GH (BEM or GDW)+DS  ME+4(IWL341P?) QS
OcraFlex Orcina BEM or GDW or FDT* PF+ME LM /Dyn

1 - blade element momentum; 2 - generalized dynamic wake; 3 - dynamic stall; 4 -
filtered dynamic thrust; 5 - potential flow; 6 - Morison’s equation; 7 - quadratic drag;
8 - instantaneous water level; 9 - instantaneous position; 10 - finite element method;
11 - dynamic; 12 - quasi-static; 13 - lumped mass.

In this thesis, the numerical codes used include existing tools as well as
self-developed code packages and the time-domain simulations are mainly
carried out in SIMA and HAWC2.
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SIMA

SIMA (Simulation of Marine Application) developed by MARINTEK
(SINTEF Ocean) is a simulation and analysis tool for marine operations
and floating systems from modelling to post-processing [94]. For the time-
domain dynamic analysis of FWT, three main built-in modules are engaged:
Simo, Riflex and AeroDyn. Simo bodies are used for large-volume hydro-
dynamic calculations based on frequency-domain potential flow coefficients
and distributed Morison elements. Riflex is used to model the mooring sys-
tem, tower, shaft and blades as flexible beam elements according to finite el-
ement formulation. AeroDyn handles the aerodynamic forces and moments
on the blades based on the BEM (Blade Element Momentum) theory. The
fully coupled aero-hydro-servo-elastic analysis is achieved through links be-
tween separate modules. In this thesis, SIMA is used to compare different
mooring design concepts (Paper 1) thanks to its capability to model clump
weight and buoy. It is also used to compare Newman’s approximation and
full QTF method regarding second-order wave effect (Paper 2).

HAWC2

HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd genera-
tion) is an aeroelastic code developed at DTU Wind Energy which is in-
tended to calculate the response of offshore floating and fixed wind turbines
in time domain [95]. In HAWC2, multi-body formulation is the basis of the
structural modelling strategy and each body is modeled using a number of
Timoshenko beam elements. The coupling constraints connecting individ-
ual bodies make it possible to account for the nonlinear structural effects
due to body rotation or deformation. The aerodynamic modelling is based
on BEM theory and was extended by Hansen et al. [96] to include dynamic
stall, skew inflow and operation in sheared inflow etc. The hydrodynamic
load can be calculated by either potential flow theory or Morison’s equation.
Buoyancy loads are included through integration of external pressure con-
tribution and inserted as concentrated forces on end nodes and distributed
forces over conical sections. Higher-order hydrodynamic effects include non-
linear wave kinematics, instantaneous water level, instantaneous structure
position. Mooring lines can be modelled with either quasi-static or dynamic
manner [97]. HAWC?2 in this thesis is mainly used to study the fully non-
linear wave effect (Paper 3, 4 and 5) on FWT.

The wave kinematics applied in HAWC2 are provided externally through
a DLL interface named Wkin.dll. In the current version Wkin.dll 2.4, the
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input wave types can be: linear airy waves with Wheeler stretching; irregular
Airy waves based on JONSWAP or PM spectrum with directional spreading;
stream function wave and pre-generated wave kinematics.
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Figure 8.10: Wave field structure of wkin.dll in HAWC2

When importing pre-generated wave kinematics, the wave field that
Wrkin.dll 2.4 is able to handle can be considered as a one dimensional field
since the data are imported at discrete grid points at only one horizontal
location along the water depth as the red part in Figure 3.10. The wave
kinematics variation only exists in one dimension. The kinematics at any
point and the wave elevation are linearly interpolated using the neighbour-
ing points. This works sufficiently for bottom fixed wind turbine such as
monopile where only the wave kinematics at the centre of the structure is
needed since the movement of monopile is very small.

However, it is not applicable for floating wind turbine where the variation
along horizontal direction is needed as well due to the mooring system.
Therefore, the Wkin.dll 2.4 is further extended in this thesis to include wave
kinematics variation in horizontal direction in order to implement on floating
wind turbine (green part in Figure 3.10). It is named Wkin.dll 2D because
it is able to handle wave field in two dimensions. Wave elevation is linearly
interpolated at different horizontal locations. The wave kinematics including
velocity and acceleration are first calculated in numerical wave tank and
then fit into polynomial coefficients to scale down the size as introduced
in section 3.3.2.2. The extension of the wave field from one dimensional
to two dimensional makes it possible to perform hydrodynamic analysis for
floating wind turbine using pre-generated wave kinematics method, which
is the basis for fully nonlinear wave effect study.
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3.6 Fatigue damage calculation

Fatigue analysis can be performed in frequency domain with acceptable
accuracy and efficiency [98]. However, due to nonlinear loading, nonlinear
fluid-structure-interaction, the damping/excitation from wave-wind-induced
motions and nonlinearity of the responses, the fatigue analysis for floating
wind turbine is preferably performed in the time domain despite the com-
putational efforts [99].

The fatigue damage for mooring line and tower base due to axial stress
can be calculated using T-N and S-N curve methods respectively. The
total structural fatigue damage can be determined as the sum of the fatigue
damage that arises from each individual design sea state. The damage for
each sea state can be calculated based on Miner-Palmgren hypothesis by
adding together the damage from each stress or tension level.

Niotai

_ n;
D= Z N, (3.31)
J

where n; is the number of cycles at the j-th stress range in the time history
and NV; is the number of cycles to failure at corresponding stress range
according to the design curve. According to Wohler [100], the number of
cycles until fatigue failure (V) is given by:

N=JS™ or N=KT™ (3.32)

where N is the number of permissible cycles of stress or tension range,
J, K are the coefficients in the curves, m is the inverse slope factor and S
is the stress range while 7' is the tension range in the time history. The
number of load cycles can be determined using Rainflow counting method.
Normally, number of cycles to failure for high level stress cycles is fewer
compared to lower level stress cycles. If the applied stress level is below
the endurance limit of the material, the structure is assumed to be able to
function infinitely. Therefore a two-sloped S-N curve is normally preferred
to account for different stress levels [101].

3.7 Extreme value prediction

By taking a random stochastic process X (t) over a time period 7" as an
example, the extreme value of the process is defined as the largest maximum
from a sequence of individual maxima.

Xe = max {Xm1, Xm2, s Xmn } (3.33)
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where X, stands for the largest maximum value and X,,; represents the
individual maxima as shown in Figure 3.11. Based on the assumption that
all the individual maxima are independent and identically distributed with
a common distribution function Fx,,(z), the distribution for X, is described
as:

Fye(z) = Prob{X, < z} = [Fxm(z)]" (3.34)

Figure 3.11: Global maxima and extreme peak from time series

Several methods have been developed for predicting the extreme value
distribution, while two of them are used in this paper: type I asymptotic
extreme value distribution i.e. the Gumbel fitting method and ACER (av-
erage conditional exceedance rate) method.

Gumbel fitting method

When the sample number n is large enough, the extreme value distri-
bution Equation 3.34 has been proved that it will converge towards one of
three types of distributions : Gumbel, Fréchet and Weibull also known as
type I, II and III extreme value distributions whose cumulative distribu-
tion probability can be assembled as the generalized extreme value (GEV)
distribution:

T —p,_1
Fxe(x) =expq—1+ 7(7) Y (3.35)
Here p is the location parameter, o is the scale parameter and ~ is the
shape parameter. The limiting case when v — 0 will result in the Gumbel
distribution which is the most recommended model for marine structures
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[102].
Fxe(x) = exp(—exp(—a(z — p))) (3.36)

where « is the scale parameter and p is the location parameter which can be
determined by Gumbel probability paper method. Rewrite Equation 3.36
with logarithm of both sides, a linear function is introduced as:

—In[—In(Fxe(2))] = alz — p) (3.37)

Gumbel Probability paper
T T

% LC7-Linear-Data
—LC7-Linear-Fitted line
LC7-Nonlinear-Data
LC7-Nonlinear-Fitted line
+ LC8-Linear-Data T
—LC8-Linear-Fitted line
A LC8-Nonlinear-Data 4
—LC8-Nonlinear-Fitted line

Il
7 8 9 10 11 12 13 14 15
Extreme Wave Elevation, Xe

Figure 3.12: Gumbel probability paper

The cumulative distribution probability is represented by a straight line
in the probability paper where parameters a and p can be estimated by the
least-square fitting method of original data [103]. An example of Gumbel
probability paper for extreme wave elevation is shown in Figure 3.12.

Average conditional exceedance rate method

The average conditional exceedance rate (ACER) method proposed by
Naess and Gaidai [104] predicts the exact extreme value distribution by
building up a sequence of non-parametric distribution functions known as
ACER functions instead of the parametric distribution functions. It consid-
ers all the global maxima peaks while the dependence between successive
peaks in a sampled time-series are taken into account as well which makes
it available for both the stationary and non-stationary process.
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The extreme value probability distribution according to ACER method
is written as:

Fxe(z) = Py(z) = exp{—(N — k+ 1)é(x)} (3.38)

where k is the order of the ACER function which represents the immediately
preceding non-exceedances, £(x) is the empirical ACER function of order
k which is determined by fitting available global maxima peaks from time
series [105].
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Figure 3.18: ACER function for k=1,2,...,6

Figure 3.14: Confidence interval for ACER function with k=1
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The empirical ACER function follows the form:
é(x) = qi - exp{—ag(z — by)*}, x> xo (3.39)

Due to the fact that the ACER function behaves close to exp {—a(z — b)°} in
the upper tail region, the coefficients ay, by,c; and ¢, depending on the order
k can be determined by extrapolation using mean-square-error function:

N
F(qr, ag, by, cx) =Y pjlingk(@mi) — Ing + a(zmi—p)°|” (3.40)
=1

The weight factor p; is described as p; = (InCI*(x;) — InCI~ (z;))~2 where
it represents the 95% confidence interval:

TN 1.96
CI («Tmz)_gk( mZ){\/(N—k‘—Fl)gAk(gjml)} (341)

An example of the ACER function is given in Figure 3.13 representing the
empirical ACER function for different orders of k£ from 1 to 6. Notice-
able variation of ACER function with different order is discovered at lower
range of the individual maxima indicating the significant dependence be-
tween data points. However, the variation disappears in the tail region for
all functions which allows the first-order ACER function €3 (z) to be chosen
for extrapolation which involves most data for estimation and offers same
level of accuracy as higher order functions at the same time.

The empirical function £;(x) is presented in Figure 3.14 including the
95% confidence interval fitted by time series peaks as well as the estimation
from extrapolation scheme. Previous study by Fu et al. [103] shows that the
prediction is not sensitive to the choice of the tail marker xg which is used
to define the tail region, therefore the default value can be used. Finally, the
extrapolation scheme leads to the estimation of all the coefficients required
in ACER function.
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Chapter 4

Coupled analysis results

4.1 General

In this chapter, the environmental parameters defined in the load cases are
introduced. The performance of proposed mooring design concepts in shal-
low water as mentioned in Section 2.5 is compared and recommendation of
preferable proposals is also made (Paper 1). In addition, the dynamic re-
sponse characteristics of semi-submersible FWT in shallow water are inves-
tigated and demonstrated based on fully coupled time domain simulations.
It mainly addresses the second-order wave load effect (Paper 2) and the
fully nonlinear wave load effect which consists of proposing the numerical
code (Paper 4), verifying against well-known wave models (Paper 3) and
studying the fully nonlinear wave effect with perspective of fatigue damage
and extreme values (Paper 5).

4.2 Design load case

A number of representative load cases are selected in this thesis to perform
different analyses with different purposes. The environmental conditions
defined in the five appended papers are summarized in Table 4.1.

Paper 1: The load cases used to compare shallow water mooring design
concepts are referred to the wind and wave data at Statfjord site in the
Northern North Sea where a joint wind and wave distributions was estab-
lished by Johannessen et al. [106] considering 1-hour mean wind speed at
10 m above sea water level (Ujg), the significant wave height (Hs) and the
spectral peak period (7}).

63



64 Coupled analysis results

Table 4.1: Design load cases in the thesis

Uy H, Ty U. Seeds Time Turbine

m/s m s m/s - s Status
LC1 4 1.96  9.72 - 10 12000 Operational
LC2 8 2.53  9.85 - 10 12000 Operational
LC3 12 3.20 10.11 - 10 12000  Operational
LC4 16 397 10.44 - 10 12000 Operational
Paper 1 LC5 20 4.80 10.82 - 10 12000  Operational
LC6 24 5.69 11.23 - 10 12000 Operational
LC7 32 7.64 12.08 - 10 12000 Parked
LC8 40 9.77 12.95 - 10 12000 Parked

LC9 40 9.77 1295 1.0 10 12000 Parked

ULS-1  41.86 134 13.1  1.05 10 12000 Parked

Paper 2 yrgo 3887 156 145 105 10 12000  Parked
H6T7 - 6 7 - - 4200 Parked
Paper 3 H6T10 - 6 10 - - 4200 Parked
H12T15 - 12 15 - - 4200 Parked
Paper 4 ULS1 - 9.14 13.6 - 20 4200 Parked
ULS2 - 15.24 17 - 20 4200 Parked
LC1 4 1.96  9.72 - 10 4200  Operational
LC2 8 2.53 985 - 10 4200  Operational
LC3 12 3.20 10.11 - 10 4200  Operational
LC4 16 3.97 10.44 - 10 4200  Operational
Paper 5 LC5 20 4.80 10.82 - 10 4200  Operational
LC5.2 24 4.80 10.82 - 10 4200  Operational
LC6 24 5.69 11.23 - 10 4200  Operational
LC6-2 20 5.69 11.23 - 10 4200  Operational
LC7 40 9.77 12.95 - 20 4200 Parked
LC8 60 15.75 15.10 - 20 4200 Parked

foron,m, (w0, hs, tp) = fuie(wi0) - frgjue (hs | w10) « fr, 1,000 (p | hs, w10)
(4.1)
The joint distribution representing 100-year wind and 100-year wave
condition consists of a marginal distribution of wind speed Ujg, a condi-
tional distribution of Hy for given Ujp and a conditional distribution of
T, for given Ujp and H,. Design wind speed is first determined and the
expected significant wave height can then be calculated based on the con-
ditional distribution of H for given Ujg which is a two-parameter Weibull
distribution. Likewise, the expected spectral peak period 7T}, can then be
calculated according to the conditional distribution of 7, for given H, and
Uip as a log-normal distribution proposed by Johannessen et al. [106].
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The wind speed considered ranges from cut-in, rated and cut-out wind
speed. The turbulence intensity is determined according to IEC Class C
[76]. The vertical wind shear as the variation of the mean wind speed U,
with height z above the ground is considered using the normal wind profile
model proposed in [107]:

z
U(z) = Ures (=) (4.2)
Zref

where U,y is the reference wind speed and z..; is the height of the
reference wind speed and « is the power law coefficient. The reference
height is as the center of rotor and a was chosen to be 0.14 for floating wind
turbine based on IEC 61400-1 [107].

In addition, current load effect is also considered in Paper 1. According
to DNVGL-OS-E301 [64], the current can be categorized as tidal, circu-
lational, wind-generated, soliton and loop currents, depending on the site
location. A surface current speed (U,.) with 10-year return period is recom-
mended for mooring analysis. Based on the typical surface current speeds
as given in DNVGL-0OS-E301 [64], 1.0 m/s is chosen as a representative sur-
face current velocity in this paper. The variation is considered as a linear
profile from still water level to z= -50 m as shown in Equation 4.3. The
current is assumed to vanish at water depth deeper than 50 m and same
current profile is used for both 50 m and 200 m water depth.

50 + z
50

Ud(z) = 1.0- for —50<2<0 (4.3)
(5)

Paper 2: The two load cases used for comparing hydrodynamic load mod-
elling methods regarding second-order wave load effect are determined based
on the data at Norway site 5 [108]. The two extreme environmental condi-
tions corresponds to 50 years return period with one refers to the condition
with maximum mean wind speed and one condition with maximum signifi-
cant wave height. The current speed is defined as 1.05 m/s as representative
value for the Norway site 5.

Paper 3: The load cases used to verify the numerical code for studying
fully nonlinear wave effects are three wave-only regular wave conditions.
The most significant difference of the three sea states is the nonlinearity of
the wave considering wave steepness. Meanwhile, the first two sea states
represent moderate condition while the last one stands for severe condition.
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Paper 4: The two extreme load cases to study the fully nonlinear wave
effect on floating wind turbine are determined according to the original de-
sign load case definition for OC4 semi-submersible [25].

Paper 5: The environmental condition to study the effect of wave nonlin-
earity on fatigue damage and extreme responses are also determined based
on the wind and wave data at Statfjord site in the Northern North Sea which
is the same as Paper 1. The most probable normal operational conditions
with directionally aligned wind and wave are labeled as LCs 1-6 while LCs
7-8 are extreme conditions where wind turbine is under parked condition.
In addition, two more operational conditions with specific wind and wave
parameters are chosen to study the wind and wave effect labeled as LC5_2
and LC6_2.

4.3 Performance comparison of mooring designs
for floating wind turbine in shallow water

The mooring design concepts proposed for floating wind turbine in shallow
water as presented in Section 2.5 are compared in this section regarding
their overall performance. The OC4 semi-submersible [25] was selected as
the reference floating wind turbine to evaluate these mooring designs. The
mooring system consists of three mooring lines which spread symmetrically
about a vertical axis through the platform center with an angle of 120 degree
between each line. The fairlead is located at the top of the base columns
which is 14 m below the still water level as shown in Figure 4.1 where a bird
view of the mooring system is also given. The evaluation includes static
analysis, dynamic analysis and a preliminary cost analysis.

4.3.1 Static analysis

In the following analysis, mooring line tension refers to the total tension
when x-offset at fairlead is non-zero and its horizontal component is termed
horizontal tension. Similarly, pre-tension and horizontal pre-tension refer
to the case when the x-offset at fairlead is zero.

Pre-tension
Sufficient pre-tension can avoid large floater offset due to mean and LF

environmental load. It is influenced by the submerged weight of the sus-
pended mooring line for catenary mooring system and initial line stretching
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(a) Fairlead position (b) A bird view of mooring system

Figure 4.1: OCJ semi-submersible and its mooring configuration

for taut mooring system. The horizontal pre-tension for the seven designs
are listed in Table 4.2 where the value for 200 m is set as a reference. As
expected, the horizontal pre-tension for Model I1II is smaller compared with
other models because of the buoy attached to the suspended line.

Table 4.2: Horizontal pre-tension (KN)

200m I IIr 1II 1Iv A% VI VI
914 868 910 462 859 1048 1152 1145

Offset-tension characteristics

The tension properties of single mooring line are compared in Figure
4.2. Tt provides an example of the tension characteristics for mooring line
2 when it is exposed to increasing x-offsets in positive x direction as shown
in Figure 4.1 (b). According to Campanile et al. [30], the recommended
admissible floater offset to water depth ratio is 0.3 at 50 m depth, therefore
the static mooring line tension characteristics is compared up to 15 m offset.
The amplitude of typical low-frequency and wave frequency motions is in
the range between 2 m to 4 m for operational conditions, while the extreme
motion is just below 15 m as shown in Figure 4.5. The tension for the three
taut moorings increases linearly with increasing offset while the effect due
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to the implementation of clump weight and buoy is not significant. As for
the four catenary moorings, the tension increases linearly at small offset
while the increment becomes nonlinear at large offset. This is a typical
characteristics for catenary mooring system and it is more significant for
shallow water (50 m) than deep water (200 m) [66]. Among the four catenary
moorings, the nonlinear increment of Model I is the most noticeable due to
large unit weight while Model IV is the least noticeable thanks to the buoy
attached at the resting line. The performance of Model IV, V, VI, VII are
quite close to the reference model 200 m.

x10* Offset-tension

T T
=200 Chain 11 50 Chain-Clump =1V 50 Chain-Clump-Buoy =%=VI 50 Fibre-Buoy
=150 Chain =#=IlI 50 Chain-Buoy V 50 Fibre +VII 50 Fibre-Clump-Buoy

w

N
[$)]
T

4000

N
T
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N
o
-
N
w
IS

Horizontal tension at fairlead [KN]
)]

o
3

Horizontal offset [m]

Figure 4.2: Offset-tension relation for a single mooring line
Vertical angle

The issue regarding the angle between mooring line and vertical axis
has been introduced in Section 2.4. The change of the angle o (as shown in
Figure 2.7) for mooring line 2 with increasing x-offset at fairlead is shown
in Figure 4.3. Since the water depth is quite small (50 m) compared with
mooring line footprint (about 900 m), the stretched synthetic fibre rope
mooring line is almost parallel to the seabed with angle close to 90 degree,
while the influence of adding clump weight and buoy is quite limited. As for
the four catenary moorings in 50 m, the initial angles are around 60 degree,
indicating a significant catenary shape. As x-offset increases, the angles
starts to approach 90 degree indicating the loss of catenary shape and the
likely stretching of the line. Better performance is achieved by Model IV
because of the application of buoys. Meanwhile, the angle problem is not
significant for the catenary mooring in 200 m.
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Figure 4.3: Angle between mooring line and vertical plane

4.3.2 Decay analysis

Free decay test in calm water were performed to compare the natural periods
for the different concepts and the results are summarized in Figure 4.4. The
natural periods in heave, roll and pitch degrees of freedom (dof) are quite
close for different concepts while the natural periods for surge, sway and
yaw dofs vary significantly among different mooring concepts. In addition,
it is worthy noticing that the natural periods for horizontal dofs are larger
than typical wave periods. Therefore, difference-frequency wave effect is of
more interest than sum-frequency wave effect to check when second-order
wave effect is considered in the hydrodynamic analysis.

Natural period
120 T T T
200 Chain IV 50 Chain-Clump-Buoy
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[1]

Surge Sway Heave Roll Pitch Yaw

Time [s]

o

o

Figure 4.4: Natural period
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4.3.3 Dynamic analysis

The environmental parameters for the dynamic analysis are given in Table
4.1 labeled as Paper 1 where six operational conditions and three extreme
conditions are considered. The results are achieved for 3-h response by run-
ning each simulation for 12000 s while the first 1200 s is excluded because
of transient effect. Ten different realisations of turbulent wind and irregular
wave are generated for each load case to account for the stochastic variabil-
ity. The final statistics are taken as the average of the ten realisations. The
floater surge and pitch motion and mooring line tension are shown in Figure
4.5, while the rest of the results are available in appended paper 1.

In operational condition where the turbine is rotating, the mean value of
surge and pitch motions are clearly non-zero due to the mean wind and wave
force. As for extreme condition where the blades are feathered, the mean
wind force acting on the wind turbine is quite limited. Mean motions which
is then mainly due to second-order wave drift load or current load effect.
Surge response for the reference model in 200 m is in general larger than all
the models in 50 m. Mean value of surge motion is relatively large when wind
speed is around rated wind speed (LC3) or current load is considered (LC9)
while the standard deviation and maximum increase as wave becomes more
and more severe. For the seven designs in 50 m, the mean and maximum
value for Model III and IV are relatively larger than others, which will
directly influence the mooring line tension. The standard deviations for all
the designs are quite close. Similar to surge motion, the mean value of pitch
motion is also wind-dominated while the standard deviation and maximum
increase as environmental condition becomes more severe. There is no big
discrepancy from different models in all load cases even the taut mooring
systems do not show any disadvantages.

The tension of windward mooring line which is also the most loaded
mooring line is selected for comparison in Figure 4.5. The mean tensions for
Model I IT and IV are quite close while smaller value for Model I1I and larger
value for Model V VI VII are observed for all the load cases. Noticeable
standard deviation and maximum is found for Model I compared with others
in LCY. Similar surge motion leads to quite different maximum mooring
line tension in extreme condition is the best prove of different mooring line
behaviors when exposed to same environmental condition. Among the four
catenary designs, smaller extreme tension is obtained for Model IV thanks
to the implementation of buoy. As for the three taut moorings, the extreme
tensions are slightly higher than the catenary moorings.

Considering different capacity associated with different mooring materi-
als, utilization factor recommended by DNVGL-ST-0119 [109] can provide
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another perspective of tension responses to their material limit apart from
the direct comparison of the statistics. The utilization factor u is defined
as:

Tpret’)/pret + TC’—env’YenU

u= 5 (4.4)

where T} is the mooring line pre-tension, Tc_cp, is the characteristic
environmental tension due to mean, low-frequency and wave-frequency load
which is calculated as Thspar — Tpret, where Thrpas is the most probable
maximum tension, S¢ is the characteristic mooring line strength defined
as 95% of the minimum breaking strength Syrps, Ypret and Yen, are safety
factors which are set as 1.3 & 1.75 respectively in this study based on the
assumption of level 1 consequence class [109].

The resulting utilization factors for all the models in all load cases are
shown in Figure 4.5. First of all, all the utilization factors are below 1 which
means the line capacities are not exceeded for all the models and they are
close to 1 in the most extreme condition meaning that line redundancy is
within acceptable range. In operational conditions where the tension level
is small, the utilization factors for taut moorings are slightly larger than
catenary moorings. However in extreme conditions when the tension level
is high, the utilization factors for catenary moorings increase dramatically
compared with taut moorings. Speaking of individual mooring performance,
almost no difference is found among Model V VI VII and clearly better
performance is found for Model IV.

4.3.4 Cost analysis

Economic consideration plays an important role in the mooring decision.
The expense of an offshore wind project can be evaluated by capital expendi-
tures (CAPEX) and operating expenditures (OPEX) [7]. When a complete
time span is considered for different phases of the project, life cycle cost
analysis (LCCA) is preferred for evaluation. Since the focus of this thesis
is to compare different mooring design concepts for the same floating wind
turbine, the LCCA analysis will focus on the mooring system rather than
the whole wind turbine. In addition, the comparison is performed mainly
for manufacture and installation in LCCA. An elementary cost analysis is
performed in this study based on a number of different sources and the main
purpose is to provide a general cost-wise ranking of the seven mooring de-
signs. The total cost also takes into account the utilization factor of mooring
line as shown in Figure 4.5. Certain costs can be subject to variations given
particular project, location and timing.
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The detailed anchor capacity design is not the focus of this study, there-
fore anchors from well-proven industrial projects are referred. According to
[110], the price of a 17 ton Stevshark Mk5 anchor from Vryhof Anchors is ap-
proximately € 114000, while a 50 ton suction anchor costs around € 512500.

The price for mooring line is estimated according to the objective func-
tion in [111] which is based on data provided by Equinor. The prices for
chain, polyester and steel wire basically can be described by a common
expression with different coefficients.

Cost = Length * Weight * Price (4.5)

where length is given in m, weight in the air is given in N/m and the price
is given in €/N for different materials as shown in Table 4.3.

Table 4.3: Price for chain, steel wire rope and polyester fibre rope (€/N)

Chain  Steel wire rope Polyester fibre rope
Price 0.25 0.5 0.7

The price for two clump weights are estimated as heavy chain using
Equation 4.5 while the price for two buoys are estimated using data from
Defender [112] with a linear interpolation.

The installation procedure for all the models is assumed to be performed
by one large anchor handling tug supply vessel with sufficient holding ca-
pacity. According to [113], the installation time for a DEA anchor is about
8 hours including deck rigging, launching, lowering, seabed penetrating and
tensioning while it takes about 12 hours to install a suction anchor including
seabed penetrating and deck handling. Based on many other pre-defined
assumption as listed in [110], the baseline mooring system installation costs
for different concepts are obtained.

Table 4.4: Cost breakdown for mooring system (€)

Anchor Line u Clump Buoy Installation  Total

200 m  114k*3 236.8k*3  0.972 0 0 55k*3 1.20m
1 114k*3  1280.4k*3  0.982 0 0 55k*3 4.28m

I 114k*3 643.3k*3  0.992  70k*3 0 55k*3 2.63m
111 114k*3 643.3k*3  0.93 0 1.3k*3 55k*3 2.31m
v 114k*3 720.3k*3  0.654 70k*3 1.3k*4*3 55k*3 2.15m
A% 512.5k*3  185.5k*3  0.974 0 0 88k*3 2.34m
VI 512.5k*3  185.5k*3  0.977 0 0.8k*3 88k*3 2.35m
VII  512.5k*3  185.5k*3  0.997 37.5k*3  0.8k*3 88k*3 2.47m
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The total cost for all the mooring models are calculated in Table 4.4 by
summing up the manufacture and installation costs. The price is listed in
Euro (€), k stands for 10% and m stands for 10°. u indicates the utilization
factor of the mooring line as shown in Figure 4.5.

Generally, the catenary mooring is competitive regarding the cost of
anchor and installation but the capital cost for the mooring line is quite
high. The taut mooring on the other hand is favorable with respect to the
cost of synthetic fibre rope, however the cost for the suction anchor and
installation is quite high. Clearly, the cost of the reference model in 200 m
is quite low compared with the models in 50 m since the cost of the mooring
line is low. Model I is the most expensive model because of the high price
for the heavy chain. Model IV and V are more cost-competitive designs of
their types.

4.3.5 Conclusion and recommendation

From static analysis, heavy chain or clump weight have to be used in or-
der to achieve reasonable pre-tension. The tension for traditional catenary
mooring increases nonlinearly with increasing offset while the tension incre-
ment for fibre rope is linearly predictable. The implementation of clump
weight and buoy clearly improves the catenary concepts by decreasing the
size of mooring line and reducing the peak line tension. However, its benefit
is not significant for taut moorings. From decay analysis, the influence of
mooring system on the natural periods of the floater is more significant for
horizontal dofs (surge, sway and yaw) than vertical dofs (heave, roll and
pitch). From dynamic analysis, the extreme tension for pure chain mooring
is extraordinarily large. Judging from the mooring utilization factor, hybrid
catenary mooring (Model IV) clearly stands out. From the cost analysis,
the capital cost of mooring chain is high while the cost of its DEA anchor
and installation is relatively low. On the contrary, the cost of fibre rope
mooring line is quite low, however the cost for the suction anchor and in-
stallation is quite high. When combining with the utilization factor, Model
IV and V are cost-competitive concepts. The advantages and disadvantages
of the seven mooring designs are further summarized in Table 4.5.

In conclusion, considering both the structural performance and capital
cost, the hybrid catenary mooring concept made of chain and combined
with clump weight and buoy (Model IV) and taut mooring concept with
pure fibre rope (Model V) are preferable and recommended for floating
wind mooring design in shallow water in the future.
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Table 4.5: Summary of Pros and Cons for all shallow water mooring con-
cepts

Model Pors and Cons Recommend

I-Chain Mooring line is heavy, the extreme mooring line NO
tension is quite large and the cost is very high.

[1-Chain-Clump Clump weight can contribute to pre-tension, but NO

line tension in extreme condition is not improved.
The cost is lower than pure chain cable mooring.
III-Chain-Buoy Buoy can reduce the extreme tension, but it will NO
decrease the pre-tension. The reduction of ex-
treme tension is not significant.
IV-Chain-Clump-Buoy The merits of clump weight and buoy are in- YES
cluded. The extreme tension at large offset is
avoided. The cost is competitive thanks to lower
utilization.
V-Fibre Desired pre-tension is much easier to achieve than YES
catenary mooring. The tension increment is lin-
ear even for large offset. The cost is acceptable
considering its performance.

VI-Fibre-Buoy The effect of adding extra buoy to fibre rope is NO
quite limited.
VII-Fibre-Clump-Buoy The effect of adding buoy and clump weight to NO

fibre rope is not significant.

4.4 Second-order wave load effect

As described in Section 3.3.3.1, Newman’s approximation may provide sat-
isfactory results for massive structures in deep water compared with full
QTF method. However, it becomes inaccurate in shallow water where full
QTF is a better option. As part of the thesis work, both of the two meth-
ods are used to calculate the second-order difference-frequency wave load
for the CSC semi-submersible floating wind turbine and the comparison is
performed at three water depths (50 m, 100 m and 200 m). Two extreme
conditions with 50-year return period are considered as shown in Table 4.1
labeled as Paper 2. Four numerical models as shown in Table 4.6 are com-
pared, where Newman’s approximation is applied in horizontal plane i.e.
surge, sway and yaw while Full QTF method is implemented in all 6 degree
of freedoms (DOFs). Effect due to turbulent wind is also studied since it
is located at similar low-frequency range as the difference-frequency wave
effect. The details of the three reference mooring line models can be found
in appended paper 2 [66].
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Table 4.6: Hydrodynamic load models

No Wave Wind Current
First-order second-order

1 Included Not included Not included Included

2 Included  Newman’s approximation (3 DOFs) Not included Included

3 Included Full QTF (6 DOFs) Not included Included

4 Included Full QTF (6 DOFs) Included Included

The final results in ULS-1 condition are shown in Figure 4.6 and 4.7
regarding the spectrum and statistics respectively as an example. The wave-
frequency response is similar for different load models. As for the low-
frequency motion, Newman’s approximation clearly underestimate all the
motions compared with full QTF method. As for the mooring line tension,
the difference are not significant in 200 m where wave-frequency response is
dominating over low-frequency response. However, low-frequency response
becomes more significant at shallower water depth (100 m and 50m) where
Newman’s approximation underestimate the response compared with full
QTF method.

In conclusion, full QTF method is preferable over Newman’s approxi-
mation to describe second-order difference-frequency wave effect for semi-
submersible wind turbine in shallow water [66].

4.5 Fully nonlinear wave effect

As mentioned in section 3.3.1, fully nonlinear wave is better than linear Airy
wave to describe large wave in shallow water where nonlinear wave effect
becomes significant. The fully nonlinear irregular wave effect on monopile
wind turbine has been intensively studied by Schlger et al. [114, 115, 116]
using OceanWave3D [117] wave tank. However, it is more challenging to
apply fully nonlinear wave on FWT than BFWT in terms of accuracy and
efficiency. One of the reasons is that the footprint of floating wind tur-
bines is larger due to its mooring system which requires larger database
for pre-generated wave kinematics to be used in a global response analysis.
Normally the database is so large that it may exceed the virtual memory
limit of the simulation tool for wind turbine. In addition, it is so demanding
to obtain accurate fully nonlinear wave kinematics due to complicated fully
nonlinear FSBCs that a separate numerical wave tank (NWT) is needed to
generate the wave. Building a link between the wave kinematics database
and the simulation tool is also quite important.
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As an important part of the thesis work, fully nonlinear wave effect on
the OC4 semi-submersible floating wind turbine is studied at 200 m water
depth using HAWC?2 to carry out the coupled dynamic analysis and the
fully nonlinear waves are generated in the 2D HPC numerical wave tank
which is proposed by Shao and Faltinsen [77, 78, 79]. The properties of the
mooring system has been mentioned in the Table 2.4 in Section 2.5. In order
to decrease the wave kinematics data size and solve the software memory
problem, a polynomial fitting method is developed by Xu et al. [86] to fit
the kinematics data at grid points in the whole wave field to polynomial
functions representing location coordinates and corresponding polynomial
coefficients, which is described in details in section 3.3.2.2. At the same
time, the dynamic link library (DLL) between wave kinematics database
and HAWC?2 is extended from one dimensional to two dimensional so that
it can be applied to not only BFWT but also FWT.

4.5.1 Verification - regular wave

The proposed numerical to study fully nonlinear wave effect on floating wind
turbine is achieved by connecting several individual numerical codes. The
analysis procedure is demonstrated in Figure 4.8 where the main contribu-
tion of this thesis is marked with red color. The details of the process are
further explained as follows:

Step 1: 2D HPC numerical wave tank is first used to generate regular or ir-
regular wave with linear or fully nonlinear FSBCs. Wave elevation, velocity
and velocity potential are directly available from the tank while the acceler-
ation is obtained through post-processing based on information of velocity
and grid location. The calculation of acceleration is based on Equation 3.19
and performed in Python.

Step 2: A Matlab code package based on polynomial fitting method (Equa-
tion 3.20) is developed and applied to fit wave velocity and acceleration data.
The polynomial coefficients are stored as a wave kinematics database.

Step 3: Finally the coupled dynamic time domain analysis is carried
out in HAWC2 based on Morison’s equation. The wave kinematics at re-
quired location is calculated through Wkin.dll 2D using location coordinates
sent from HAWC2 and polynomial coefficients sent from wave kinematics
database.
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Figure 4.8: Work flow of proposed numerical code

The procedure is first verified against stream function wave developed
by Dean [118] and linear Airy wave in regular wave condition as listed in
Table 4.1 labeled as Paper 3. The most significant difference of the three
load cases is the nonlinearity of the wave defined as wave steepness which
is the ratio of wave height to its wavelength. The latter two wave models
are available in HAWC2 as default input options.

On one hand, the comparison between regular fully nonlinear wave and
stream function wave can indicate how good the proposed method is since
both of the two wave models satisfy fully nonlinear FSBCs and they should
provide the same prediction in theory. On the other hand, the comparison
with linear Airy wave can illustrate how significant the wave nonlinear effect
is in different load cases. The comparison is performed with respect to wave
elevation, wave particle velocity and acceleration detected at location (0 m,
0 m, 0 m), floater motions and mooring line tensions.

The wave elevations are compared in the left column of Figure 4.9. Wave
period detected is the same for all the three wave models while equal peak
and trough is predicted from linear wave and smaller trough and higher peak
are estimated from stream function wave and fully nonlinear wave due to the
nonlinear effect. The wave particle velocity and acceleration are detected at
fixed location whose coordinates are (0 m, 0 m, 0 m), therefore the values
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will become zero when instantaneous water level drops below zero. Stream
function wave and fully nonlinear wave generated by the HPC wave tank
clearly provide larger kinematics than linear wave.
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Figure 4.9: Comparison of wave kinematics

The floater motion and mooring line tension is compared in Figure 4.10.
For linear wave, the integration will be done up to the instantaneous wave
elevation with the help of stretching the wave kinematics. The mean surge
response is non-zero due to the viscous wave effect which is third-order of

incident wave.

Surge and heave response from fully nonlinear wave and

stream function wave are almost the same and clearly larger than linear
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wave response. The difference is less significant for pitch motion. Mooring
line tension which is greatly influenced by the floater motion especially in
the horizontal plane basically follows the same trend as surge motion.
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Figure 4.10: Comparison of motion and tension response

In conclusion, the comparison between the three wave models in different
load cases proves the accuracy and applicability of the proposed method to
study fully nonlinear wave load effect. At the same time, the wave nonlinear
effect is shown to influence the structural response and it is more significant
in conditions with larger wave steepness.
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4.5.2 Comparison - irregular wave

Based on the verified method, the fully nonlinear wave model is implemented
in irregular wave trains based on JONSWAP wave spectrum and compared
with irregular linear wave model in this section. As shown in Table 4.1, two
wave-only extreme load cases ULS1 & ULS2 are first compared to specif-
ically study the influence due to the wave nonlinearity. Afterwards, eight

wind-wave load cases labeled as LC1-8 are used to include the wind effect
as well.
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Figure 4.11: Time series of wave elevation, surge motion and mooring line
tension due to linear and fully nonlinear wave in two conditions.

An example of time series for wave elevation, floater surge motion and
mooring line tension are given in Figure 4.11. Black line represents results
due to linear wave and red line represents results due to fully nonlinear
wave. Since the same seed number is used to generate the wave for linear
and fully nonlinear wave, the time series of the wave and response follow the
same trend just with different amplitudes due to wave nonlinearity effect.

The peak amplitude illustrates the difference between the two wave mod-
els, which is the basis of the statistical comparison in this section. From
statistical point of view, probability of exceeding a given threshold by a ran-
dom maximum provides direct indication of the distribution of maximum
response and it can be fit with asymptotic extreme value probability distri-



84 Coupled analysis results

bution model when the number of sample is large enough. Accordingly, the
occurrence probability of a certain level of response can be then predicted.
The probability of exceedance is calculated as:
i
N +1
Where X; is the response sorted in an increasing order. N is the total
number of peaks.

P(X;) =1 (4.6)
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Figure 4.12: Selection of global maxima

Normally, global response maxima of a stationary Gaussian narrow-band
process can be well modelled by a Rayleigh distribution [103]. However,
when non-Gaussian and nonlinear property of the process increases, in or-
der to get an accurate expression of the upper tail distribution, Weibull
distribution is preferred instead of Rayleigh distribution. In this study,
the largest maximum response between adjacent zero-up-crossing above the
mean response level is selected as the global response maxima. Figure 4.12
is an example of the global maxima selection of the wave elevation. Blue
line is the realization of the wave elevation and green line is the level of
mean value and the red dots represent the selected global maxima. The
exceedance probability above 0.1 is fitted with Rayleigh distribution while
the tail part with probability below 0.1 is decided to be fitted with Weibull
distribution. In the following section, results of linear and nonlinear wave
from ULS1 and ULS2 conditions are shown together with different colors
and markers. The fitting probability distribution are plotted using dashed
line with the same color as the original maxima data. The horizontal axis
represents the global maxima of the response and the vertical axis repre-
senting the probability of exceedance is expressed in a logarithmic scale for
better representation.
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4.5.2.1 Wave realization

The property of the wave observed at location (Om, Om, Om) is first com-
pared with time realization and wave spectrum. Figure 4.13 shows the
probability of exceedance for positive wave peaks observed at (Om, Om, Om)
obtained from linear and nonlinear wave in two conditions. In general, dis-
tinction is not obvious between linear and nonlinear curves at probability
level larger than 0.1 for smaller wave peaks. It is mainly the higher maxima
with probability level below 0.1 that has clear difference. Higher peaks are
predicted from nonlinear wave than linear wave and the difference is more
obvious in higher sea state (ULS2). When the same exceedance probability
is considered, fully nonlinear wave tends to predict higher value. The mixed
Rayleigh-Weibull distributions is able to predict the probability of the orig-
inal data quite well. The statistics of wave realization is presented in Table
4.7. Nonlinear wave in general predicts larger maximum elevations than lin-
ear wave for both cases, which is mainly due to the additional contribution
from the nonlinear terms in the fully nonlinear FSBCs and the fact that the
conditions are satisfied on the instantaneous wave surface.
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ULS1-Nonlinear|

© ULS2-Linear

O ULS2-Nonlinear

0 f; 1‘0 15
Wave elevation (m)

Figure 4.13: Exceedance probability for global maxima of wave peaks at (Om,

Om, Om)

Wave spectrum determines the energy distribution of the wave at dif-
ferent frequencies. The linear and nonlinear spectrum of wave elevation for
both cases are compared in Figure 4.14. The spectra at wave frequency
range ( ULS1: [0.3 rad/s - 1 rad/s|] & ULS2: [0.25 rad/s - 1 rad/s]) are
quite similar for linear and nonlinear wave containing most of the energy.
The main difference is located at higher and lower frequency. The wave
spectra are zoomed in at three frequency ranges as shown in Figure 4.15.
It is seen that linear wave tends to have more energy at range [0.5 rad/s -
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0.9 rad/s] than nonlinear wave. At the same time, nonlinear wave relocates
more energy at higher range [0.9 rad/s - 1.4 rad/s] and lower range [0 rad/s
- 0.2 rad/s]. Initially, the wave spectrum used for generating the irregular
wave is the same for linear and fully nonlinear wave and the difference of the
energy distribution in the resulting wave spectrum for different frequency
range is indeed due to nonlinear free surface effect and contact effect from
seabed during wave development. Different responses are directly affected
by wave energy distribution at corresponding range, such as surge motion
in low frequency range and tower base shear force and bending moment at
wave frequency range.

4.5.2.2 Floater motion

Floater motion of a semi-submersible floating wind turbine is influenced by
not only the wave-frequency wave load but also higher-order (low-frequency)
wave load. The statistics of motion response is given in Table 4.7. Larger
motion response is observed at higher sea states as expected in Figure 4.16.
Limited difference is found in heave and pitch motion from the two wave
models while significant difference is observed for surge motion.
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Figure 4.16: Exceedance probability for global maxima of floater motions
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Figure 4.17: Motion spectrum

The motion response spectra are compared in Figure 4.17. For surge
motion, little contribution is from wave frequency component while signifi-
cant contribution is from surge resonance whose natural frequency is located
between [0 rad/s - 0.2 rad/s|] where fully nonlinear wave contains more en-
ergy than linear wave due to energy relocation as shown in Figure 4.15.
Therefore, linear wave underestimates surge response compared with fully
nonlinear wave, which is one of the most important findings in this study.
As for heave and pitch motion, both of them are governed by wave frequency
response where linear and fully nonlinear wave contains similar energy and
very little contribution is due to motion resonance.

4.5.2.3 Tower base shear force and bending moment

The shear force and bending moment parallel to incoming wave direction at
the tower base are studied in Figure 4.18. It is very interesting to notice that
both shear force and bending moment predicted from linear wave model are
in general larger than from nonlinear wave model. This is because both of
them are mainly influenced by the wave frequency effect where linear wave
contains more energy as shown in Figure 4.15.

Figure 4.19 shows the power spectrum for the bending moment which
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is shown to be sensitive to wave-frequency load. In this region, linear wave
contains more energy than fully nonlinear wave which transfers energy to
the frequency that tower base response is not very sensitive to.
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Figure 4.18: FExceedance probability for global mazima of tower base shear
force and bending moment
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Figure 4.19: Tower base bending moment spectrum

4.5.2.4 Mooring line tension

As shown in the bird view of the mooring system configuration in Figure
4.1 (b), mooring line 2 is located in upwind direction and it is exposed to
the largest tension. Linear wave clearly underestimate the tension and the
difference is quite obvious even for smaller sea state. The statistics of tension
response is provided in Table 4.7. The power spectrum for mooring line 2
is compared in Figure 4.21. Surge resonance dominates the mooring line
tension response with additional contribution from wave frequency. The
difference from linear and fully nonlinear wave is more significant in the
surge resonant range (low frequency range) than wave frequency range.
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Table 4.7: Statistics of wave realization and responses

ULS1 ULS1 ULS2 ULS2
Linear Nonlinear Linear Nonlinear
Mean [m] 9.79¢-5 6.27e-4 3.55e-4 7.36e-3
Maximum [m] 7.85 8.67 11.3 12.2
Wave Std [m] 2.24 2.23 3.43 3.40
Skewness 0.00287 0.120 0.00883 0.170
Kurtosis 3.02 3.05 2.90 2.94
Extreme 1074 [m] | 9.79 10.60 13.78 15.59
Mean [m] 0.0981 0.126 0.921 1.96
Maximum [m] 5.94 8.80 10.2 14.0
Surge Std [m] 1.56 2.10 4.09 4.41
Skewness 0.152 0.242 -0.268 -0.0493
Kurtosis 3.29 3.59 3.09 4.07
Extreme 10~% [m] | 7.99 13.67 23.87 26.74
Mean [m] 0.0189 0.112 0.0482 0.179
Maximum [m] 6.21 6.43 9.63 10.0
Heave Std [m] 1.85 1.84 3.29 3.29
Skewness 0.0760 0.122 0.0435 0.0931
Kurtosis 2.73 2.74 2.48 2.48
Extreme 10~% [m] | 7.53 7.81 11.29 11.78
Mean [deg] 0.0713 0.0606 0.203 0.295
Maximum [deg] 5.13 5.10 8.70 8.86
Pitch Std [deg] 1.19 1.18 2.10 2.11
Skewness 0.249 0.313 0.415 0.519
Kurtosis 3.35 3.38 3.56 3.51
Extreme 10~% [deg] | 6.58 6.55 11.58 11.33
Mean [KN] 8.64e+05 9.12¢+05 9.48e+05 9.61e+05
Maximum [KN] 1.403e4+06 1.758e+06 1.706e+06 2.458e+06
Mooring Std [KN] 8.215e+04 1.130e+05 1.687e+05 2.096e+05
Skewness 0.214 1.01 0.743 1.08
Kurtosis 5.31 5.91 6.46 10.1
Extreme 10~% [KN] | 1.657e+06 2.438e+06 2.732e+06 3.215e+06
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Figure 4.20: Fxceedance probability for global mazima of upwind mooring
line tension
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Figure 4.21: Mooring line tension spectrum

4.5.2.5 Fatigue damage

The effect of wave nonlinearity on the fatigue damage of mooring line and
tower base is studied for the representative operational conditions as shown
in Table 4.1 and the final results are given in Figure 4.22. Generally, the
fatigue damage at conditions with lower wind speed and smaller wave than
LC1 can be expected not significant. The fatigue damage at the tower
base increases as sea state increases, which is mainly due to increase of
wind speed. The excitation of the tower natural bending mode in LC2
significantly increases the fatigue damage level compared with other LCs.
Linear wave predicts slightly higher fatigue damage than fully nonlinear
wave because more energy is located around wave frequency range for linear
wave. However, the difference is only noticeable in higher sea state.
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Figure 4.22: Hourly fatigue damage at the tower base and the mooring line

The fatigue damage of the mooring line on the other hand is normally
proportional to wave height and inversely proportional to wave period when
exposed to wave only condition. From Figure 4.22, the fatigue damage level
of mooring line which are wind dominated reaches the maximum at LC3.
From LC4 to LC6, the increase of wind speed actually leads to decreas-
ing fatigue damage while the increase of wave condition on the contrary
leads to increasing fatigue damage. As a result, the fatigue damage level in
LC6 is found to be higher than in LLC4 and LC5, which marks the greater
contribution of fatigue damage due to wave nonlinearity.

4.5.2.6 Extreme value prediction

As shown in previous results, the wave nonlinear effect becomes more sig-
nificant as environmental condition becomes more severe. Therefore, the
extreme values of critical responses in the representative load cases LC7
& LC8 are further compared from the two wave models. Gumbel fitting
method and ACER method as described in Section 3.7 are used. The pur-
pose of this study is to quantify the wave nonlinear effect into numbers to
better describe the significance.

The maximum value identified are plotted in Gumbel probability paper
as shown in Figure 3.12 where the shape and location parameters can be
determined accordingly. Once the unknown coefficients are estimated, the
probability distribution function for Gumbel distribution is available. A
large simulation sample is required in order to predict the Gumbel distri-
bution with acceptable accuracy. Meanwhile, only the largest maxima is
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used for estimation while the other maxima peaks did not really contribute.
Different from the Gumbel fitting method, all individual global peaks are
involved in ACER method for predicting the extreme value.

Once all the coefficients for both methods are determined, the exceedance
probability is plotted in Figure 4.23 for wave elevation and surge motion as
examples where the solid line represents ACER function and dashed line
stands for Gumbel function while original maximum peaks from each simu-
lations are shown as markers with different colors. Exceedance probability
not only indicates how well the probability models fit with original data but
also provides a direct way to determine the extreme value over a certain
probability occurrence level. In general, linear wave models predicts smaller
extreme value than fully nonlinear wave model for a given exceedance level
while the predictions from ACER method and Gumbel method are pretty
close to each other.
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Figure 4.23: Exceedance probability for wave elevation and surge motion

Thereafter, the expected maximum value of two methods for the given
short-term condition can be determined based on the derived probability
density functions as shown in Figure 4.24 where different colors are used
to represent the predictions from two methods in two load cases. The no-
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tations are explained with more details in appended paper 5 [87]. The re-
sponses which are sensitive to nonlinear wave effect are distinguished from
others. First of all, as wave height increases, the extreme response due to
higher sea states (LC8) is predicted larger than smaller sea states (LCT).
Secondly, Gumbel fitting method generally predicts quite close results as
ACER method for all cases even though latter method utilizes more data
from time series. Most importantly, linear wave model significantly under-
predicts extreme floater surge motion and mooring line tension compared
with the fully nonlinear wave model for both LC7 and LC8 conditions and
it becomes more significant as sea state becomes more severe. Underesti-
mation is found for wave elevation, surge motion and mooring line tension
with approximately 10%, 25% and 25% respectively. Meanwhile, the ex-
treme value predictions are quite close for other responses which indicating
they are not sensitive to wave nonlinearity effect.
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Figure 4.24: Eztreme response (The red numbers on top of the bar column
quantify the under-estimation of linear wave theory as the percentage of the
difference to the results of fully nonlinear wave theory) [87]



Chapter 5

Conclusions and
recommendations for future
work

This thesis studies the design challenge of mooring system for semi-submersible
FWT in shallow water as well as different hydrodynamic load modelling
methods in shallow water especially regarding the higher-order wave effect
such as second-order and fully nonlinear wave effect. Novel mooring de-
sign concepts consisting of different mooring line materials and components
are systematically compared and feasible solutions are recommended. New-
man’s approximation method and full QTF method are compared regard-
ing their applicability and limitation of calculating second-order difference-
frequency wave load effect in shallow water. Fully nonlinear wave effect is
studied based on an external numerical wave tank, a recent-proposed fit-
ting method and a link between wave kinematics database and the dynamic
analysis numerical tool. The final chapter presents the conclusions, original
contributions and recommendation for future work.

5.1 Conclusions

The main conclusions of the thesis can be summarized as follow:

e Seven new mooring system design concepts are proposed for 50 m in or-
der to discover the marginal water depth to deploy floating wind project.
Different mooring line materials and additional mooring components are
cooperated with different anchors for concept proposals by taking full ad-

95
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vantage of both geometric and elastic mooring stiffness. Due to smaller
effective water depth in shallow water, the weight of catenary chain moor-
ing line has to be increased in order to achieve reasonable pre-tension as
deep water. It can be improved by replacing with clump weight while the
inclusion of buoy can further decrease the mooring line tension but will in-
crease the floater motion. For catenary mooring system, the mooring line
lying on the seabed need to be long enough to prevent anchor taking vertical
load. Otherwise, strong nonlinear resorting effect will lead to large mooring
line tension. Taut mooring system consisting of fibre rope on the other hand
proves its advantage over traditional catenary mooring line with its linear
tension increment even for large offset. The restoring stiffness of synthetic
fibre rope mooring system is small compared with strictly taut mooring sys-
tem, since the total length of the mooring line is quite long considering the
water depth. The restoring stiffness will be too large if a shorter line is used.
From the cost perspective, the capital cost of heavy chain is high while the
DEA and the installation is cheap. The cost of fibre rope is low while the
suction anchor and installation is high. In the end, two preferable mooring
designs with better performance and competitive cost are recommended for
industrial application in the future: one hybrid catenary mooring made of
chain, clump weight and buoy; one taut mooring made of pure fibre rope.

e Newman’s approximation and full QTF method have been comparatively
studied for the second-order wave drift force for the CSC semi-submersible
floating wind turbine in three water depths. Newman’s approximation is
applied in horizontal plane i.e. surge, sway and yaw while full QTF method
involves calculation in all six DOFs. Compared with full QTF method,
Newman’s approximation is less computation-intensive which requires only
the diagonal terms of full QTF matrix and the accuracy is acceptable in
relatively deep water while the underestimation increases as environmental
condition becomes more severe and water depth decreases. Therefore, full
QTF method is recommended to describe the second-order wave drift force
for semi-submersible FWT in shallow water.

e The linear and fully nonlinear irregular wave using same random seed are
first generated in the 2D HPC numerical wave tank with linear and fully non-
linear FSBCs respectively. A number of problems have been properly han-
dled such as time integration, wave generation and wave absorption. Before
importing wave kinematics data into HAWC2 where the time-domain dy-
namic simulation is carried out, the enormous data is first fitted into polyno-
mial functions representing location coordinates associated with polynomial
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coefficients which significantly decreases the size of the data. The external
dynamic link library used to provide wave kinematics to HAWC?2 is further
extended from one dimensional (Wkin.dll 2.4) to two dimensional (Wkin.dll
2D) in order to include the variation of wave kinematics along horizontal
direction which is relevant for floating wind turbine. The fully nonlinear
wave kinematics is imported through the extended DLL to HAWC?2 in the
form of polynomial coefficients. Wkin.dll 2D receives location coordinates
from HAWC2 and sends back the exact wave kinematics value for hydrody-
namic wave load calculation.

e The numerical tool to include fully nonlinear wave model is verified against
stream function wave and linear Airy wave which are two well-proven mod-
els. Three regular wave conditions with different degree of nonlinearity are
considered. The comparison with stream function wave proves the accu-
racy and applicability of the proposed method since both of them satisfy
the fully nonlinear FSBCs and their properties including wave elevation and
wave kinematics are the same in regular form theoretically. The comparison
with linear Airy wave at the same time indicates the influence due to wave
nonlinearity. The results did show the difference regarding not only wave
kinematics but also structural response and the difference increases as wave
becomes more nonlinear.

e Based on the verified numerical tool, the significance of wave nonlinear-
ity effect is systematically studied based on irregular wave simulations in
both operational and extreme conditions respectively. In operational con-
dition, linear wave predicts slightly higher heave & pitch motions, tower
based bending moment & shear force and tower base fatigue damage while
fully nonlinear wave theory predicts larger surge motion, mooring line ten-
sion and mooring line fatigue damage. This is because fully nonlinear wave
distributes more wave energy to higher and lower frequency range than
wave frequency due to wave nonlinearity effects which greatly influences
responses whose natural period is in the low frequency range and the differ-
ence increases significantly as the sea state becomes more severe. In extreme
conditions, Gumbel fitting method and ACER method are able to provide
similar extreme predictions. Linear wave generally underestimates wave el-
evation, floater surge motion and mooring line tension compared with fully
nonlinear wave by 10%, 25% and 25% respectively.
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5.2 Original contributions

This thesis mainly deals with the design and analysis of mooring system for
semi-submersible floating wind turbine when water depth is shallow. The
main original contributions include both design concept proposal and anal-
ysis method development. It can be summarized as follow:

e Propose different mooring system design concepts for semi-submersible
floating wind turbine in shallow water. The performance is compared from
different perspectives including cost analysis. An innovative catenary moor-
ing concept combined with clump weight and buoy is developed and its
performance is proved to be improved compared with traditional catenary
mooring designs.

A state-of-the-art numerical model for the stiffness of synthetic fibre
rope is implemented in the numerical simulation to better describe its be-
havior.

e Study the applicability of different second-order wave load modelling
methods for semi-submersible floating wind turbine at different water depths.
Newman’s approximation and Full QTF method are compared while three
water depth including 200 m, 100 m and 50 m are considered.

e In order to study the fully nonlinear wave effect on floating wind tur-
bine, an engineering-practical numerical tool is developed. The dynamic
link library (Wkin.dll) between the wave kinematics database generated
from numerical wave tank (2D HPC) and the time-domain dynamic analy-
sis code (HAWC2) is extended from one-dimensional to two-dimensional in
order to be applicable for floating structures.

e The size of the wave kinematics data from the numerical wave tank is
quite large which not only exceeds the virtual memory requirement of the
code but also decreases the computation efficiency. Therefore, a polynomial
fitting method is proposed to fit the data at discrete grid point to polyno-
mial coefficients associated with location coordinates.

e The numerical code to study fully nonlinear wave effect is verified against
existing regular wave models including Airy wave and stream function wave.
The verification not only proves the accuracy of the code but also indicate
the significance of nonlinear wave effect.
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e Compare the wave nonlinearity effect in realistic environment described
by irregular wave. Different load cases characterized by different wave pa-
rameters are considered while fatigue damage and extreme values for critical
responses are also predicted in order to give a full picture of the wave non-
linearity effect.

5.3 Recommendations for future work

Based on the work that has been done in this thesis, the following topics
are recommended for future work:

e Comparative analysis of mooring system with emphasis on fatigue limit
state design

The comparative analysis of the proposed mooring system in paper 1 is
limited to ultimate limit state design while it can be extended to include
fatigue analysis where a sufficient number of environmental conditions are
considered. Then a more complete picture of the performance of the moor-
ing concepts can be expected.

e Further optimization of proposed mooring system concepts

The seven mooring concepts in Paper 1 are proposed comparatively
which means improvement of design modification will decrease the utiliza-
tion factor of the mooring line and make it less optimized. Further opti-
mization of individual design can be performed in order to decrease the cost
of the concept.

e Sensitivity study of specific mooring line properties

Mooring system design is a huge project involving many different design
parameters. The influence of the change of a specific mooring line property
is of interest to check, such as the size and location of clump weight and buoy.

e Compare the mooring concepts with model test

Apart from the numerical analysis, it will be quite meaningful to extend
the comparison further with model test and check the performance of dif-
ferent concepts in order to get a better understanding.

o Wave kinematics fitting method
The order of the polynomial used in the fitting method in this thesis is
selected as 6, it is interesting to check whether the increase of order could
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improve the fitting accuracy and efficiency. Meanwhile, other fitting method
based on different philosophies can be compared, such as sigmma transfor-
mation method.

e Fffect due to different order wave kinematics

It is possible to describe the wave kinematics up to a certain order based
on Stokes theory, such as second-order, fifth-order etc. It is of interest to
compare the different wave kinematics models and check how much contri-
bution is from each order. The applicable regime for different wave theories
is also of interest to analyze.

o Validate the fully nonlinear wave model with model tests or field measure-
ments

The developed numerical tool for fully nonlinear wave effect has been
verified against different numerical wave models. Further validation is nec-
essary through comparisons with model tests or field measurements.

e Hydrodynamic load modelling method

The reason for choosing Morison’s equation as the hydrodynamic load
calculation method for fully nonlinear wave kinematics is because Morison’s
equation is the only option in HAWC2 to combine with importing wave
velocity and acceleration. It will be interesting to extend the approach by
considering a different load model, such as Rainey model [119], FNV model
[120] etc. Another potential modelling method could be a combination of
diffraction/radiation theory for potential flow part and Morison’ equation
to integrating the drag term up to instantaneous incident wave surface.

e The selection of drag coefficients

The drag coefficients for the Morison’s equation are dependent on KC
numbers, Reynolds numbers etc. The uncertainty of the empirical coeffi-
cients should be addressed in the future through calibration against model
test or CFD analysis with proper turbulence modelling in order to establish
a decent database for drag coeflicients that can be used in the time domain
simulation in the future.
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Abstract. A large number of offshore wind turbines have been installed recently, mostly in
water depth up to 30 m based on monopile foundations. It is expected that floating wind
turbine becomes more competitive than bottom fixed wind turbine when the water depth
exceeds 50 m. In this paper, the focus is on the environmental loads and responses of mooring
systems for a semi-submersible in water depths from 50 m to 200 m. Mooring design for
moderate water depths is relatively easy to achieve, but it is challenging for shallow water.
The effect of environmental load modelling should be studied based on designing a reasonable
mooring system. With a mooring system design for 200 m water depth as a reference, two
mooring system design concepts in 100 m and 50 m water depth have been proposed for
a 5-MW-CSC semi-submersible floating wind turbine. Preliminary design has been carried
out to determine mooring line properties, mooring system configurations and document the
static performances. A fully coupled time domain dynamic analysis for extreme environmental
conditions was performed using Simo-Riflex-AeroDyn. Four different load models were applied
in order to check the influence of different load components including the effect of wind, current
and second order wave forces by means of Newman’s approximation and a full QTF method.

1. Introduction

In the last decades, more and more offshore wind energy projects have emerged with the purpose
to accommodate more wind power with better quality, avoid noise effect and visual disturbance to
citizens and achieve less obstacle to transport. Through the experiences gained in the offshore oil
and gas industry, the long-term survivability of offshore support structures has been successfully
demonstrated in the wind energy industry. There is still a huge potential for cost reduction and
technological innovation. All ongoing commercial scale offshore wind projects utilise seabed
mounted substructure concepts. However in many countries there are only a limited number of
suitable sites in sufficiently shallow water to allow economically viable fixed substructures to be
deployed. When the water depth exceeds 50 m, floating support structures are expected to be
competitive in terms of lifecycle cost. However, floating wind turbines are still at an early stage
of development and it is of vital importance to identify the marginal depth to make floating
wind turbines competitive.



A semi-submersible platform achieves stability by water plane stiffness and ballast in the
columns or pontoons to some extent. The characteristic of small draft of semi-submersible
allows it to be deployed in shallow waters. There has been several successful semi-submersible
floating wind turbine projects all over the world, such as WindFloat [1], OO Star Wind Floater
[2], 5-MW-CSC semi-submersible floater [3], Fukushima FORWARD demonstration project [4].

/ Hull steel mass 1686 t
COG (0, 0,-24.53) m
= COB (0,0,-22.42) m

Draft 30 m
Pontoon length 41 m
Pontoon height 6.0 m
Column length 24 m
Column diameter 6.5 m
Floater draft 30 m

Figure 1. Overall layout[3] and main properties[5] of 5SMW-CSC floater

The 5-MW-CSC semi-submersible floating wind turbine studied in this paper includes a wind
turbine, a tower, a semi submersible hull and three catenary mooring lines, as shown in Figure
1. The origin of the coordinate system is placed at the still water level with wave and wind
direction as shown. The braceless semi hull consists of three pontoons, three side columns and
one central column supporting the tower and the wind turbine [6]. The wind turbine in the
study is the NREL 5 MW reference wind turbine [7] mounted on the OC3 Hywind wind tower
[8] which starts from 10 meters above the waterline.

The purpose of this paper is to study the effect of different environmental loads on floating
wind turbine motion and mooring system. Three water depths were considered in order to
address the challenge to design mooring system at small water depth and to check the variation
of responses while same environmental conditions are used. Based on preliminary design, three
mooring systems were proposed to carry out the analysis. No detailed design and design
optimization were performed since they served the purpose quite well.

2. Theory

2.1. Wave loads

Wave loads acting on the floating structure can be estimated based on potential flow theory or
Morison formula using wave kinematics. The Morison formulation is mainly applied for slender
structures with small dimensions compared to the wave length. As for large volume structures,
diffraction and radiation forces are important. Therefore, in this paper, the potential flow theory
is used to calculate the hydrodynamic loads acting on the floater while Morison formulation is
applied to calculate wave forces on the mooring line.

Potential flow theory considers the solutions of a linearized boundary value problem for
inviscid, incompressible flow. For the first order linear wave solutions, the loads and motions
have zero mean value and oscillate with the frequency of the incident waves. When it comes
to loads and motions of a semi-submersible platform, the slow drift motions caused by slowly-
varying (slow drift) loads connected with second order difference frequency effect and mean drift
effect become important [9]. The contribution from second order potential is the most difficult
part to compute which is required to satisfy the second order free surface boundary condition



and an additional free surface mesh is needed to solve the problem numerically. The resulting
force can be written as:

FJ(Q) =R Z Z &mgnTer (me Wn)eii(wmiwn)pr(em76") (1)

The function TY,,, (wm,wn) represents the complex difference frequency second order transfer
function, known as the quadratic transfer function (QTF).

Since a catenary mooring system is considered, only difference frequency wave loads are
used in the analysis regarding induced resonant motions in surge, pitch and heave. Due to
the difficulty in calculating QTFs, some approximations have been proposed, mainly to avoid
computing the second order velocity potential ). One of the most widely used methods is
Newman’s approximation, which could be used to derive the QTF matrix based on the mean
drift forces which is depended only on the first order solutions.

Newman’s approximation becomes inaccurate when the frequency considered is close to
resonance condition with small damping and the accuracy also decreases for motions with low
natural period, e.g. for heave, pitch and roll motion. Therefore in this paper:

e Newman’s approximation will be only considered in horizontal motion, i.e. surge, sway and
yaw motion to account for second order difference-frequency wave loads.

e Full QTF method will include the contributions from all six degree of freedoms.

2.2. Wind loads

A structure under the influence of wind will experience static and dynamic wind forces. The
wind loads acting on the nacelle and tower are primarily drag forces. However, the loads acting
on the blades include both lift and drag forces, which can be calculated with blade element
momentum (BEM) and generalized dynamic wake (GDW) [10]. In this paper, BEM theory
is used when the mean wind speed is below 8 m/s, otherwise, GDW theory is chosen. The
wind field is generated by TurbSim [11] based on the Kaimal spectral model. The turbulence
intensity is defined in IEC 61400 standard [12]. Class C' is selected in current study for offshore
condition. Meanwhile, Extreme Wind Model is used for extreme condition related to parked
model.

2.3. Current loads

The slow-drift motion of moored floating structure is greatly influenced by second order
difference-frequency wave loads, wind loads and current loads. The wave drift forces will increase
when current load is involved [13]. Viscous drift forces due to wave-current interaction effects
is important to consider especially in extreme sea states [14]. Therefore, according to [15], the
effect of current loads on mooring lines should be taken into account when relevant. Current
velocity vector varies with water depth, while the profile is stretched or compressed due to
surface waves. Generally, the current velocity can be considered as a steady flow field where the
velocity vector is only a function of the water depth [16]. The current profile considered in this
paper is wind-generated current expressed as a linear profile from still water level to a certain
depth below which the current is assumed to vanish.

3. Preliminary design of mooring system

The purpose of this paper is to compare the effect of different hydrodynamic modelling on the
response of mooring system and floater motion, therefore reasonable mooring systems are needed
at different water depths. According to [15], the mooring system must fulfil three safety criteria:
ULS, FLS and ALS. Due to the configuration, it can be quite challenging to ensure system
integrity in ALS condition when losing one or more mooring lines. In this paper, ULS condition



was the main criteria considered to propose mooring system design concepts. The main criteria
in the preliminary design for mooring system to follow, includes:

(i) Stiffness criterion: The horizontal stiffness of the mooring system should be sufficient to
keep the platform within a specific range and compliance to reduce the tension in first order
waves. Moreover, there should not be vertical force acting on the anchor in order to prevent
lifting up the anchor.

(ii) Resistance criterion: The mooring lines should be strong enough to ensure normal operation,
in other words, the maximum line tension should not exceed the capacity of the mooring
line.

(iii) Design loads are carried out based on partial safety factors for the tension (load effect) due
to mean and dynamic tension depending on the consequences of failure.

(iv) In the design phase, power cable design is carried out when the mooring system configuration
and the maximum offset are determined. Power cable is then designed to accommodate the
possible maximum offset. This design philosophy determines that the floater motion should
be limited to a reasonable range especially in horizontal plane in order to protect the power
cable from taking large loads and bending moments.

Essentially, the challenge in mooring line design is to balance stiffness and strength. In this
connection, the fact that the tension increases in a nonlinear fashion which will cause large
tension due to geometrical effect for catenary mooring lines is an important issue to consider.

8.1. Reference mooring system - 200 m water depth

The initial 5-MW-CSC floating wind turbine is designed for 200 m water depth, which has been
utilized as a reference model in order to carry out the study for 100 m and 50 m. The mooring
system consists of three catenary mooring lines which are made of spiral rope and positioned
with 120 degrees angle between the mooring lines. Each mooring line is attached at the outer
columns of the semi at a water depth of 18 meter, where the fairlead is located. The configuration
of upper part is close to a straight line because of the clump weight, while the lower part has a
catenary shape. The anchor used here is a conventional fluke anchor which is mounted into the
seabed.

Table 1. Mooring line properties for 200 m, 100 m and 50 m

Water Depth (m) 200 100 50
Mooring line type Spiral rope Spiral rope Chain R4-RQ4
Nominal diameter (m) 0.1365 0.1365 0.18
Nominal cross-section area (m?) 0.01465 0.01465 0.0509
Gyration radius (m) 0.03415 0.03415 0.0636
Mass/length in air (kg/m) 115.02 115.02 6438
Axial stiffness per unit length (K N/mm) 3.08E6 3.08E6 2.92E9
Transversal drag coefficient 1.2 1.2 2.4
Longitudinal drag coefficient 0.02 0.02 1.15
Transversal added-mass coefficient 0 0 1
Longitudinal added-mass coefficient 1 1 2
Catalogue breaking load (KN) 16769 16769 26278

8.2. Mooring system for 100 m and 50 m water depths
Based on a satisfactory mooring system design for 200 m water depth, the evaluation criteria
of preliminary design for 100 m and 50 m is to achieve the similar stiffness, catenary shape and



pretension as in 200 m. Since the same floating wind turbine is utilized for 100 m and 50 m, the
general mooring line configurations are kept the same as in the reference model. A longer part
lying on the seabed for shallower water depth is under expectation in order to prevent mooring
line from being totally lifted up and prevent vertical force acting on the anchor. For catenary
mooring system, the suspended length of mooring line decreases with water depth, which will
further influence the pretension which is mainly determined by self-weight of suspended mooring
line and clump weight. In order to compensate for this feature, heavier mooring line material
- studless chain R4 — RQ4 is selected for 50 m and wire rope is selected for 100 m. Generally,
the weight of chain is about five times of the wire rope, which could be beneficial to achieve
the desired pretension in 50 m water depth. It is recommended to use spiral strand when the
required service life of mooring system is more than 20 years [15]. In addition, corresponding
clump weights in 100 m and 50 m have been enlarged as well. Furthermore, in order to improve
the fatigue performance, a HDPE plastic sheathing is used for spiral rope and no stud is utilized
to connect chain links.

Table 2. Mooring system configuration for 200 m, 100 m and 50 m

Water Depth (m) 200 100 50
Mooring line number 3 3 3

Angle between adjacent lines (deg) 120 120 120
Depth from fairlead to seabed (m) 182 82 32

Radius from fairlead to platform center (m) 44.25 44.25 44.25
Radius from anchor to platform center (m) 1184.5 917 720
(m

Initial Configuration Offset at fairlead (m) 0 0 0
Angle at fairlead(deg) 59.9  56.5 409
Total length (m) 1173 891.6 686.6

Suspended length (m)  711.6 336.8 80.6
Touchdown length (m) 461.4 554.8 606

Extreme Configuration Offset at fairlead (m) 17 18 20
Angle at fairlead(deg) 73.4 80.6  84.1
Total length (m) 1173  891.6 686.6

Suspended length (m) 1148 881.5 675.6
Touchdown length (m) 25 10.1 11

In order to check the static performance of the proposed concepts for 100 m and 50 m water
depths, a comparative study is carried out with respect to the performance of 200 m design.
According to the result shows in Figure 2, the tension increases in a nonlinear behaviour which
is applicable for all three water depth while it becomes more significant when water depth
decreases. The behaviour occurs at smaller offset for 50 m water depth.

4. Hydrodynamic load modelling and analysis

HydroD (Wadam) based on potential wave theory is used to carry out hydrodynamic analysis of
the semi-submersible platform. Additionally, second order free surface boundary condition has
to be fulfilled in order to calculate full QTF, which requires an additional free surface mesh to
solve the problem numerically. The hydrodynamic model is provided in Figure 3.

4.1. Free decay test

Free decay tests are carried out to estimate the natural periods of floater motions and damping.
The decay tests for 5-MW-CSC floater are performed at the undisturbed position in six degrees
of freedom and three water depths. The damping is very important when the load acting excites
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the resonant motion of the structure. The magnitude of the damping determines the amplitude of
the resonance. The damping included in this paper includes: potential wave excitation damping,
viscous damping effect acting on the floater and viscous damping on the mooring line by means
of the drag force in Morison’s formula.

4.2. Load cases

Based on the data from [17], Norway site 5 has been selected as a representative site for a floating
wind turbine. The environmental condition corresponding to 50-year wind, wave and 10-year
current conditions are listed. Two typical extreme environmental conditions corresponding to 50
years condition are provided for Norway site 5 suggested by [17] with one refers to the condition
with maximum mean wind speed and one condition with maximum significant wave height as
shown in Table 3.

Table 3. Extreme load cases for 50-year wind, wave[17] and 10-year current[15]
Condition U, H T, U.  Turbine status

(m/s] [m]  [s]  [m/s]
ULS-1 4186 134 131 105 Parked
ULS-2 3887 156 145 105 Parked

As for the current profile, a surface current speed (U.) with a 10-year return period is
recommended to use according to[15]. Currently there is no available statistical data of current
speed of Norway site 5. However, it can be estimated based on the mean wind speed:

Uy, = 0.015 - U, (2)

Besides, Norway site 5 is located quite close to location North sea (Troll) whose recommended
current speed with 10-year return period is 1.5 m/s according to [15]. Therefore, the final current
speed used in this paper is taken as the average of the estimated value and the value for location
Troll platform. The variation is considered as a linear profile from z= -50 m to still water level
and it is assumed to vanish at 50 m below the still water level. The same current profile is used
for all three water depths.

50 + 2
50

Uc(z) = 1.05 - < ) for —=50<2z2<0 (3)



In order to check the influence of the effect of different methods to include second order wave
force and the effect from wind force, four different load models have been included in this paper:

Table 4. Hydrodynamic Load models

No Wave Wind Current
First-order Second-order

1 Included Not included Not included Included

2 Included  Newman’s approximation (3 DOF) Not included Included

3 Included Full QTF (6 DOF) Not included Included

4 Included Full QTF (6 DOF) Included Included

The Newman’s approximation is good if the frequency difference is small, which is usually
the case for horizontal motions for offshore structure especially in deep water. Newman’s
approximation is uncertain when it comes to shallow water. Comparing results from models 1,
2 and 3, the accuracy of Newman’s approximation for second order wave forces can be judged.
By comparing results from model 3 and 4, the influence from wind force could be figured out.
Meanwhile, drag force on mooring line is included for all the models as the third contribution
to second order response. Current is considered for all the models as well. In addition, four
wave directions have been selected in order to check the influence of wave-wind misalignment:
0°, 45°,60° and 90°.

4.3. Fully coupled dynamic model

Taking the current study objective - offshore floating wind turbine into account, factors such as
turbulent wind field, nonlinear wave loading, nonlinear structural behaviour and servo control
make it necessary to carry out fully coupled aero-hydro-servo-elastic analysis to capture the
nonlinear responses. In this paper, the fully coupled dynamic simulation is run for 4000 s with
time step of 0.01 s which corresponds to a one-hour dynamic analysis while the first 400 s is
eliminated because of start-up transient effects. For each load case and each wave direction, 5
identical and independent one-hour simulations with different seed numbers for the turbulent
winds and irregular waves were carried out to reduce the statistical uncertainty. The final
statistics e.g. maximum, mean and standard deviation were calculated by averaging the results
from the five samples.

5. Results and discussions

5.1. Spectral analysis

The floater motion response spectrum with 0 deg incoming wave direction in ULS-1 condition
is discussed as an example. Three water depths and four load models are listed together for
comparison. Generally speaking, the second-order forces are small compared to the first-order
forces. However, when the difference-frequency forces coincide with the eigenfrequencies of the
structure, some resonant motions will occur. The wind force is included in the fourth model,
however the effect from mean wind force is not significant because the turbine is in a parked
condition. There is great similarity regarding the spectrum in ULS-1 condition and ULS-2
condition, therefore only results from ULS-1 condition is listed.

Floater motion

e For surge motion, the wave frequency response is dominated by the frequency range of
0.3 to 0.7 rad/s and they are larger in the 50 m case due to the intermediate wave depth
effect as compared to the 100 m and 200 m cases. Similarly, the surge resonant motion is
also larger. In addition, there is a low frequency response around 0.1 rad/s, which is due



50 m 100 m 200 m

= N
o o

surge [m2 s/rad]
>

o

0.5 1 0 0.5 1 0 0.5 1

o

= N
o o
= N
o o
= N
o o

heave [m2 s/rad]
S

o o

o oD
o o1 o

pitch [deg2 s/rad]

o w

0
0.5 1 0 0.5 1 0 0.5 1

o

Frequency [rad/s] [+ 1st— -1st+Newman — Tst+full QTF -+ Tst+full QTF+ wind] Frequency [rad/s]

Figure 4. Floater motion spectrum in ULS-1 condition

to surge resonance. Moreover, the coupling between surge and pitch also contribute to the
total motion response. A small peak is observed at about 0.2 rad/s which coincides with
pitch resonant frequency. The coupling effect is not significant for the 50 m case.

e For heave motion, wave frequency response is still dominating in the same range. The heave
resonant motion occurs at 0.25 rad/s for all three water depths. Second-order difference
frequency response in heave motion is more significant than surge motion. However, the
amplitude is still smaller than the wave frequency response.

e For pitch motion, the pitch resonant contribution is in leading position at 0.2 rad/s larger
than wave frequency contribution, which makes it different from other responses. This is
because pitch motion is quite sensitive to difference-frequency force and wind-induced force.

When comparing Newman’s approximation and a full QTF with respect to represent second-
order difference-frequency response, full QTF is supposed to provide the most accurate result for
all six degrees of freedom while Newman’s approximation is not good for surge resonant motion
in small water depth. Besides, Newman’s approximation does not apply to the resonant vertical
motion, e.g. heave and pitch motion. Therefore, Newman’s approximation of the low-frequency
motion is clearly seen in Figure 4 to underestimate especially heave and pitch motion. A full
QTF method is recommended to model difference-frequency force in order to better capture the
low-frequency motion.

However, the wave-frequency range response does not seem to be influenced as expected.
Therefore, the curves representing four different models coincide with each other at wave
frequency in the spectrum. Since the wind turbine is in a parked condition during the ultimate
limit state test, the influence from wind force is not prominent. Under such condition, the mean
pitch motion is quite small. During operational condition where rotor rotates, large pitch motion
due to thrust force can be expected and so is the response due to wind force.
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Figure 5. Mooring line tension spectrum for the ULS-1 condition

Mooring line tension

The spectrum for three mooring lines tension in head sea for the ULS-1 condition are shown
in figure 5. The scales of the figure are chosen differently for different water depth for better
indication due to the big difference of the magnitudes. The most significant contribution to the
mooring line tension comes from wave frequency ranging from 0.3 to 0.7 rad/s, which applies to
all three water depths. The difference among the four different load models are not significant in
200 m, which indicates that wave-frequency response is dominating while low-frequency response
does not contribute much to the total response. However, the contribution from low-frequency
response increases with decreasing water depth. The peaks between 0 to 0.3 rad/s in 100 m
and 50 m stands for the contribution from difference frequency wave loads and aerodynamic
loads including contribution from surge resonance around 0.1 rad/s and pitch resonance around
0.2 rad/s. Second-order surge resonant motions increase when the water depth decreases and
so does the dynamic mooring line tension. Take the spectrum in 50 m as an example, the
contribution from difference-frequency response does contribute a lot to the total response and
it becomes more and more significant with decreasing water depth. Newman’s approximation
method underestimate the difference-frequency response compared with full QTF method.

5.2. Platform motion

In order to focus on the most critical motion response, only surge, heave and pitch motion
were selected. The misaligned wave-wind condition was studied for all four cases, however
only the result from 0° and 60° are listed because of the similarity. The effect of second order
difference frequency force and wave-wind misalignment were the main focusing points as well as
the water depths. Figure 6 and 7 shows the platform motion responses in three water depths
with two wave incoming directions. The circle marker indicates the mean response with error bar
standing for the standard deviation. The diamond marker represents the maximum response.
Results for four different models at same water depth and load case are assembled together for
better comparison. The total motion response is composed of a mean static response due to



wr M“ 134 .|
— ¢ ‘e
Eof- oot s0e? ¢ stet e
=
oy P BE O BRE mE I

o |

61 . *
Ear 0 ot® * oo tt MM
22l eeee L2044 1
i ¢ f '-

gt wi BEOOHH TH O I

2

T T T

61 IS ]
— . ¢ +
4t * . R A
%27 ,,.’ “‘ " % * * } |
= piot pogl 51 Hﬁ 99 ﬁ:

50m—L‘JLS—1 50m—LJLS—2 100m—‘ULS—1 100m—‘ULS—2 200m—‘ULS—1 200m—‘ULS—2
[ © 1st © 1st+Newman O 1st+full QTF O 1ist+full QTF+ wind|]

Figure 6. Motion response for three water depths with 0° wave and wind incoming direction

mean wave and wind force together with a dynamic response due to wave frequency and low
frequency response. Generally speaking, the motion responses are larger in ULS-2 condition
where the wave condition is more severe, which demonstrates that floater motion response is
more sensitive to wave load rather than wind load. When comparing the three water depths,
the amplitude is relatively larger in 50 m than 100 m and 200 m.
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Figure 7. Motion response for three water depths with 60° wave direction and 0° wind direction

The mean values of the platform motions are mainly wind induced and the rotor is feathered
in the ultimate limit case, therefore, the mean motion is not extremely large for all the cases.



However, when comparing the third and forth model, the influence from wind force did show up
with slightly larger response when including wind force. The motion response is smaller when
wave comes from 60° as shown in figure 7, because the load direction does not coincide with the
motion direction. However, large mooring line tension is discovered because the wave load acts
directly in-line with mooring system configuration. In general, the platform motion responses
are larger when considering second order difference-frequency force using full QTF method. In
other word, only including first order wave force or including difference-frequency force using
Newman’s approximation will underestimate the motion response.

5.8. Mooring line tension

Figure 8 and 9 shows the mean, maximum and standard deviation of tension in all three mooring
lines in two extreme load cases. For most cases, the dynamic tension takes smaller part of the
total force compared with mean tension part, which means that the mean static force due to
wave and wind is dominating and the dynamic behaviour in wave frequency and low frequency
are not strong. Therefore, the difference in the mean with four different load models is relatively
small, which because pretension of the mooring line is dominating.
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Figure 8. Mooring line tension for three water depths with wave incoming direction of 0°

However the second order difference-frequency wave force could lead to large response at
resonance where damping will be important. Therefore, second order wave force did increase
the maximum values and standard deviations. The maximum tension in 50 m case is much
larger than the other two water depths which is due to the nonlinear tension increment when
large offset was excited.

In ULS-2 condition where the significant wave height is larger, mooring line tension responses
are relatively larger than those in ULS-1 condition for all the cases. Notably, the mooring line
tension in 50 m increases significantly in ULS-2 condition. This is because the environmental
condition, and especially the wave condition, has become severe enough to cause mooring line
tension increase nonlinearly. Once the tension starts to increase nonlinearly, it will as expected be



more notable in shallow water. The mooring system in 100 m shows great performance without
extreme tension increment, which indicates that the nonlinear behaviour is not significant in 100
m water depth. By comparing the mooring line tension response with different wave incoming
direction, it is seen that the maximum mooring line tension occurs in the case when the wave
loads are acting directly towards the mooring line, i.e. for mooring line 3 with 60° wave incoming
direction for both conditions.
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Figure 9. Mooring line tension for three water depths with wave incoming direction of 60°

It is notable that there is significant difference of maximum tension in different water depths
even though the mean value and standard deviation seem quite close. When the mooring
line tension follows a Gaussian process, the kurtosis of the response should be around 3 [18].
Moreover, the extreme tension can be expressed as:

M=p+ko (4)

where M is the maximum value, p is the mean value, o is the standard deviation and k is
coefficient with value of 4 for Gaussian process [20].

Table 5. Coefficient k& and Kurtosis
ULS-1-0 ULS-2-60
Moorl Surge Moor3 Surge
k  Kurt Kurt k Kurt Kurt
50m 4.3 3.4 3.5 14.7 49.0 3.7
100m 4.4 3.5 3.2 10.8 19 3.2
200m 5.7 54 3.1 6.0 6.1 2.9

The non-Gaussian nature of mooring line tension is greatly influenced by the nonlinearity of
the mooring system which increases in shallow water as shown in Figure 2. Wave parameters e.g.



significant wave height and wave peak period in the meanwhile also affect the Gaussian nature
of the mooring line tension [21]. Larger kurtosis coefficient is expected in severe sea states. The
k values in Equation 4 estimated for mooring line 1 tension in ULS-1 condition with 0° incoming
wave direction and mooring line 3 tension in ULS-2 condition with 60° incoming wave direction
are shown in Table 5. The kurtosis for surge motion in both cases are listed as well. The load
model used here includes current load, wind load and second order wave load based on full QTF
method.

For the surge motion, the kurtosis are close to 3 for all cases, which indicates that the motion is
close to Gaussian process. As for the mooring line tension, the kurtosis for 50 m and 100 m water
depth is close to 3 and k value close to 4 while both kurtosis and k value are slightly larger in 200
m water depth. This indicates that when the environmental condition is not extremely severe,
tension for the least loaded mooring line almost follows a Gaussian distribution. Meanwhile, as
the most loaded mooring line 3 in more severe sea state ULS-2 condition, there is significant
increase in both the kurtosis and k value and they increase faster with decreasing water depth
which displays the high non-Gaussian character.

Larger kurtosis indicates that higher extreme values exist in the upper tails of the probability
density distribution [19]. In high sea states, non-Gaussian behaviour is expected in principle in
floater motions and especially mooring line tension. The property will increase when the current
is included [22].

6. Conclusion

During the mooring system design phase, two factors that can influence mooring line tension
significantly were mainly considered: geometrical effect and increased stiffness for large offsets.
In order to achieve similar performance, heavier mooring line was chosen for the shallow water
depth with longer mooring line placing on the seabed.

As for the dynamic analysis, the mean response of the platform motion and mooring line
tension which is due to mean wave and wind force are not affected by the difference-frequency
effect. As water depth decreases, the contribution from difference frequency becomes increasingly
more significant. Therefore in order to capture the low-frequency response accurately, a full QTF
method is recommended while Newman’s approximation will underestimate the response.

In the extreme condition, the maximum mooring line tension occurs in the case when the
wave acting aligned with the mooring line configuration direction while the direction of wind
and current are considered fixed. Mooring line tension and floater motions are relatively larger
in the condition where wave is more severe, which indicates that they are more sensitive to wave
loads than wind loads.

The highly non-Gaussian property of responses in high sea states indicates possible extreme
mooring line tension and floater motion, which makes it quite challenging to design mooring
system for extreme environmental conditions especially in shallow water.
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ABSTRACT

When floating wind turbines are placed at intermediate water depths (S0m - 200m), the effect of nonlinear
waves becomes more significant due to decreased water depth and increased wave steepness. This is the
feature that a linear wave theory cannot capture. The effect of nonlinear wave loads on bottom-fixed wind
turbines such as monopile and jacket has been studied using numerical wave tanks. However, there has
been limited similar research work on floating wind turbines. One of the reasons is that the footprint of
floating wind turbines is larger due to its mooring system which makes the database for pre-generated wave
kinematics very large that normally exceeds the memory requirement of simulation tool for wind turbine.
In accordance to the software memory barrier, a polynomial fitting method of wave kinematics has been
developed [23] in order to scale down the data size to meet the memory requirement. The wave kinematics
including wave elevation, velocity and acceleration are generated in a 2D numerical wave tank based on
the Harmonic Polynomial Cell method. The wave kinematics obtained at pre-defined grid points in the
wave field are fit to polynomial function representing location coordinates and corresponding coefficients.
HAWC2 is used for coupled dynamic analysis with the obtained wave kinematics through polynomial
fitting process as input. The hydrodynamic wave load is calculated using Morison’s equation. The external
DLL used to provide wave kinematics to HAWC?2 is extended from 1D to 2D wave field to be applicable
for floating wind turbine. Three wave-only regular wave cases with different wave steepness are selected
to study the influence of fully nonlinear wave effect with different wave inputs: linear wave, fully nonlinear
wave and stream function. Prediction of wave kinematics, motion and mooring line tension responses and
computational efficiency are considered. The rapid development of computer capacity and numerical wave
tank makes it practical to consider fully nonlinear wave effect in hydrodynamic analysis in an efficient

way.
NOMENCLATURE
FOWT Floating Offshore Wind Turbine
HPC Harmonic Polynomial Cell
DLL Dynamic Link Library
NWT Numerical Wave Tank
HAWC2 Horizontal Axis Wind turbine
simulation Code 2" generation
FSBC Free Surface Boundary Condition

1. INTRODUCTION

It has been almost three decades since Floating
Offshore Wind Turbine (FOWT) concept was
studied by mainstream research community. It is no
longer restricted to R&D phase with a high
‘technology readiness level’. One of the greatest
evidence is that the world’s first floating wind farm,
Hywind Scotland has started to contribute to
Scottish grid from October 2017 [6] and has been
outerperforming expectations ever since. Through
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the instrumentality of onshore wind and bottom-
fixed offshore wind, the cost-reduction perspective
for FOWT is quite promising, which leads FOWT
to be a significant part in the future energy
transition.

Despite the rapid development, there are still
several challenges during the design phase, one of
which is the hydrodynamic load and response
modelling. In current design practice, regular
waves (e.g. linear Airy wave and Stokes’ theory)
and irregular waves (superposition of linear waves
and second-order waves) are popular to use. It
offers satisfactory results for deep water condition
where the water depth is larger than half of the
wavelength. But most FOWTs are aiming at water
depth in the range from 50 m to 200 m where linear
wave theory has limitations and fully nonlinear
wave theory will reveal its advantage. However,
fully nonlinear wave model has not been included
as a default input option in state-of-the-art
commercial software for integrated analysis of



offshore wind turbines because of its complexity.
The main procedure to apply fully nonlinear wave
so far is to import the wave kinematics (velocity
and acceleration) generated from Numerical Wave
Tank (NWT) into the simulation tool for wind
turbine and apply Morison’s equation to calculate
the hydrodynamic load. The effect of fully
nonlinear wave loads on bottom fixed offshore
wind turbine such as monopile with respect to
fatigue damage and extreme response has been
studied in [7] [8] [9]. However, there has been
limited similar research work on floating wind
turbines. One of the reason is that the footprint of
floating wine turbines is much larger due to its
mooring system which requires larger database for
pre-generated nonlinear wave kinematics and it
easily exceeds the memory requirement of the
software, while only the wave kinematics at the
centreline of the structure is required for monopile
which is way smaller regarding the size of data
needed since the movement of the monopile is very
small.

In order to solve the memory limit problem and
further study the fully nonlinear wave effect on
floating wind turbine, a polynomial fitting method
that could decrease the size of wave kinematics data
has been developed and verified in [23]. The main
objective of this paper is to utilize this method to
study the influence of fully nonlinear wave with
three regular wave sea states accompanied with
different wave steepness. The NWT used in this
paper to generate wave kinematics is based on 2D
Harmonic Polynomial Cell (HPC) method [1],
which is an efficient numerical potential-flow field
solver. The selected simulation tool for floating
wind turbine is HAWC2 [10]. The original
Dynamic Link Library (DLL) to provide external
wave kinematics was extended to handle 2D wave
field. The wave kinematics are fit into polynomial
coefficients with location coordinates as input
variable. Three wave-only regular wave case study
on a semi-submersible floating wind turbine is
presented. Comparison is made between linear
wave and stream function from HAWC?2 and fully
nonlinear wave from 2D HPC wave tank.

2. WAVE THEORY

Wave theories can be divided into linear and
nonlinear group according to the simplification
level of boundary conditions. A linear wave has a
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sinusoidal surface profile with small amplitude and
steepness, while a nonlinear wave has sharper
crests and flatter troughs as shown in Figure 1. The
nonlinear waves can be categorized into Stokes,
cnoidal, solitary and stream function according to
the wave properties and the mathematical methods
to solutions.

Small amplitude (Airy) waves

SWL

Stokes waves

Cnoidal waves

Solitary waves

Figure 1 Wave profiles based on different wave theory [24]

2.1
WAVE

LINEAR AND FULLY NONLINEAR

Linear wave theory also known as Airy wave
theory is the most widely used among all. It
generally provides good estimation of the wave
kinematics for small wave at deep water (water
depth is larger than half of the wavelength). It is
based on the assumption that the contribution from
the nonlinear terms in the free surface boundary
conditions (FSBC) is negligible. The fluid applied
in the computational domain is assumed to be
homogeneous, incompressible, inviscid and
irrotational and the fluid particle velocity can be
expressed by the gradient of velocity potential ¢
which satisfies the Laplace (continuity) equation as
a governing equation in the fluid domain:

VZp =0 (1)

The associated boundary conditions can be
described as:

e Dynamic FSBC:

L —gn—%V(p.V(p on z=n1

at

(2)

Where the atmospheric pressure is assumed
to be zero on the free surface.
e Kinematic FSBC:

on _ 9% _ =
Friiadie Vp.Vn on z=n (3)
e Impermeability condition, such as sea

bottom and fixed body surfaces:



dp
an

(4)

When the wave height H is small enough
compared with wavelength, the wave can be
assumed to be linear and the dynamic and
kinematic FSBCs can also be linearized.
Considering wave elevation, #x which is
proportional to wave height H, is also small, the
boundary conditions can be further simplified at
z=0 instead of z= 7 using Taylor's expansion.

9¢ _

—. = —gn on z=0 (5)
617_6_(,0 _
o O z=0 (6)

On the other hand, when the wave height
becomes large and water depth becomes small, the
contribution from the nonlinear terms in the FSBC
becomes important. In such case, fully nonlinear
wave is preferred with fully nonlinear FSBCs as in
Equation 2 and 3.

In order to satisfy fully nonlinear FSBCs in time-
domain simulations, a 4™ order Runge-Kutta time
integration scheme and mixed Eulerian-Lagrangian
method are used to obtain the velocity potential and
free surface elevation at each time step.

Introducing the material derivative:

D_ 93, -
=% +v.V

Dt

(7)

The fully nonlinear FSBC can be rewritten as:

22— —gn—3VpVe + 5.V on z=n (8)
Dn_5_<P_ - —
=9, VeVn+v.Vponz=n (9)

Here 7 indicates the wave elevation. When ¥ =
Vo isused, the free surface particles are tracked in

. oo bnY . .
a Lagrangian manner, while v = {O,D—Z} indicates

a semi-Lagrangian approach in which the free-
surface nodes are allowed to move only in a
prescribed manner. In such case, 2D FSBC can be
expressed as:

Dy 1 dp (@ d@dn _
Be=—gn—;Veve + 3 (3 - 555 2 =n (10)
bn _d¢ d¢on  _
Dt oz dx d0x Z=1 (11)

The highlighted part of Equation 10 and 11 are
the differences of FSBCs considered in linear and
nonlinear manner. In such way, linear and fully
nonlinear wave can be generated based on
corresponding conditions.
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2.2 NONLINEAR REGULAR WAVE

In current engineering practice, there are several
available nonlinear regular wave theories with
periodic nonlinear wave profiles such as Stokes
wave theory, cnoidal wave theory and stream
function theory.

Stokes wave theory is an analytical finite-
amplitude theory for deep water area [25]. The
wave parameters are expressed in terms of power
series truncated at a chosen order, e.g. Stokes
second order theory is truncated after the second
term in the power series. First order Stokes wave
theory expression is exactly the same as linear wave
theory. Higher order terms for steeper Stokes waves
will lead to unrealistic results.

Cnoidal wave is a long periodic wave developed
by Boussinesq [27] and Korteweg and de Vries [26]
for shallow and transitional water area with even
shaper crests and flatter troughs than the Stokes
wave. It provides additional nonlinear corrections
with respect to finite depth effects. The solution is
expressed in terms of elliptical integrals of the first
kind. A particularly simple limiting case of cnoidal
waves when L/h goes to infinity is solitary wave
which physically appears as one single wave crest
on an undisturbed water surface. It is the basis for
some of the most advanced and successful
computational wave models available nowadays.

Stream function theory presented by Dean [28]
[29] is based on a truncated Fouries expansion of
the exact nonlinear equation and has been further
developed for the highest possible waves. In
comparison with experimental results of particle
velocity, stream function theory is able to provide
good results especially for extreme sea states. The
closer to the breaking wave height, the more terms
are required in order to give an accurate
representation of the wave. The required order N of
the stream function wave theory is determined in a
way that errors in maximum velocity and
acceleration are less than one percent. Stream
function is only an auxiliary function without any
physical meaning in itself. In addition, it cannot be
used for irregular wave simulation.

The choice of wave theory is the basis of an
accurate hydrodynamic analysis. A guideline work
was done by Ursell [30] and further clarified by Lin
and Clark [31]. The range of application of the
different wave theories is presented in DNV-RP-



C205 based on wave height, wave period and water
depth as shown in Figure2. Horizontal axis is a non-
dimensional measurement of depth shallowness
and the vertical axis is a measurement of wave

steepness.
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Figure 2 Applicability of various wave theories [33].

In deep water, linear wave theory is able to
represent small wave and Stokes wave is applied
for high wave. Meanwhile in shallow water, cnoidal
wave is suitable for small wave and high wave is
preferred to be described by stream function theory.
In engineering practice, realistic sea profile is
described by superposition of a number of regular
wave components. So far, only linear Airy wave
can be used and no other nonlinear-wave based
irregular wave model exists. In this paper, the wave
models selected are linear wave, stream function
wave and fully nonlinear wave.

3. NUMERICAL WAVE TANK -
HARMONIC POLYNOMIAL CELL (HPC)
METHOD

3.1 NUMERICAL WAVE TANK

In the past several decades, the application of
NWT in time domain has become more and more
popular in solving various marine hydrodynamics
problems such as linear wave-body interaction with
linearized free surface boundary condition [11]; 3D
fully nonlinear wave-body interaction in steady
uniform currents [12]; fully nonlinear free surface
problem using mixed Eulerian-Lagrangian time
marching technique [13].

Recently, NWT has also been applied on
offshore wind turbine mainly to study nonlinear

wave effect. For example, OceanWave3D [14], a
numerical tool developed at DTU which is able to
solve 3D Laplace equation for the velocity potential
with nonlinear free surface boundary condition has
been coupled with an aeroelastic code FLEXS [15]
to study the fatigue damage and extreme response
of monopile due to nonlinear wave effect. The same
tool was applied on a TLP wind turbine in the
INNWIND project [16] and further compared with
experimental data [17].

3.2 2D HPC METHOD

The NWT used in this paper is based on 2D
harmonic polynomial cell (HPC) method which
was initially proposed by [1] as a potential flow
solver with approximately 4™ order accuracy. The
highlight of HPC method is that the fluid domain is
divided into quadrilateral cells associated with
harmonic polynomials which are used to describe
the velocity potential in each cell. It has been
compared with four other methods and shown great
efficiency and accuracy [1]. The HPC method was
developed to 3D case by [2], and implemented in
fully-nonlinear wave body interaction problems
such as sloshing in 3D tanks, shallow water wave
tank, influence from seabed topography and
nonlinear wave diffraction by a bottom-mounted
vertical circular cylinder. Promising results again
proved the applicability of HPC method when
dealing with potential flow problems. Later on, the
current effects was studied together with nonlinear
wave diffraction by multiple bottom mounted
cylinder in [3]. Improvement of HPC method was
made by [4] in order to account for singular flows
and discontinuous problems. Domain
decomposition method combing with local
potential flow solution was proposed to handle the
singularity at sharp corners. A double-layer node
technique was developed to model the velocity
potential jump in a thin free shear layer in lifting
problem.
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Figure 3 Grid node indexes in a cell



According to 2D HPC method, the fluid domain
is discretized into quadrilateral cells within which
there are four quadrilateral elements and nine grid
nodes as shown in Figure 3. The stencil centre is
located in the middle node with index 9 while other
nodes are boundary nodes numbering from 1 to 8.

The velocity potential ¢ within the cell is
expressed by harmonic polynomials which
automatically satisfy Laplace equation. Therefore,
the velocity potential at any point in the cell can be
interpolated by a linear combination of the eight
harmonic polynomials at the surrounding boundary
nodes.

¢(x'}’) = Z?:l b]f](x;)’) ( 12)

Where fi(x,y) =1, L(x,y) =x, f3(x,y) =y,
fulx,y) =x* —y%, fs(x,y) =xy, fo(x,y) =
x3=3xy?, f(x,y) =3x%y -y, falx,y) =
x* —6x%y? +y*

Including higher order polynomials could reduce
the wave dispersion errors in the time domain
analysis and increase the accuracy of the free
surface boundary conditions.

The way to calculate the unknown coefficients b,
term is equivalent to a sub-Dirichlet boundary value
problem with Laplace equation as the governing
equation. Combining x=x; y=y, ¢=¢; with
Equation 12, a linear equation with a precise form
is achieved:

by =% ¢ ¢; (i=1..8) (13)

here cij(i,j=1,...,8) is the elements of the inverse of
matrix /D] which consists of elements d;;=f;(x; ;).
Therefore, the velocity potential at any grid point in
the fluid domain could be described based on the
eight surrounding boundary nodes in the same
stencil cell. Considering the stencil centre where
x=x9=0 and y=y¢=0, the resulting harmonic
polynomials is expressed as f7(0,0)=1 and f;(0,0)=0,
j=2,...,8. Accordingly, the velocity potential at the
cell centre is described as:

o= plx=x=0y =y, =0) =37, c1,i¢i (14)

The Dirichlet boundary condition is related to
velocity potential at the boundary nodes, while the
Neumann boundary condition is enforced by taking
the normal derivative:

2 (0 y) = T80, ¢V (0 y). (6 9] (15)

Where 7 is the normal vector, positive and points to
the outside of the fluid domain.
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33 POLYNOMIAL FITTING OF WAVE
KINEMATICS

The velocity potential, wave elevation, velocity
are directly calculated from 2D HPC wave tank,
while acceleration is available by post-processing
velocity and grid deformation. All the grids are
fixed in the tank in linear wave making problem,
while the grids deform vertically in nonlinear case
which leads to the difference when calculating the
acceleration. Bernoulli’s equation is only valid in
an inertial system. Therefore, material derivative is

introduced to calculate the acceleration [18]:

au _ sU
EZE—WQTM.VU (16)
Since the grid deformation only appears in vertical

direction, Equation 5 can be further written as:
oU _ 8U 9z 9U (17)

ot ot ot' oz

Where U is the velocity, % is the relative velocity
representing the grid deformation.
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Figure 4 Horizontal velocity at 200s

The wave kinematics information obtained from
the tank at each time step is expressed at discrete
grid points across the whole wave filed whose
dimension can be decided accordingly as shown in
Figure 4. However, the size of resulting wave
kinematics files including wave elevation, velocity
and acceleration in both horizontal and vertical
directions is around 8G for | hour irregular wave
realization with 148 grids horizontally and 22 grids
vertically, which easily exceeds the memory
requirement of the simulation tool for wind turbine,
HAWC?2 in this paper. Besides, huge occupation of
virtual memory will slow down the computation
especially for floating wind turbine whose element
number is normally very large. Therefore, there is
an urgent need to scale down the size of input wave
data.



Table 1 Polynomial function

order polynomial
0 1
1 X z
2 X’ xz 2
3 X Xz x? 2P
n X' Xz X X xS

In accordance to the challenge, a polynomial
fitting method has been proposed and verified in
[23]. Brief introduction of the method is presented
here while the verification can be referred to [23].
First of all, the vertical and horizontal dimensions
of the wave field are determined by water depth and
footprint of the mooring system respectively.
Normally, it is sufficient to use 50 grids
horizontally per wavelength and 30 grids along
water depth. Then the whole wave filed is divided
into a number of horizontal divisions based on the
wavelength. The kinematics varies at both
horizontal and vertical directions. Therefore within
each division, a 2 dimensional polynomial function
representing horizontal and vertical coordinates up
to a certain order # is introduced as shown in Table
1. The corresponding coefficients using least-
squares method are calculated and arranged in a
descending power regarding x coordinate. The
kinematics data at each time step can be further
expressed in a function form with location
coordinates as input variables:

U=cx™ +cx" 1z 4+ C(n+1)(n+2)_2xzn_1 +
2
C(n+1)(n+2)_1Zn + Cn+1)(n+2) (18)
2 2
Here x represents horizontal coordinate and z
represents vertical coordinate.

In nonlinear wave problem, the vertical
coordinates of the grid points can be directly
applied as input for z, since the grids deform
vertically following instantaneous wave elevation
up to the free surface. Meanwhile, in linear wave
problem, the grid is fixed and the kinematics is
calculated below mean water level. Therefore,
Wheeler stretching method is applied to obtain the
kinematics up to the free surface by scaling vertical
coordinate:

2 =(z-n)-—

d+7 (19)

Where z is original grid coordinate, z’ is scaled
coordinate, # is the instantaneous free surface
elevation and d is water depth.
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Figure 5 Fitting surface and original data

As a result, the kinematics at any locations at
each time step in the field is available from
Equation 18 besides original grid points as shown
in Figure 5. The variance is large close to free
surface and it slowly decays to zero close to seabed
as expected. The same procedure is applied to
acceleration and velocity in both horizontal and
vertical directions.

In the end, the original wave kinematics
expressed at discrete grid points are replaced by
coefficients ¢; and corresponding polynomial
variables x; z; representing horizontal and vertical
coordinates. The size of data is decreased from 8G
to 1G for a | hour irregular wave problem using 148
grids horizontally and 22 grids vertically, which
satisfies the virtual memory requirement of
HAWC?2 and can be imported through reading pre-
generated wave kinematics manner.

4. HAWC2

HAWC?2 is an aero-elastic nonlinear multibody
code designed for wind turbine analysis in time
domain developed by DTU Wind Energy [10].
Several floating wind turbine concept have been
tested in HAWC?2 such as Hywind spar, OC4 Semi
and a TLP concept [16].

4.1  MODELLING METHOD

Timoshenko beam elements are used to model
wind turbine structure. A multibody formulation
makes it possible to divide whole structure into a
number of substructures in order to capture
structural nonlinear effects.

Original mooring line in HAWC2 is a quasi-
static model using pre-calculated results from
MIMOSA where the stiffness property is described
using fairlead position against restoring forces from
mooring line. In each time step, the mooring line



tension is iterated according to the floater position.
Inertial effects and hydrodynamic drag effects from
wave, current are neglected. Later on, the quasi-
static model was developed to a dynamic model
including a cable element with hydrodynamic drag,
buoyancy forces and nonlinear spring stiffness
representing the bottom contact [19].

Potential flow theory can be used in HAWC2 for
hydrodynamic modelling by coupling with output
results from WAMIT [20] for large volume
structures. The other option for slender structures
whose diameter-to-wavelength ratio is less than 1/5
is Morison’s equation, which is a semi-empirical
method. The diffraction and radiation effects are
considered not significant. The wave force dF on a
strip of length dz of a rigid moving circular cylinder
can be written as [18]:

2 2
dF = p%dzCMan + p%dz(CM —Da, +

g CpDdz|uyer|tn rer (20)
where D is the cylinder diameter, a, is the
undisturbed wave induced acceleration components
normal to the cylinder axis, a. is the normal
component of cylinder acceleration, up e is the
component of the relative velocity normal to the
cylinder, Cy and Cp are the mass and drag
coefficients which are dependent of several
parameters such as Reynolds number, the
roughness number and the Keulegan-Carpenter
number. The coefficients should be determined
empirically and Cus can be also decided according
to the result from potential flow theory. The vertical
buoyancy force is accounted for by integrating axial
dynamic pressure and inserted as concentrated
force on base columns.

42  WKINDLL

The wave kinematics applied in HAWC2 are
provided externally through a defined DLL
interface named wkin.dll. In the current version 2.4,
the input wave types include: linear airy waves with
Wheeler stretching; irregular Airy waves of
JONSWAP or PM spectrum with directional
spreading; stream function wave and pre-generated
wave kinematics.

When importing pre-generated wave kinematics,
the wave field that wkin.dll 2.4 can handle can be
considered as a 1D field since the data are imported
at discrete grid points at only one horizontal
location along the water depth as the red part in

18

Figure 6. The wave kinematics variation only exists
in one dimension. The kinematics at any point and
wave elevation is linearly interpolated using the
neighbouring points. This works sufficiently for
bottom fixed wind turbine such as monopile where
only the wave kinematics at the centre of the
structure is needed.
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Figure 6 Wave kinematics data structure in wkin.dll

However, it is not applicable for floating wind
turbine where the variation along horizontal
direction is needed as well. Therefore, the wkin.dll
is further extended in [23] to include wave
kinematics variation in horizontal direction as well
in order to implement on floating wind turbine as
the green part in Figure 6. It is named Wkin.dll 2D
because it is able to handle wave field in two
dimensions now. The wave kinematics in the field
is obtained using polynomial functions as described
in section 3 and wave elevation is linearly
interpolated at different horizontal locations. The
wave kinematics including velocity and
acceleration are used to calculate hydrodynamic
loads on both floater and mooring line using
Morison’s equation.

5. CASE STUDY

The whole work procedure of polynomial fitting
method is demonstrated in Figure 7. The wave
kinematics is generated in 2D HPC wave tank
where wave elevation, velocity are directly
calculated while acceleration is obtained through
post-processing using a Python code package based
on velocity and grid location. Then a Matlab
package based on polynomial fitting method is
applied to fit velocity and acceleration to
polynomial coefficients. Wkin.dll 2D will receive
the location coordinates sent from HAWC2 and
delivers the exact wave kinematics value using the



polynomial fitting method. Coupled dynamic
analysis is carried out in HAWC2 where
hydrodynamic load acting on floater and mooring
line are calculated based on Morison’s equation.
The three highlights in this paper are marked with
red colour.

* Velocity 2D HPC * Regular / Irregular wave
* Grid Location Wave Tank  Linear / Fully nonlinear
U du du
ey = Python
[ ot dt ' dz } |
* Wave elevation
MATLAB * Velocity potential
[ * Velocity
P
Polynomial fitting —>
Wave Kinematics Polynomial coefficients
Database

‘Wkin_dll 2D

Wave kinematics
(Polynomial function)

Figure 7 Flowchart

5.1 0OC4 SEMI SUBMERSIBLE

OC4 is a SMW semi-submersible floating wind
turbine in 200 m as shown in Figure 8. The semi
floater includes a centre column supporting the
tower and three offset columns with smaller
structures connecting each other [21]. Diffraction
effects are important to consider when the diameter
to wavelength ratio, D/4 is larger than 0.2 [S5]. As
for the main structure and pre-defined sea states in
[21], the ratio exceeds 0.2 only for some lowest sea

states, where hydrodynamic loads are small anyway.

In order to compare the influence of hydrodynamic
modelling methods using potential flow theory or
Morison’s equation, a code-to-code verification
was carried out involving 23 organizations and 19
simulation tools [22]. The conclusion is that for the
relevant load cases, either of the two methods or the
combination is able to achieve equally accurate
hydrodynamic loads on the structure. A detailed
comparison is available in [22]. In this paper,

Morison’s equation is applied as introduced in
Section 4.1.

Figure 8 OC4 Semi-submersible wind turbine [21]

Three catenary mooring lines are arranged
symmetrically about the platform vertical axis with
120° angle between them. The radius from the
floater centre is 837.6m to anchors and 40.87m to
fairleads. Unstretched length of all three lines is
835.5m with 0.0776m diameter and 108.63 kg/m
apparent mass in fluid per unit length. The detailed
layout is shown in Figure 9. In this paper, the
mooring line is modelled including dynamic effect
[19] as introduced in Section 3.1.

52  RESULTS

In this paper, three wave-only regular wave cases
as shown in Table 2 are selected based on the
metocean data at Norway 5 site in the North Sea
[33]. The most significant difference of the three
sea states is the nonlinearity of the wave
considering wave steepness (o) as the ratio of wave
height to its wavelength. Meanwhile, the first two
sea states represent moderate condition while the
last one stands for severe condition. The three
conditions are also listed in Figure2 with black dot
represents condition HI12T15, green dot stands for
condition H6T10 and red dot is for condition H6T7.

[i5al

Figure 9 Mooring line layout
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The water depth considered is 200m. The wave
models used for comparison in this paper include:

o HAWC2-Linear: linear Airy wave from
HAWC?2 default option;

o HAWC2-Stream: stream function wave
from HAWC?2 default option;

o  HPC-Nonlinear: Fully nonlinear wave
generated from HPC wave tank with fully
nonlinear FSBCs.

Table 2 Load cases

H T A o
m () m (HNW
H6T7 6 7 76 0.078
H6T10 6 10 156 0.038
HI12T15 12 15 351 0.034

Wave kinematics from the first two waves are
directly calculated in HAWC2 while polynomial
fitting method is used to process the wave
kinematics from fully nonlinear wave and then
import into HAWC2. Wheeler stretching is used for
linear wave to get the value up to free surface.
HAWC2-Linear wave serves as a baseline
reference for the comparison. All the simulations
are run with time step 0.02s and the system
becomes stable after 200s.

5.2 (a) H6T7 — 5 0.078

Wave kinematics

Since HAWC2 is a 2D simulation tool, both
velocity and acceleration in x direction are
negligible. Wave elevations observed at location
(Om, Om, Om) and horizontal and vertical velocity
and acceleration are presented.
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Figure 10 Wave elevation at (Om, Om, Om) — H6T7
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Wave period detected is the same for all and the
wave peaks and troughs are different as expected.
Equal peak and trough is predicted from linear
wave. Smaller trough and higher peak are obtained
from Stream function and fully nonlinear wave.
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Figure 11 Velocity & acceleration at (Om, Om, Om) — H6T7

The kinematics at the observed point is only non-
zero below instantaneous free surface, therefore it
drops to zero when free surface goes below the
point. Stream function and fully nonlinear wave
provide almost the same prediction which is larger
than linear wave.

Tower base

Shear stress and bending moment are the main
sources that lead to fatigue damage at tower base.
Both of them are greatly influenced by wave
frequency loads. The difference from three wave
models are not significant.
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Figure 12 Shear stress & bending moment — H6T7

Floater motion

Surge, heave and pitch responses in condition
H6T7 are shown in Figure 13. In theory, surge
response will oscillate about zero-mean position
(the dashed line) if Morison’s equation is calculated
at the undisplaced position of the body without
wave stretching. However, there should be a slight
non-zero drift surge motion in reality. The
phenomenon can be captured when Morison’s
equation is integrated up to the instantaneous wave
elevation using a stretching method as illustrated in
Figure 13. Meanwhile, axial dynamic pressure is
inserted as concentrated force on base columns to
account for buoyancy force.
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From Figure 13, surge and heave responses from
fully nonlinear wave and stream function are quite
close and clearly larger than linear wave response.
The influence from different wave models are not
significant for pitch motion.

Mooring line tension
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Figure 14 Tension response — H6T7

Mooring line tension is mainly due to the floater
motion, therefore different surge motion prediction
greatly influences the mooring line tension
response. Mooring line 2 is in the upwind direction
oriented with zero wind wave incoming direction
while line 1 and 3 are symmetric in the downwind
direction. The underestimation of surge motion
from linear wave leads to underestimation of
mooring line tension at upwind direction and
overestimation at downwind direction. The results
from Stream function and fully nonlinear wave are
almost the same.

Computational efficiency

The dynamic analysis in HAWC?2 is run for 700s
with 0.02s time step for all methods. It takes 1.8
hours using default HAWC2 waves and 2.2 hours
for HPC wave. Combining 2 hours for wave
generation and 1 hours for polynomial fitting, the
efficiency to run fully nonlinear wave analysis
using polynomial fitting method is acceptable.
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Figure 15 Wave elevation at (Om, Om, Om) — H6T10

Fully nonlinear wave and Stream function
provide slightly larger peak and smaller trough than
linear wave. Slight difference is also observed for
horizontal velocity and vertical acceleration as
shown in Figure 16. However, the difference is
smaller compared with condition H6T7 due to
smaller wave nonlinearity.
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Figure 16 Velocity & acceleration at (Om, Om, Om) — H6T10
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The decrease of the wave nonlinearity also
affects the motion response as shown in Figure 17.
The underestimation of surge and heave motion
from linear wave is smaller compared with
condition H6T7. Fully nonlinear wave and stream
function again provides same motion prediction.
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Due to the dynamic effects on mooring line, the
upwind mooring line response includes more
frequencies besides wave frequency as shown in
Figure 18, which is captured by all wave theories.
Maximum tension responses for less tensioned
mooring line 1 and 3 are almost the same for all
wave models. For most tensioned mooring line 2,
linear wave model underestimates the maximum
response compared with fully nonlinear wave and
Stream function.
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There is almost no difference of wave profile
from three wave models for the least nonlinear
wave condition. So is the wave kinematics.
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The motion response is almost the same for all
three wave models which proves that linear wave
can provide equally accurate results as fully
nonlinear wave and Stream function for large wave
in deep water.

Mooring line tension

»

Z;q
: Wk
6 —HPC-Nanlinear
M

o

----- HAWC2-Linear
—--HAWC2-Stream

L3 tension (i) L2 tensien (KN} | 4 tansion (ki)

4 420 430 a4 450 b0 470 480 90 600
Time (s}

Figure 22 Tension response — H12T15

Same mooring line tension response also proves
the applicability of all three wave theories when
large wave is considered in deep water area.

5.2 (d) Summary

The statistics of wave elevation, surge motion
and tension for mooring line at upwind direction in
three sea states from all wave models are compared.
The values are taken after the system becomes
stable without transient phase in the beginning. The
circle marker indicates the mean response. The
maximum and minimum response are represented
by diamond and square markers respectively.

Since both fully nonlinear wave and Stream
function wave satisfy the fully nonlinear FSBC, the
predictions from these two wave theories are almost
the same for all three conditions. As wave steepness
increases, phenomenon of smaller trough and
higher peak from Stream function wave and fully



nonlinear wave than linear wave becomes more
significant as condition H6T7.
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Floater motion response is influenced not only by
wave severity but also wave nonlinearity. In
general, more severe wave leads to larger motion
response. The mean surge motion is negative for
condition H12T15 while positive for the other two
conditions. Fully nonlinear wave and Stream
function calculate same surge response which is
clearly larger than linear wave for all three
conditions. The difference increases as wave
nonlinearity increases.
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Figure 24 Surge motion

Normally, larger wave leads to higher mooring
line tension. However, the mean surge motion is
negative for condition H12T15 which makes the

mooring line tension at upwind direction less severe.

The comparison among three wave theories is same
as surge motion.
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5. CONCLUSIONS

In order to apply an accurate wave model on
floating wind turbine in intermediate water, a fully
nonlinear wave model needs to be considered. To
solve the memory barrier of the software for
modelling floating wind turbine when applying
nonlinear wave kinematics, a new wave kinematics
polynomial fitting method is developed for
HAWC?2 using an extended 2D wkin.dll.

2D HPC wave tank is an efficient tool to generate
wave kinematics for both regular and irregular
wave with linear and fully nonlinear FSBCs. The
polynomial fitting of obtained wave kinematics not
only saves the data size but also keeps the accuracy
at a high level. The wkin.dll in HAWC?2 is extended
to handle 2D wave field when applying pre-
generated wave kinematics on a floating wind
turbine and calculate hydrodynamic loads using
Morison’s equation. The results of the case study
show that the wave generated using different wave
theories can be significantly different especially
when the nonlinearity increase. However, there is
almost no difference between Stream function
wave and fully nonlinear wave, since both satisfy
the fully nonlinear FSBCs. Linear wave theory in
general underestimates the structural response
compared with two nonlinear wave theories. Since
Stream function cannot be used when irregular
wave is considered as fully nonlinear wave, the
latter is of great use in engineering project to
describe realistic sea wave.

Considering the whole work procedure, from 2D
HPC tank to wave kinematics database consisting
of polynomial coefficients, from extended wkin.dll
to hydrodynamic response calculation,
computational efficiency is proved acceptable
while memory requirement is fulfilled. This study
not only proves the importance to consider fully
nonlinear effects in hydrodynamic analysis for
floating wind turbine in intermediate water depth
but also offers an efficient numerical tool to make
it happen.
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ARTICLE INFO ABSTRACT

Article history: The influence of fully nonlinear wave effects on floating wind turbine has been studied
Received 11 January 2019 i in this paper by comparing both floater motions and structural responses of tower base
Received in revised form 12 April 2019 and mooring lines exposed to linear and fully nonlinear long-crested irregular waves.

Accepted 16 May 2019

Wave kinematics of the linear and nonlinear wave are calculated in a 2D Harmonic
Available online 30 May 2019

Polynomial Cell wave tank. The wave kinematics are further processed by a polynomial

Keywords: fitting method to scale down the data size so that it fulfills the memory requirement of
Fully nonlinear wave effect HAWC2 where coupled dynamic analysis is carried out. The external DLL used to provide
Floating wind turbine wave kinematics to HAWC2 is extended from one dimensional (Wkin.dll 2.4) to two
2D HPC method dimensional (Wkin.dll 2D) wave field so that fully nonlinear wave can be implemented
Polynomial fitting method on floating wind turbine through reading pre-generated wave kinematics manner. The

whole work procedure including wave generation, polynomial fitting and implemen-
tation in HAWC2 has been verified with a linear regular wave case. Two extreme
irregular wave conditions are focused to study the nonlinear wave effects regarding
critical responses, such as wave elevation, floater motions and mooring line tension.
The results have not only proved the accuracy and applicability of the polynomial fitting
method and the extended Wkin.dll 2D for HAWC2 but also revealed the importance to
consider fully nonlinear wave model in hydrodynamic analysis compared with linear
wave theory especially for high sea states in shallow and intermediate water. As a
result of development of computer capacity and numerical wave tank, this paper has
demonstrated that fully nonlinear wave effect can be considered in an engineering

manner with acceptable efficiency.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As floating wind turbines become more and more competitive in offshore wind energy market, the hydrodynamic
behavior of floating structure in intermediate water depths (50 m-200 m) has drawn a lot of attention especially regarding
the effect of the wave nonlinearity. The widely used linear Airy wave is mainly suitable for small wave in deep water and
cannot provide accurate results for large wave in shallow water. The stream function wave model can capture most of
the important nonlinearities. However, it does not work for irregular nonlinear waves, thus is less useful in practice
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org/licenses/by-nc-nd/4.0/).
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when irregular waves are concerned. Larger extreme loads and load effects are expected in the case of fully nonlinear
wave model in particular for extreme environmental conditions, in which wind turbine blades are parked and wave loads
dominate over wind loads. It is therefore necessary to consider fully nonlinear wave in hydrodynamic analysis in order
to calculate the wave loads and the structural responses of floating wind turbines properly.

Fully nonlinear wave interaction with submerged structures was investigated by Bai et al. (2014) using a three-
dimensional numerical wave tank based on potential theory. The higher-order boundary element method is used to solve
the mixed boundary value problem. Schlger et al. (2011) studied the effect of fully nonlinear irregular unidirectional wave
acting on a monopile. Inline force and overturning moment resulted from nonlinear waves was found to be significantly
larger than from linear wave. In some cases, stream function theory underestimates the wave forces compared with fully
nonlinear irregular wave. The aeroelastic code used to model the wind turbine is FLEX5 @ye (1996) and the undisturbed
fully nonlinear wave kinematics was obtained from OceanWave3D which is a fully nonlinear potential wave model
proposed by Engsig-Karup et al. (2009) from DTU. OceanWave3D is able to solve 3D Laplace equation for the velocity
potential with nonlinear free surface boundary conditions (FSBC). Schlger et al. (2012) performed comparative analysis
regarding the fatigue damage of the monopile and tower due to fully nonlinear irregular wave. Fatigue damage level
was seen to be significantly affected by nonlinear wave especially for misaligned wave and wind condition. In Schlger
et al. (2016), linear and nonlinear wave realization were looked into detail. Redistribution of energy at different frequency
range was observed from wave spectrum. The largest positive wave peaks come from nonlinear wave realization for all the
condition compared with linear wave, so does the largest skewness. The difference between linear and nonlinear results
increases with decreasing water depth due to increasing wave nonlinearity for reduced water depth. Nonlinear wave
effects was also investigated for jacket supported wind turbine by Larsen et al. (2011). Significant increase in dynamic
load effect due to nonlinear wave was found for tower bottom bending moment and axial force in both right leg and
lower X-brace.

Despite all the previous work on bottom fixed wind turbine, there has been limited similar research work on floating
wind turbines. Computational fluid dynamics (CFD) method has been used to study the fully nonlinear wave effect on
a TLP floating wind turbine by Nematbakhsh et al. (2015). The results was compared with results from potential flow
solver — Simo-Riflex. However, aerodynamic load was not included, nor does aeroelastic response of the wind turbine
due to high computational cost. The coupled FLEX5-OceanWave3D tool was applied on a TLP wind turbine in the INNWIND
project (Bredmose, 2013) to compare response exposed to different wave models including fully nonlinear wave. The result
was further compared with experimental data in Pegalajar-Jurado et al. (2017). Pegalajar-Jurado et al. (2017) concluded
that it was quite difficult to determine which wave model included was the most accurate because the wave models
with different sets of wave kinematics cannot provide consistent prediction. Therefore, it is more challenging to apply
fully nonlinear wave on floating wind turbine than bottom fixed wind turbine in terms of accuracy and efficiency. One
of the reasons is that the footprint of floating wind turbines is larger due to its mooring system which requires larger
database for pre-generated wave kinematics in the whole wave field to be used in a global response analysis. Normally
the database is so large that it exceeds the virtual memory limit of the simulation tool for wind turbine. Therefore, there
is a need to scale down the data size to meet the requirement at the first place. In addition, it is so demanding to obtain
accurate fully nonlinear wave kinematics due to complicated fully nonlinear FSBCs that a separate numerical wave tank
(NWT) is needed to generate the wave. Build a link between the wave kinematics database and the simulation tool is also
quite important.

The main objective of this paper is to study fully nonlinear wave effect on a semi-submersible floating wind turbine.
The fully nonlinear waves are generated in a 2D numerical wave tank based on the Harmonic Polynomial Cell method
which is an efficient field solver. The coupled dynamic analysis is carried out in HAWC2. In accordance to the first memory
boundary challenge, a polynomial fitting method is proposed in order to decrease the data size. The wave kinematics at
pre-defined grid points in the whole wave field is fitted to polynomial functions representing location coordinates and
corresponding polynomial coefficients. The method is verified against HAWC2 default wave. The other contribution of
this paper is extending the dynamic link library between wave kinematics database and HAWC2 from one dimensional
to two dimensional so that it can be applied not only on bottom fixed wind turbine but also on floating wind turbine.
The hydrodynamic wave load in HAWC2 is calculated using Morison’s equation. The nonlinear effect considered in this
paper mainly includes nonlinear wave kinematics generated from a numerical wave tank; hydrodynamic load calculation
for the floater up to the instantaneous free surface of the incident waves, geometrical nonlinearity for mooring line. A
regular wave case is performed for verification and two extreme irregular wave conditions are compared for the nonlinear
effects. Wave kinematics, wave spectrum, floater motion, tower base force and mooring line tension are compared.

2. Wave theory

Ocean wave is a random and irregular process whose mathematical formulations can be determined based on several
boundary conditions on water surface and sea bottom. Wave theories can be divided into linear and nonlinear groups
according to the simplification level of boundary conditions. A linear regular wave has a sinusoidal surface profile with
small amplitude and steepness, while a nonlinear wave has sharper crests and flatter troughs. The nonlinear regular waves
can be described by Stokes, cnoidal, stream function or solitary wave theories according to the nonlinear properties of
the waves. The applicability of various wave theories is discussed in DNV-RP-C205 DNVGL (2017) as shown in Fig. 1.
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Fig. 1. Applicability of various wave theories.

Horizontal axis is a non-dimensional measurement of depth shallowness and the vertical axis is a measurement of wave
steepness.

The nonlinearity of a large transient wave event can be described by higher order bound and resonant nonlinear-
ities (Gibson and Swan, 2006). Bound nonlinearities are induced by higher order nonlinear harmonics which are phase
locked to the first order wave component. They tend to modify the free surface profile by sharping the peaks and flattening
the troughs. Resonant nonlinearities on the other hand influences the energy distribution within the wave spectrum by
adjusting the phases and amplitudes of the first order wave components and produces new wave components satisfying
dispersion relation.

2.1. Linear wave theory

Linear wave theory also known as Airy wave theory is the most widely used wave theory in offshore industry. It
is based on the assumption that the contribution from the nonlinear terms in FSBCs are negligible. The mathematical
expression can be derived considering a incompressible, inviscid and irrotational fluid.

1. Laplace equation is the governing equation in the fluid domain:
v =0 (1
2. Considering wave elevation, n which is proportional to wave height H is small, the FSBCs can be linearized and
described at the still water level (SWL) z = 0 instead of z = 5 using Taylor’s expansion. Dynamic FSBC is written
as:

¢

— = — on z=0 2

oc &7 (2)
where the atmospheric pressure is assumed to be zero on the free surface.

3. Kinematic FSBC is expressed as

d d
an _ 99 =0 3)
at 0z

4. The impermeability condition, such as sea bottom and fixed body surfaces is described as:
d¢
— =0 4
™ (4)

2.2. Fully nonlinear wave theory

Linear wave theory is formulated on the basis that only the linear terms are kept in FSBCs while nonlinear terms are
totally neglected. It can provide good estimation of the wave kinematics for small waves in deep water (water depth
is larger than half of the wavelength). However, the contribution from nonlinear terms becomes significant when water
depth is small. Therefore, fully nonlinear wave theory is a better option. The different FSBCs are written as:
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e Fully nonlinear dynamic FSBC
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Here v = Tﬁ +I§ + E% and v = ;dix +j,;d7 7,7 and k are unit vectors along x-, y- and z-axis respectively.
When a material derivative following an arbitrary velocity v = {vx, vy, vz} is introduced, the fully nonlinear FSBCs can

be rewritten as:
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In this paper, a semi-Lagrangian approach will be used by following the vertical velocities of fluid particles on the free
surface, which means in 2D case the following FSBCs shall be applied in the numerical implementation:

Db _ 1oy 9 06 _d¢om, _

Dr = 81Ty Vevet az(az % Bx) wx)p on  z=n(xy) 9)
Dy 8¢ — — _

ITZ = £ Vo -+ {ven) Tn—uxe on  z=nxy) (10)

Here u(x) is a damping coefficient to dissipate the energy of the waves which exists only in the damping zone at the
end of the numerical wave tank.

3. Hydrodynamic load modeling

Potential flow theory and Morison’s equation are the two typical methods for hydrodynamic load calculation of floating
wind turbine in global analysis. Computational Fluid Dynamics (CFD) has become more popular in recent years as well
thanks to the rapid development of computer capacity. Matha et al. (2011) has discussed the advantages and limitations
of all three methods.

3.1. Morison’s equation

Morison’s equation which is used in this paper is a semi-empirical method to calculate the wave loads on slender
structures whose diameter-to-wavelength ratio is less than 1/5. The diffraction and radiation effects are considered not
significant. It has been mostly applied on slender vertical surface-piercing cylinders such as monopile and spar. Some
recent research results also proved the applicability for small-diameter floating wind turbine like semi-submersible in
high sea states compared to model scale measurements (Robertson et al.,, 2013).

The hydrodynamic loading according to Morison’s equation is expressed in terms of the undisturbed fluid-particle
velocity and accelerations directly which allows Morison’s equation to be applied in the case of nonlinear wave and
current kinematics models (Santo et al.,, 2018).

The wave force dF on a strip of length dz of a rigid moving circular cylinder can be written as:

2 2
dF = p%dZCMan + p%dz(CM - 1)ac + gCDDdzlurellunmel (11)

where D is the cylinder diameter, a, is the undisturbed wave induced acceleration components normal to the cylinder axis,
ac is the normal component of cylinder acceleration, u, r is the component of the relative velocity normal to the cylinder,
Cy and Cp are the mass and drag coefficients which are dependent of several parameters such as Reynolds number, the
roughness number and the Keulegan-Carpenter number. The coefficients should be determined empirically and Cy; can
be determined according to the result from potential flow theory.

One advantage of Morison’s equation is the hydrodynamic load calculation is based on undisturbed fluid particle
velocity and acceleration instead of velocity potential which is expressed with frequency-dependent added mass, damping
and wave excitation force. As a result, Morison’s equation provides a more straightforward manner to consider nonlinear
wave or current kinematics models. Accordingly in this paper, Morison’s equation is used to carry out the hydrodynamic
load calculation.
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3.2. Radiation/diffraction theory

As the size of supporting floating substructure increases, wave diffraction and radiation effects become more significant
and cannot inherently be captured by Morison’s equation. In such case, potential flow theory is preferred. The first
order potential problem solves diffraction and radiation problems separately with linearized boundary value problems
whose solution is frequency-dependent and linearly related with wave amplitude. Added mass, damping and restoring
matrices and incident wave excitation from diffraction are pre-computed in frequency domain. Viscosity is incorporated
through drag term of the Morison’s equation. Difference frequency and sum frequency effects are considered by second
order potential theory which are important for slow drift motion of semi-submersible and ringing of TLP. Second order
hydrodynamic effects can be obtained by either full quadratic transfer functions (QTF) which take into account the
contribution from all six degrees of freedom or Newman'’s approximation which only requires the diagonal terms of the
full QTF matrix while the off-diagonal terms are approximated by the diagonal terms for the two directions and periods
involved. The frequency domain results are applied in time domain simulation through Cummins equation (Cummins,
1962). Take a floating single degree-of-freedom system including mooring system and viscous drag force as an example,
the motion equation in time domain can be written as:

+00
(M + A )X(t) + / K(t — TX(T)dT + Cx(t) + K(x(t)) = F™ + F? 4 Cq [u — | (u — %) (12)
—00
where M is the mass of the body, A, is the added mass at infinity frequency, «(t — ) is the retardation function consisting
of frequency-dependent added mass and damping coefficient, C is the hydrostatic restoring force, K(x(t)) is the nonlinear
restoring force from the mooring system, FfX is the Froude-Krylov force, F? stands for the diffraction force, the quadratic
damping force is related to the relative velocity between body velocity and fluid particle velocity.

3.3. Computational fluid dynamics

Computational fluid dynamics (CFD) method can include all relevant linear and nonlinear hydrodynamic effects
including viscous effects. Normally, finite-volume method is used to solve the Reynolds-Averaged Navier-Stokes (RANS)
equations on grids while free surface can be represented by the volume of fluid (VOF) approach (Carrién et al.,
2014). Viscous effects are included to describe vortex separation at mooring line and floater. Despite the accuracy in
hydrodynamic wave modeling, high computational effort is expected which still requires a lot of effort before engineering
application. Meanwhile, current CFD studies are restricted to wave-only simulation and it is challenging to include
aerodynamic effects at the same time.

4. Harmonic polynomial cell method
4.1. 2D HPC method

The numerical wave tank used in this paper to generate fully nonlinear wave is based on 2D harmonic polynomial cell
(HPC) method which was initially proposed by Shao and Faltinsen (2012) as a potential flow solver with approximately
4th order accuracy. The highlight of HPC method is that the fluid domain is divided into quadrilateral cells associated with
harmonic polynomials which are used to describe the velocity potential in each cell. It has been compared with four other
methods and demonstrates great efficiency and accuracy. The HPC method was developed to 3D case by Shao and Faltinsen
(2014b), and implemented in fully-nonlinear wave body interaction problems such as sloshing in 3D tanks, shallow water
wave tank, influence from seabed topography and nonlinear wave diffraction by a bottom-mounted vertical circular
cylinder. Promising results again proved the applicability of HPC method when dealing with potential flow problems.
Later on, the current effects was studied together with nonlinear wave diffraction by multiple bottom mounted cylinder
in Shao and Faltinsen (2014a). Improvement of HPC method was made by Liang et al. (2015) in order to account for
singular flows and discontinuous problems. Domain decomposition method combining with local potential flow solution
was proposed to handle the singularity at sharp corners. A double-layer node technique is developed to model the velocity
potential jump in a thin free shear layer in lifting problem.

Brief introduction of HPC method is given here while detailed theory can be referred to Shao and Faltinsen (2012,
2014a,b). According to 2D HPC method, the fluid domain is discretized into quadrilateral cells within which there are
four quadrilateral elements and nine grid nodes as shown in Fig. 2. The stencil center is located in the middle node with
index 9 while eight other nodes are boundary nodes numbering from 1 to 8. The velocity potential ¢ within the cell
is expressed by harmonic polynomials which automatically satisfy Laplace equation. Therefore, the velocity potential at
any point in the cell can be interpolated by a linear combination of the eight harmonic polynomials at the surrounding
boundary nodes.

8
¢(x,y) =Y _ bfi(x,y) (13)

=1
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Fig. 2. Grid node indexes in a cell.

Where fi(x,y) = 1; H(x,y) =% fHxy) =y [LEY) =% -y [xy) =xy; fixy) =% =3x7% [y =
3%y —y% falx,y) = x* — 6x%y% + y*

Including higher order polynomials could reduce the wave dispersion errors in the time domain analysis and increase
the accuracy of the solution.

The way to calculate the unknown coefficients b; term is equivalent to a sub-Dirichlet boundary value problem with
Laplace equation as the governing equation. Combining x = x;, ¥y = ¥, ¢ = ¢; with Eq. (13), a linear equation with a
precise form is achieved:

8
bizzci,j¢j (l:l,,g) (14)
j=1

here ¢;j(i,j =1, ..., 8) is the elements of the inverse of matrix [D] which consists of elements d;; = fi(x;, y;). Therefore,
the velocity potential at any grid point in the fluid domain could be described based on the eight surrounding boundary
nodes in the same stencil cell. Considering the stencil center where x = x9 = 0 and y = y9 = 0, the resulting harmonic
polynomials is expressed as f1(0, 0) = 1 and f;(0,0) = 0,j = 2, ..., 8. Accordingly, the velocity potential at the cell center
is described as:

8
$o=dx=xo=0,y=yo=0)= Y c1.:6; (15)
i=1

The Dirichlet boundary condition is related to velocity potential at the boundary nodes, while the Neumann boundary
condition is enforced by taking the normal derivative:

) 8
=3 (S8 qr v iy ntx )] o (16)

on ‘
i=1

where n is the normal vector, defined as positive pointing outside of the fluid domain.
4.2. Time integration, wave generation and wave absorption

An explicit 4th order Runge-Kutta method is applied to integrate Eqs. (9) and (10) in time to update the wave elevation
and velocity potential on the free surface. Auxiliary solutions at three time instants are needed in the 4-stage time
integration. For each time step, four solutions of the boundary value problem for the velocity potential in the whole
fluid domain are obtained by the HPC method, which has been described in Section 4.1.

Wavemaker at left end of the numerical wave tank is used to generate the target waves. It is known that a sudden
start of a wavemaker will introduce instability and breakdown of the simulation eventually. Thus, a ramp function r(t)
is applied to the wavemaker signal s(t) so that the modified signal becomes s(t) = 5(t) - r(t). In this study, the following
ramp function is applied

1 t
H(t) = {5[1 - cos(n%)], t < Tramp (17)

1, t > Tramp

Here Tyump is the duration of the ramp, which is taken as 2 times of the peak period T, of the wave spectrum.
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Fig. 3. Filter strength.

A numerical damping zone is implemented at the end of the numerical wave tank to dissipate the energy of the waves.
A quadratic function, which has been suggested by Ning and Teng (2007) is applied:

1) = {MO(X;:]J 2, x>x

18
0, X <Xp (18)

Here x is the coordinate measured from the location of the wavemaker. x, is the location where the damping zone
starts and A, is the length of the damping zone. The length of the damping zone and the damping strength o are so
chosen to minimize the wave reflection from the wall at the end of the tank.

It is necessary to apply a free-surface filter in order to simulate nonlinear steep waves over a long time duration
without any instability developing. Without such a filter, sawtooth instability will eventually occur for waves over a
certain steepness as consequence of aliasing effects due to the quadratic terms in fully nonlinear free surface conditions.
In this study, the simulated wave elevation along the numerical wave tank is projected into wavenumber space through
FFT technique, and the following filter is then applied to the resulting wave numbers

k

) (19)

y (k) = exp(—(
o - ko

Here ko is a reference wave number, which normally corresponds to a characteristic wave number of the considered
wave spectrum. In this study, ko is taken as k,, which is the root of the dispersion relationship w; = kph - tanh(kyh). Here
wp = 27 /T,. h is the water depth. « and 8 are constant coefficients.

An ideal filter should be able to sufficiently remove energy from very short waves while keep the important waves
unchanged. « and B are determined through y (kn.) = 0.01 and y (kmin) = 0.99 which indicate that the filter takes away
99% wave amplitude from a short wave with wave number k., and only 1% wave amplitude from a wave with wave
number kpiy. In this study, kpex = 27 /(4AX) and ki, = 27 /(10Ax) are used in all the analysis with irregular waves. Ax
is the size of the element along horizontal direction of the numerical wave tank. Since the filter strength is dependent on
the discretization and the characteristic wave number ko = k;, it is important to understand the effect of the filter before
generating the nonlinear irregular waves.

Fig. 3 is an example of the filter strength y (k) as function of k/k, for a sea state with H; = 15.24 mand T, = 17.0 s
to the left and H; = 9.14 m and T, = 13.6 s to the right. The horizontal discretization is defined with Ax = 2—8 = % . %,
which means that 40 elements are uniformly distributed within a characteristic wave length, which corresponds to the
peak-frequency of the spectrum. According to Fig. 3, the filter completely removes energy for waves with k/k, > 40 while
it has almost no effect for waves with k/k, < 20.

When a wave spectrum is used to generate irregular waves in the time domain, it is common practice to truncate
the wave spectrum by a lower-limit frequency w; and upper-limit frequency w,. The cut-off frequency limit in this paper
is determined mainly based on two aspects: the important waves containing most of the energy cannot be cut off and
extremely short wave which requires quite fine mesh should be cut off in order to avoid numerical breakdown and
increase of CPU time. As recommended in Stansberg et al. (2008) and DNVGL (2017), the cut-off limit defined in this
paper is: w, = +/2g/H; and w; = 0.4 * wp, which leads to only 0.9% and 1.1% loss of the zero-th moments of the wave
spectra for ULS1 and ULS2 condition respectively. The vertical dashed lines in Fig. 4 represent the cut-off frequencies
while the red lines represent the wave spectra.

At the same time, the vertical lines in Fig. 3 indicate the wave number corresponding to the upper-limit truncation
frequency w,. It is quite obvious that the applied filter has negligible effects on the important waves that should be
simulated through the truncated wave spectrum. If a finer mesh is used, the filter will have even less effects on the
waves that are of practical interests in the studies presented in this paper.
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Fig. 4. Cut-off of wave spectra for ULS1 and ULS2 condition.
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4.3. Polynomial fitting of wave kinematics

The velocity potential, wave elevation, velocity are directly calculated from 2D HPC wave tank, while acceleration
is available by post-processing velocity and grid deformation. All the grids are fixed in the tank in linear wave
making problem, while the grids deform vertically in nonlinear case which leads to the difference when calculating
the acceleration. Bernoulli’s equation is only valid in an inertial system. Therefore, material derivative is introduced to
calculate the acceleration (Faltinsen and Timokha, 2009):

aUu sU U 20

3t st Werid * V (20)
Since the grid deformation only appears in vertical direction, Eq. (20) can be further written as:

U sU 9z aU

== _Z. .= (21)

at st ot 9z

Where U is the velocity, % is the relative velocity representing the grid deformation in vertical direction.

The wave kinematics data obtained from the wave tank at each time step is expressed at discrete grid points across the
whole wave field. Fig. 5 is an example of the horizontal velocity of wave particles in the wave field with corresponding
horizontal and vertical coordinates at a certain time step. At the same time step, there are three other similar figures
representing vertical velocity, horizontal acceleration and vertical acceleration which are not shown here. It takes about
18 h to calculate a 1 h irregular wave realization with 148 grids horizontally and 22 grids vertically in a normal computer
when only 2 processors are engaged. However, the size of resulting wave kinematics files including wave elevation,
velocity and acceleration in both horizontal and vertical directions is around 8 GB, which exceeds the memory requirement
of the simulation tool for wind turbine, HAWC2 in this study. Besides, huge occupation of virtual memory will slow down
the computation especially for floating wind turbine whose element number is normally very large. Therefore, there is
an urgent need to scale down the size of input wave data.
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Polynomial function.
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Fig. 6. Fitting surface and original data.

In accordance to the challenge, a polynomial fitting method is presented. First of all, the vertical and horizontal
dimensions of the wave field are determined by water depth and footprint of the mooring system respectively. Normally,
it is sufficient to use 50 grids horizontally per wavelength and 30 grids along water depth. Then the whole wave field
is divided into a number of horizontal divisions based on the wavelength. The kinematics varies at both horizontal and
vertical directions.

Therefore within each division, a 2 dimensional polynomial function representing horizontal and vertical coordinates
up to a certain order n is introduced as shown in Table 1. The corresponding coefficients using least-squares method are
calculated and arranged in a descending power regarding x coordinate. As a result, the kinematics data at each time step
can be expressed in a function form instead with location coordinates as input variables:

U=ciX"+0x" 'z 4+ C(n+1)2(n+2)_2XZn_1 + C(n+1)2(n+2J_1Zn + C(n+1)2(n+2) (22)

Here x represents horizontal coordinate, z represents vertical coordinate and ¢; is corresponding polynomial coefficient.

In nonlinear wave problem, the vertical coordinates of the grid points can be directly applied as input for z, since the
grids deform vertically following instantaneous wave elevation up to the free surface. Meanwhile, in linear wave problem,
the grid is fixed and the kinematics is calculated below mean water level. Therefore, Wheeler stretching method is applied
to obtain the kinematics up to the free surface by scaling vertical coordinate:

d
/
2 =(z-n)-— (23)
d+n
Where z is original grid coordinate, z’ is scaled coordinate, 7 is the instantaneous free surface elevation and d is water

depth.

As a result, the wave kinematics at any locations in the whole wave field at each time step can be calculated based
on Eq. (22), which include not only the original grid points directly from the wave tank as shown in Fig. 5 but also
at the locations between the grid points. The resulting wave kinematics information can be expressed with a fitting
surface where different color represent different amplitude of the kinematics. Fig. 6 is an example of the fitting surface
for horizontal velocity and it can be seen that the velocity between the grid points are available as well represented by
the fitting surface. The same procedure is applied to acceleration and velocity in both horizontal and vertical directions.

In the end, the original wave kinematics expressed at discrete grid points are replaced by coefficients ¢; and
corresponding polynomial functions x;, z; representing horizontal and vertical coordinates. The size of data is decreased
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from 8 GB to 1 GB for a 1 h irregular wave problem using 148 grids horizontally and 22 grids vertically, which fulfills
the memory requirement of HAWC2 and can be imported through reading pre-generated wave kinematics manner. The
order of the polynomial function applied should be carefully chosen in order to achieve good result especially for irregular
wave problems whose variation of wave kinematics is harder to predict.

5. Methodology
5.1. Work flow

The main focus of this paper is to study the fully nonlinear wave effects on floating wind turbine using 2D HPC wave
tank and HAWC2 with extended Wkin.dll 2D to handle wave kinematics polynomial coefficients. The work procedure is
demonstrated in Fig. 7. The contribution of this paper are marked with red color.

1. Step1: 2D HPC numerical wave tank is first used to generate regular or irregular wave with linear or fully nonlinear
FSBCs. Wave elevation, velocity and velocity potential are directly available from the tank while the acceleration is
obtained through post-processing based on information of velocity and grid location. The calculation of acceleration
is based on Eq. (21) and performed in Python.

2. Step2: A Matlab code package based on polynomial fitting method Eq. (22) is developed and applied to fit wave
velocity and acceleration data to polynomial coefficients and store as a wave kinematics database.

3. Step3: Finally the coupled dynamic time domain analysis based on Morison’s equation is carried out in HAWC2 and
the wave kinematics at required location is calculated through Wkin.dll 2D using location coordinates sent from
HAWC2 and polynomial coefficients sent from wave kinematics database.

5.2. Modeling theory

HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd generation) is an aeroelastic code developed at DTU Wind
Energy in 2003-2006. It is intended for calculating the response of offshore floating and fixed wind turbines in the time
domain Larsen and Hansen (2007).

In HAWC2, multibody formulation is the basis of the structural modeling strategy meaning that the wind turbine
is divided into several bodies and each body is modeled using a number of Timoshenko beam elements. The coupling
constraints connecting individual bodies make it possible to account for the nonlinear structural effects due to body
rotation or deformation.

The aerodynamic modeling is based on blade element momentum theory (BEM) and was extended by Hansen et al.
(2004) to include dynamic stall, skew inflow and operation in sheared inflow etc. Turbulent inflow can be generated using
Mann model and potential flow method is applied to describe tower shadow effects. Control of the turbine is achieved
through several DLLs.
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Fig. 8. Wave field structure of wkin.dll in HAWC2.

One option of the hydrodynamic modeling in HAWC2 is based on potential flow theory coupling with output results
from WAMIT (Borg et al.,, 2016) for large volume structures to account for diffraction effect. The other alternative is
Morison’s equation suitable for small-diameter structures. Buoyancy loads are included through integration of external
pressure contribution and inserted as concentrated forces on end nodes and distributed forces over conical sections.

Mooring lines for floating wind turbine can be modeled in either a quasi-static or dynamic manner (Kim et al.,, 2013).
Quasi-static mooring line model is based on pre-calculated results from MIMOSA where stiffness property is described
using fairlead position against restoring forces from mooring line. In each time step, the mooring line tension is iterated
according to the configuration of each mooring line with the assumption that each mooring line is in static equilibrium
at the moment. Inertial effects and damping of the mooring system from wave, current are neglected in quasi-static
model (Jonkman, 2009). Dynamic mooring line model was developed by Kallesge and Hansen (2011) using a cable element
with hydrodynamic drag and buoyancy forces. The bottom contact is modeled by a nonlinear spring stiffness. The stiffness
of each element is influenced by deflection and orientation of the element. The formulation is applicable for cables
with uniform properties so that sections with different cable types are modeled separately and connected by ball joint
constraints. Clump weight and buoy can be included as point mass with linear and quadratic viscous damping terms. In
this paper, dynamic mooring line model is applied to account for the dynamic effect.

5.3. Wave kinematics (Wkin.dll)

The wave kinematics applied in HAWC2 are provided externally through a defined DLL interface named Wkin.dIl.
In the current version Wkin.dll 2.4, the input wave types can be selected from: linear airy waves with Wheeler
stretching; irregular Airy waves based on JONSWAP or PM spectrum with directional spreading; stream function wave
and pre-generated wave kinematics.

When importing pre-generated wave kinematics, the wave field that Wkin.dll 2.4 is able to handle can be considered
as a one dimensional field since the data are imported at discrete grid points at only one horizontal location along the
water depth as the red part in Fig. 8. The wave kinematics variation only exists in one dimension. The kinematics at any
point and the wave elevation are linearly interpolated using the neighboring points. This works sufficiently for bottom
fixed wind turbine such as monopile where only the wave kinematics at the center of the structure is needed since the
movement of monopile is very small.

However, it is not applicable for floating wind turbine where the variation along horizontal direction is needed as well
due to the mooring system. Therefore, the Wkin.dll is further extended in this paper to include wave kinematics variation
in horizontal direction in order to implement on floating wind turbine (green part in Fig. 8). It is named Wkin.dll 2D
because it is able to handle wave field in two dimensions. Wave elevation is linearly interpolated at different horizontal
locations. The wave kinematics including velocity and acceleration are first calculated in numerical wave tank and then
fit into polynomial coefficients to scale down the size as introduced in Section 4.3. Wkin.dll 2D will receive the location
coordinates sent from HAWC2 and delivers the exact wave kinematics value using the polynomial fitting method. The
wave loads on both floater and mooring line are calculated based on Morison’s equation.

The extension of the wave field from one dimensional to two dimensional makes it possible to perform hydrodynamic
analysis for floating wind turbine using pre-generated wave kinematics method, which is the basis for fully nonlinear
wave effect study.
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Fig. 9. 0C4 semi-submersible wind turbine (Robertson et al., 2014a).

Table 2
Load cases.
Type H or Hs [m] T or Tp [s] Simulation time [s] Time step [s] No. of runs
REG Regular 6 10 700 0.02 1
ULS1 Irregular 9.14 13.6 4200 0.02 20
ULS2 Irregular 15.24 17 4200 0.02 20

6. Case study
6.1. 0OC4 semi-submersible floating wind turbine

The floating wind turbine studied in this paper is 5MW 0C4 semi-submersible wind turbine as shown in Fig. 9. The
floater includes a center column connecting the tower and three side columns which is connected with main column
through a number of smaller pontoons and braces (Robertson et al., 2014a). The design is aiming for 200 m water depth
with 20 m draft. Three catenary mooring lines are arranged symmetrically about the platform vertical axis with 120°
angle between them. The radius from the floater center is 40.87 m to fairlead and 837.6 m to anchor. Unstretched length
of all three mooring lines is 835.5 m with 0.0776 m diameter and 108.63 kg/m apparent mass in fluid per unit length.
The detailed layout and structural property is available in Robertson et al. (2014a).

Coupled dynamic analysis has been performed through a code comparison involving 23 organizations and 19 sim-
ulation tools (Robertson et al., 2014b) to study the structural behavior under different environmental conditions using
different modeling philosophies. 23 load cases consisting of standstill frequency analysis without wind and wave loads;
standstill case with wave loads; fully coupled dynamic analysis with both wind and wave loads were analyzed. Fully
nonlinear wave effects has not been included. At the same time, potential flow theory and Morison’s equation are also
compared regarding hydrodynamic modeling. Diffraction effects are important to consider using potential flow theory
when the structure diameter is larger than 0.2 times wavelength. The results from the comparison is that as for the
main structures and pre-defined sea states, the diameter to wavelength ratio calculated only exceeds 0.2 for some lowest
sea states, where hydrodynamic loads are small anyway. For the high sea states involved, Morison’s equation is able to
provide equally accurate results as potential flow theory. A detailed comparison is available in Robertson et al. (2014b). In
this paper, Morison’s equation is applied for hydrodynamic modeling in HAWC2 while mooring line is represented with
dynamic model. The hydrodynamic load on the floater is calculated by integrating the force up to the free surface. The
force acting on the mooring line is also calculated based on Morison’s equation.

6.2. Load cases

It is important to check beforehand that whether the polynomial fitting method is able to provide reliable results
compared with current available code with respect to predicting wave kinematics and responses e.g. floater motion and
mooring line tension. Accordingly, a wave-only linear regular wave case is first performed to verify the polynomial fitting
method. Afterwards, two irregular wave-only cases representing extreme sea states are considered to study the effect due
to fully nonlinear wave.

The sea states selected in this paper is based on the pre-defined condition as listed in Robertson et al. (2014b) and the
metocean data at Norway 5 site in North sea (Li et al.,, 2015). Water depth considered is 200 m. A regular wave condition
is selected for verification as a representative case labeled as REG in Table 2. Polynomial fitting method is compared
with default input wave from HAWC2 as a reference. Regular wave verification simulation is run for 700 s and the system
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Table 3
Nonlinear effect.
Linear wave Fully nonlinear wave
Nonlinear wave kinematics Not included Included
Instantaneous water level Included Included
Nonlinear mooring line Included Included
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Fig. 10. Location coordinates of the grid points and fitting surface. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

becomes stable after 200 s. Only the results from 400 s to 450 s are presented in the following section due to the similarity.
The two ultimate-limit-state (ULS) irregular wave conditions are based on JONSWAP spectrum. In each ULS condition, 20
simulations of linear and fully nonlinear wave are performed respectively and same random seed is used for the two wave
models within each simulation so that the wave generated follows the same trend but with different amplitude. The total
length of the simulation is 4200 s while first 600 s is removed due to transient effect. The following result is taken as
the average of 20 simulation results to account for stochastic uncertainty as much as possible. In the following tables
and figures, the notation of HAWC2-Linear stands for the results using default linear wave from HAWC2 while notation
of HPC-Linear stands for the results using the new method — polynomial fitting kinematics from HPC wave tank. Linear
and Nonlinear represent waves generated using linear and fully nonlinear FSBCs respectively.

The main objective of this paper is to study the nonlinear effect due to wave. Therefore, all the other nonlinear
effects involved in the modeling are kept the same for the two models including calculation of hydrodynamic load up to
instantaneous water level and nonlinearity in the mooring line model. The only difference is the nonlinear effect in wave
kinematics as shown in Table 3.

6.3. Verification of the analysis procedure

The verification of the proposed analysis procedure (using 2D HPC method, polynomial fitting method and Wkin.dll
2D) for linear wave case against pure HAWC2 analysis is considered with respect to wave kinematics obtained from fitting
function compared with original data; wave kinematics observed from HAWC2 simulation; floater motion and mooring
line tension predicted using polynomial fitting method and default wave.

6.3.1. Wave kinematics

The polynomial fitting results are checked in the following section regarding how well it represents original data and
predicts wave kinematics at other locations in the field. Meanwhile, the output from HAWC2 simulation is also compared
between the new method and default regular wave.

Wave kinematics data is fit to polynomial coefficients after being generated fromt the 2D HPC numerical wave tank.
Fig. 10 shows the location coordinates of original grid points whose vertical coordinates follows the wave elevation and
the resulting fitting surface. It can be considered as the top view of original data (Fig. 5) and fitting surface (Fig. 6) where
only the location coordinates are shown without the actual kinematics value. Fig. 11 is the cross-section of the fitting
surface (Fig. 6) at wave crest and wave trough. It is used as an example to judge whether fitting surface can coincide with
original data at different water depth from free surface to seabed.

Since the vertical coordinates of the data points have been Wheeler stretched using Eq. (23), all the data points follow
the instantaneous wave elevation in vertical direction. Therefore in Fig. 10, the original data at free surface (blue dots)
are not located at exact wave crest level (blue line) or wave trough level (red line) but at different levels in between.
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The cross section of the fitting surface (Fig. 6) at wave crest and wave trough level do not go through all the free surface
points (blue dots) exactly since the vertical coordinates are different as shown in Fig. 10, but it will provide an indication
about how close original and predicted data are when their coordinates are close. Accordingly, original data is compared
with wave crest level (blue solid line) in region A and C and wave trough level (red solid line) in region B considering
close vertical coordinates. In Fig. 11, the dashed part of fitting curves are not used for comparison because they are less
close to original data by contrast. It is observed that the fitting curves (solid part) predict quite close to original data. It is
safe to conclude that the coincidence will be even better when the cross section at exact coordinate as the data is used.

The fitting result is checked at several other different water depths in Fig. 12. The two parts of each fitting line are
determined based on the same principle as Fig. 11: the maximum and minimum vertical coordinate at that depth level.
Different colors and markers are used to distinguish different water depths.
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From statistical point of view, coefficient of determination, denoted R? is a measure of how well predicted model has
represented original data.

Zi()’i - }_’)2

Where y; is original data, f; is predicted data and y is the mean of original data. The closer R? is to 1, the better linear
regression results fit original data. R? are calculated for all the wave field divisions at each time step in Fig. 13, as the
wave is slowly generated to steady state after 200 s, R* becomes stationary with minimum value being 0.9993 for all the
divisions, which indicates that the fitting surface provides great representation of original data.

The wave-only regular wave dynamic analysis is performed using the polynomial fitting method and compared with
default regular wave in HAWC2. The wave kinematics output of the simulation are also checked. Since HAWC2 is a 2D
simulation tool, both velocity and acceleration in x direction are negligible. The wave kinematics observed at location
(0 m, 0 m, 0 m) are shown in Fig. 14 including wave elevation; horizontal and vertical velocity; horizontal and vertical
acceleration.

The blue line is the results calculated using default wave in HAWC2 while the red line is obtained from polynomial
fitting method. Wave elevation from HPC method is linearly interpolated using data at nearest two discrete grid points
while result from HAWC2 default wave is calculated based on the analytical expression. The kinematics at the observed
point is only non-zero below instantaneous free surface, therefore it drops to zero when free surface goes below the point
which is between 0 m and 3 m in Fig. 14 (the positive z direction in HAWC2 points downwards towards seabed). The
prediction from the two methods is so close to hardly distinguish from the figure.

The wave kinematics decay along water depths which is captured in Fig. 15 where the data at three depths below
free surface are plotted. There is almost no difference between the two methods. In conclusion, HPC polynomial fitting
method is able to calculate wave kinematics correctly.

RP=1 (24)

6.3.2. Floater motion

Surge, heave and pitch responses are shown in Fig. 16. Surge response will oscillate about zero-mean position if
Morison’s equation is calculated at the undisplaced position of the body without wave stretching. However, there should
be a slight non-zero drift surge motion in reality. The phenomenon can be captured as illustrated in Fig. 16 when Morison’s
equation is integrated up to the instantaneous wave elevation using a stretching method. Meanwhile, the buoyancy
force in HAWC2 is calculated by integrating static pressure over the bottom and conical sections of the structure with
additional contribution from Archimedes method which only includes the normal component to the structure. Therefore,
the FK term in the Morison’s equation is used by HAWC2 to represent the dynamic pressure integration in the transverse
direction (Karimirad et al., 2011). Heave and pitch motion oscillate about zero mean position while HPC method predicts
slightly larger heave motion than HAWC2. The difference is due to the error during the polynomial fitting of the wave
kinematics using HPC method and the fitting error is more obvious in vertical direction whose kinematics variation is
large. However, the heave and pitch response prediction is not significantly affected considering the total response and
can be accepted.

6.3.3. Mooring line tension
Mooring line 2 is in the upwind direction oriented with zero wind wave incoming direction while line 1 and 3 are
symmetric in the downwind direction. The mean tension and maximum tension are pretty close predicted by the two
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methods. The two continuing peak detected in mooring line 2 is due to the excitation of mooring line from the wave,
which is captured by the dynamic mooring modeling method. If a quasi-static modeling method is applied, only one peak
will be found (Robertson et al., 2014b).

In conclusion, wave kinematics from new proposed HPC polynomial fitting method not only saves the data size but
also keeps the accuracy at a high level. The corresponding motion and tension response are also predicted correctly (see
Fig. 17).
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Fig. 18. Time series.

6.4. Irregular wave

The previous regular wave case has proved the accuracy and applicability of the polynomial fitting method. In the
following section, the two irregular sea states are compared based on results from 20 simulations. The sea states are
defined in Table 2. Both linear and fully nonlinear analysis are run for 4200 s while first 600 s is removed in order to get
results for one hour simulation. The following figures and statistics are based on all the 20 simulation results. Fig. 18 is
an example of time series for wave elevation, floater surge motion and mooring line tension in the two conditions. Black
line represents results due to linear wave and red line represents results due to fully nonlinear wave.

6.4.1. Global maxima

Since the same seed number is used to generate the wave for linear and fully nonlinear wave , the time series of the
wave and response follow the same trend just with different amplitudes. The peak amplitude illustrates the difference
between the two wave models, which is the basis of the statistical study of this paper. From statistical point of view,
probability of exceeding a given threshold by an random maximum provides direct indication of the distribution of
maximum response and it can be fit with asymptotic extreme value probability distribution model when the number
of sample is large enough. Accordingly, the occurrence probability of a certain level of response can be then predicted.
The probability of exceedance is calculated as:

i
PXi)=1 NT1 (25)
Where X; is the response sorted in an increasing order. N is the total number of peaks.

Normally, global response maxima of a stationary Gaussian narrow-band process can be well modeled by a Rayleigh
distribution (Fu et al., 2017). However, when non-Gaussian and nonlinear property of the process increases, in order to
get an accurate expression of the upper tail distribution, Weibull distribution is preferred instead of Rayleigh distribution.
In this paper, the largest maximum response between adjacent zero-up-crossing above the mean response level is
selected as the global response maxima. Fig. 19 is an example of the global maxima selection of the wave elevation.
Blue line is the realization of the wave elevation and green line is the level of mean value and the red dots represent
the selected global maxima. The exceedance probability above 0.1 is fitted with Rayleigh distribution while the tail part
with probability below 0.1 is decided to be fitted with Weibull distribution. The global maxima of the responses with
exceedance probability level of 10~ for the fitted probability function are extrapolated and marked as extreme 10~
in the following tables, which are mainly used to give a direct comparison of the two wave models. In the following
section, results of linear and nonlinear wave from ULS1 and ULS2 conditions are shown together with different colors
and markers. The fitting probability distribution are plotted using dashed line with the same color as the original maxima
data. The horizontal axis represents the global maxima of the response and the vertical axis representing the probability
of exceedance is expressed in a logarithmic scale for better representation.
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Table 4

Statistics of wave elevation.

ULS1 linear ULS1 nonlinear ULS2 linear ULS2 nonlinear

Mean [m] 9.79e—5 6.27e—4 3.55e—4 7.36e—3
Maximum [m] 7.85 8.67 113 12.2

Standard deviation [m] 224 223 343 3.40

Skewness 0.00287 0.120 0.00883 0.170

Kurtosis 3.02 3.05 2.90 2.94

Extreme 107 [m] 9.79 10.60 13.78 15.59

6.4.2. Wave realization

The property of the wave observed at location (0 m, 0 m, O m) is first compared with time realization and wave
spectrum.

Fig. 20 shows the probability of exceedance for positive wave peaks observed at (0 m, 0 m, 0 m) obtained from linear
and nonlinear wave in two conditions. The peaks are selected according to the definition of global maxima in Eq. (25). In
general, distinction is not obvious between linear and nonlinear curves at probability level larger than 0.1 for smaller wave
peaks. It is mainly the higher maxima with probability level below 0.1 that has clear difference. Higher peaks are predicted
from nonlinear wave than linear wave and the difference is more obvious in higher sea state (ULS2). When the same
exceedance probability is considered, fully nonlinear wave tends to predict higher value. The mixed Rayleigh-Weibull
distributions is able to predict the probability of the original data quite well.

Maximum elevation, skewness and kurtosis of wave elevation taken as the average of all 20 simulations are presented
in Table 4. Nonlinear wave in general predicts larger maximum elevations than linear wave for both cases, which is mainly
due to the additional contribution from the nonlinear terms. The standard deviations calculated for the linear and fully
nonlinear wave are quite close with slightly higher value for linear wave, indicating that linear wave contains a bit higher
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Fig. 22. Wave spectra at different frequency ranges.

energy than fully nonlinear wave when same random seed is used to generate the wave. Skewness is a measurement of
the asymmetry of the maximum and minimum values of a process away from its mean value. The larger the skewness
is, the shorter and more peaked the crests of the waves are while the troughs become longer and flatter. In this study,
skewness is close to zero for both linear waves which means the peak and trough are equally close to the mean value.
Meanwhile, the skewness is larger than zero for nonlinear waves which indicates the asymmetry of the wave profile.
Larger kurtosis value for nonlinear wave on the other hand indicates higher nonlinearity than linear wave as expected.
Wave spectrum determines the energy distribution of the wave at different frequencies, which will influence the
dynamic response of different natures. The linear and nonlinear spectrum of wave elevation for both cases are compared
in Fig. 21. The spectral energy density are calculated for all 20 simulations and the average is used to plot the spectra to
get a better representation especially for the low frequency part. The spectra at wave frequency range (ULS1: [0.3 rad/s-1
rad/s] & ULS2: [0.25 rad/s-1 rad/s]) are quite similar for linear and nonlinear wave containing most of the energy. The
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Fig. 23. Global maxima of wave kinematics at instantaneous water level above (0 m, 0 m, 0 m).

main difference is located at higher and lower frequency. The wave spectra are zoomed in at three frequency ranges as
shown in Fig. 22. It is seen that linear wave tends to have more energy at range [0.5 rad/s-0.9 rad/s] than nonlinear
wave. At the same time, nonlinear wave relocates more energy at higher range [0.9 rad/s-1.4 rad/s] and lower range
[0 rad/s-0.2 rad/s]. Initially, the wave spectrum used for generating the irregular wave is the same for linear and fully
nonlinear wave and the difference of the energy distribution in the resulting wave spectrum for different frequency range
is due to nonlinear free surface effect and contact effect from seabed during wave development. Different responses are
directly affected by wave energy distribution at corresponding range, such as surge motion in low frequency range and
tower base shear force and bending moment at wave frequency range. The influence will be seen later in the response
results.

6.4.3. Wave kinematics

The hydrodynamic wave load in HAWC2 is calculated based on Morison’s equation (Eq. (11)) where wave kinematics
including wave particle velocity and acceleration are the input variables. Therefore, prediction of the wave kinematics
will directly affect the load calculation and further response level. Long-crested wave approximation is the basis of the
wave formulation in HAWC2 which means that the wave energy propagates in one direction, i.e. 2D waves. Due to the
decay of wave kinematics from free surface to seabed, the global maxima of wave kinematics at instantaneous water level
above location (0 m, 0 m, 0 m) is compared in Fig. 23. In horizontal direction, linear wave model predicts smaller value
for both velocity and acceleration in both conditions. At the same time, close prediction is seen for vertical velocity while
linear wave model estimates higher vertical acceleration than fully nonlinear wave model.

6.4.4. Floater motion

Floater motion of a semi-submersible floating wind turbine is influenced by not only the wave-frequency wave load
but also higher-order (low-frequency) wave load to a great extent. The statistics of motion response shown in Table 5 is
calculated as the mean of all 20 simulations. Overall, larger motion response is observed at higher sea states as expected
in Fig. 24. Little difference is found in heave and pitch motion for all the statistics from the two wave models. However,
significant difference is observed for surge motion regarding mean value, maximum value and standard deviation. Linear
wave model underestimates both the maximum and standard deviation for surge motion significantly.

The motion response spectra are compared in Fig. 25. For surge motion, little contribution is from wave frequency
component while significant contribution is from surge resonance whose natural frequency is located between [0 rad/s-0.2
rad/s] where fully nonlinear wave contains more energy than linear wave due to energy relocation as shown in Fig. 22.
Therefore, linear wave underestimates surge response compared with fully nonlinear wave, which is one of the most
important findings in this paper. As for heave and pitch motion, both of them are governed by wave frequency response
where linear and fully nonlinear wave contains similar energy and very little contribution is due to motion resonance.
Therefore almost identical power spectra and statistics are estimated from two wave models.
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6.4.5. Tower base

The shear force and bending moment parallel to incoming wave direction at the tower base are studied in Fig. 26. It

is very interesting to notice that both shear force and bending moment predicted from linear wave model are in general



K. Xu, Y. Shao, Z. Gao et al. / Journal of Fluids and Structures 88 (2019) 216-240 237

Table 5
Statistics of motion response.
ULS1 linear ULS1 nonlinear ULS2 linear ULS2 nonlinear
Mean [m] 0.0981 0.126 0.921 1.96
Maximum [m] 5.94 8.80 10.2 14.0
Surge Std [m] 1.56 2.10 4.09 441
5 Skewness 0.152 0.242 —0.268 —0.0493
Kurtosis 3.29 3.59 3.09 4.07
Extreme 107 [m] 7.99 13.67 23.87 26.74
Mean [m] 0.0189 0.112 0.0482 0.179
Maximum [m] 6.21 6.43 9.63 10.0
Heave Std [m] 1.85 1.84 3.29 3.29
Skewness 0.0760 0.122 0.0435 0.0931
Kurtosis 273 274 2.48 248
Extreme 1074 [m] 7.53 7.81 11.29 11.78
Mean [deg] 0.0713 0.0606 0.203 0.295
Maximum [deg] 5.13 5.10 8.70 8.86
Pitch Std [deg] 1.19 1.18 2.10 2.11
Skewness 0.249 0.313 0.415 0.519
Kurtosis 3.35 3.38 3.56 351
Extreme 10~* [deg] 6.58 6.55 11.58 11.33
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Fig. 27. Tower base bending moment spectrum.

larger than from nonlinear wave model. This is because both of them are mainly influenced by the wave frequency effect
where linear wave contains more energy as shown in Fig. 22.

The power spectrum for the bending moment is compared in Fig. 27 for both conditions. More energy is located
between [0.6 rad/s-0.9 rad/s] for linear wave which leads to larger response for shear force and bending moment while
fully nonlinear transfers more energy to the frequency beyond cut-off limit to which tower base response is not very
sensitive to.
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6.4.6. Mooring line tension

Three mooring lines are equally spaced with angle of 120 degrees between each line as illustrated in Fig. 28 with the
numbering. Maximum mooring line tension is located at fairlead which is mainly influenced by motion of the floater.
The tension of the two mooring lines (line 1&3) in downwind direction are quite similar with each other. Because linear
wave predicts smaller surge motion, the mooring line in downwind direction is relatively less slack than fully nonlinear
wave condition which leads to higher tension response predictions. As for the upwind mooring line (line 2), since it faces
incoming wave directly, the difference is quite obvious even for smaller sea state and becomes more significant for higher
wave condition. The maximum, skewness and kurtosis of the tension response are listed in Table 6.

The maximum tension predicted from linear wave is smaller than from nonlinear wave in ULS1 and ULS2 condition
respectively. Higher skewness and kurtosis are found for nonlinear wave model which indicates higher nonlinear and non-
Gaussian property of the tension due to effects from nonlinear wave and nonlinear mooring line character. The difference
is quite obvious for high sea state. Meanwhile, the combination of Rayleigh and Weibull distribution has been proved to
be a really good probability model to predict the probability distribution of the tension response especially regarding the
extreme response at the tail part (see Fig. 29).

The power spectrum for mooring line 2 is compared in Fig. 30. Surge resonance dominates the mooring line tension
response with additional contribution from wave frequency. The difference from linear and fully nonlinear wave is more
significant in the surge resonant range (low frequency range) than wave frequency range.

7. Conclusion

Fully nonlinear wave effects on 0OC4 semi-submersible floating wind turbine at intermediate water depth has been
studied in this paper. An innovative way of dealing with big wave kinematics data is proposed and a complete simulation
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Fig. 30. Mooring line tension spectrum.

Table 6

Statistics of upwind mooring line (Line 2) tension.

ULS1 linear ULS1 nonlinear ULS2 linear ULS2 nonlinear

Mean [KN] 8.64e+05 9.12e+05 9.48e+05 9.61e+05
Maximum [KN] 1.403e+-06 1.758e+06 1.706e+06 2.458e+06

Std [KN] 8.215e+04 1.130e+-05 1.687e+05 2.096e+05
Skewness 0.214 1.01 0.743 1.08

Kurtosis 531 5.91 6.46 10.1

Extreme 10~* [KN] 1.657e+06 2.438e+06 2.732e+06 3.215e+06

tool is developed which fills the gap in studying fully nonlinear wave effects on floating wind turbine in an engineering
way. The comparison of global maxima for the response between linear wave model and fully nonlinear wave model
illustrates the importance to consider wave nonlinear effect in hydrodynamic analysis.

In this paper, the linear irregular wave and fully nonlinear irregular wave are generated in 2D HPC numerical wave
tank with linear and fully nonlinear free surface boundary conditions respectively. The HPC method once again shows
its advantage regarding the accuracy and efficiency in dealing with instantaneous fully nonlinear free surface boundary
conditions in time domain. It is able to provide fully nonlinear wave kinematics in an acceptable time without even using
super computer.

Due to the configuration of mooring system, the wave field intended for floating wind turbine is much larger than
bottom fixed wind turbine which leads to large size of wave kinematics data files. In order to solve the memory barrier
of HAWC2 when reading pre-generated wave kinematics file, a polynomial fitting method is proposed to scale down the
data size to meet the memory requirement. The wave kinematics is fitted into polynomial functions representing location
coordinates associated with polynomial coefficients, which expresses wave kinematics information in a function manner
instead of exact value. The fitting polynomial result is checked with original data from wave tank and the accuracy of
using the polynomial function in time domain simulation is also verified with a regular wave case study against HAWC2
default wave.

The external dynamic link library used to provide wave kinematics to HAWC2 is extended from one dimensional
(Wkin.dll 2.4) to two dimensional (Wkin.dll 2D). The development includes the variation of wave kinematics along
horizontal direction which is relevant for floating wind turbine. The fully nonlinear wave kinematics is imported through
the extended DLL to HAWC2 in the form of polynomial coefficients. Wkin.dll 2D receives location coordinates from HAWC2
and sends back the exact wave kinematics value for hydrodynamic wave load calculation.

Two irregular wave sea states representing extreme environmental conditions are compared to study fully nonlinear
wave effects. Fully nonlinear irregular wave is compared with linear irregular wave generated with same random seed. The
wave elevation is clearly underestimated by linear wave model especially for higher sea states. This could be in addition
relevant for air gap analysis of offshore oil and gas platform. The different energy distribution is observed from the wave
spectrum between linear and nonlinear wave. The nonlinear wave is able to capture contribution from higher and lower
range than wave frequency. Comparatively, more energy is relocated by linear wave to the range slightly higher than
wave frequency. Higher shear force and bending moment at tower base predicted from linear wave than fully nonlinear
wave is a result of this energy distribution. Heave and pitch motion of the floater are predicted quite close with different
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wave models since they are mainly wave-frequency load dominating. However, surge motion and mooring line tension
which in addition are also greatly influenced by low-frequency wave load is underpredicted using linear wave model.
It is well explained by the motion response spectrum with respect to wave spectrum. High nonlinear and non-Gaussian
property is captured by nonlinear wave especially when sea states becomes more extreme.

In conclusion, the paper not only proves the importance to include fully nonlinear wave effect in hydrodynamic
analysis for floating wind turbine exposed to high sea states in shallow and intermediate water depth but also provides
a corresponding engineering practical solution.
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Floating wind turbine has been the highlight in offshore wind industry lately. There has been great effort on
developing highly sophisticated numerical model to better understand its hydrodynamic behaviour. A en-
gineering-practical method to study the nonlinear wave effects on floating wind turbine has been recently de-
veloped. Based on the method established, the focus of this paper is to quantify the wave nonlinearity effect due
to nonlinear wave kinematics by comparing the structural responses of floating wind turbine when exposed to
irregular linear Airy wave and fully nonlinear wave. Critical responses and fatigue damage are studied in op-
erational conditions and short-term extreme values are predicted in extreme conditions respectively. In the
operational condition, wind effects are dominating the mean value and standard deviation of most responses
except floater heave motion. The fatigue damage at the tower base is dominated by wind effects. The fatigue
damage for the mooring line is more influenced by wind effects for conditions with small wave and wave effects
for conditions with large wave. The wave nonlinearity effect becomes significant for surge and mooring line
tension for large waves while floater heave, pitch motion, tower base bending moment and pontoon axial force
are less sensitive to the nonlinear wave effect. In the extreme condition, linear wave theory underestimates wave
elevation, floater surge motion and mooring line tension compared with fully nonlinear wave theory while quite
close results are predicted for other responses.

1. Introduction therefore are two keywords in the hydrodynamic analysis for both
bottom-fixed and floating wind turbine.
Wave nonlinearity according to Gibson and Swan [1], can be di-

vided into higher-order bound nonlinearity and resonant nonlinearity

A significant development of floating wind technology has been
witnessed over the last decade. To achieve wind turbines which are safe

and serviceable, numerical methods which balance accuracy and effi-
ciency are needed. For instance, high-fidelity numerical methods such
as computational-fluid-dynamics (CFD) model and fully nonlinear wave
model have been developed to deal with the hydrodynamic loading on
wind turbine.

The hydrodynamic analysis of an offshore structure normally con-
sists of determining the sea states at the relevant site depth; selecting
applicable wave theory; choosing appropriate hydrodynamic load
computation method; calculating structural response. Since offshore
wind farms are normally deployed at relatively shallow water area
where wave becomes more nonlinear and will lead to a considerable
increase of hydrodynamic loads, wave nonlinearity and water depth

* Corresponding author.
E-mail addresses: kun.xu@ntnu.no (K. Xu), violet@ouc.edu.cn (M. Zhang).
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at third order and above. The bound nonlinearities in regular waves are
the higher-order terms derived by Stokes [2] which are phase locked to
the corresponding linear wave component and intend to sharpen the
wave peak and broaden the wave trough. Meanwhile, the resonant
nonlinearity tends to redistribute the wave spectral energy by ex-
changing energy between various wave components when the interac-
tion between wave components satisfies the dispersion relationship. As
a result, more spectral energy of nonlinear wave are relocated to higher
and lower frequency. Camp et al. [3] investigates the overturning
moment of a monopile wind turbine based on linear wave theory and
stream function wave at 6 m and 21 m water depths. For the same wave
height, significant underestimation is found using linear wave and the
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difference increases as water depth decreases. Schlger et al. [4] com-
pared the wave loads on monopile foundation using linear and fully
nonlinear irregular waves. Redistribution of energy between free and
bound components in the nonlinear wave spectra is clearly observed
and more energy at the first natural frequency is found in linear wave
spectra, which greatly influences the fatigue calculation. For large sea
states, the difference between linear and nonlinear extreme wave loads
appears to be quite large. The influence of varying water depth on the
wave-induced structural behaviour is studied by Li et al. [5] by com-
paring mooring line tension response at 500 m, 1000 m and 1500 m
with same mooring line material. As the water depth decreases, the
non-Gaussian property of mooring line tension response increases sig-
nificantly. Therefore, even stronger non-Gaussianity of mooring line
tension is expected for floating wind turbines at shallower water depth.
The dynamic structural response of offshore structures in different en-
vironmental conditions is the driving factor in the design process. The
ultimate structural response and fatigue damage of a spar floating wind
turbine has been studied by Li et al. [6]. Mean up-crossing rate method
is used to predict the extreme response while S-N curve method is used
to calculate the fatigue damage.

The objective of this paper is to investigate the effect of wave
nonlinearity by comparing the structural response of a semi-sub-
mersible floating wind turbine between linear wave theory and fully
nonlinear wave theory. The numerical code to implement fully non-
linear wave kinematics in the irregular stochastic wave train was re-
cently developed and verified by Xu et al. [7]. In this paper, the fatigue
damage is calculated for tower base and mooring line in operational
conditions and the extreme values are predicted for critical responses in
extreme conditions.

2. Methodology
2.1. Floating wind turbine model

The floating wind turbine selected for this study is the OC4 semi-
submersible wind turbine at 200 m water depth which was developed in
the International Energy Agency (IEA) Wind Task 30 Offshore Code
Comparison Collaboration Continuation (OC4) project. The semi-sub-
mersible platform consists of four columns connected by smaller pon-
toons and braces as illustrated in Fig. 1. A NREL 5SMW wind turbine is
mounted on top whose cut-in, rated and cut-out wind speed are: 3 m/s,
11.4m/s and 25m/s respectively. Three catenary mooring lines are
connected at the top of the base columns at a depth of 14 m below the
still water level. More details about the structure are given in Robertson
et al. [8].

w00z

Floating wind turbine
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2.2. Fully coupled dynamic analysis

The fully coupled time-domain analysis is performed using HAWC2
(Horizontal Axis Wind turbine simulation Code 2nd generation) which
is developed at DTU Wind Energy by Larsen and Hansen [9]. It is able to
capture the nonlinear coupling effect from aerodynamics, hydro-
dynamics, structural dynamics, mooring line dynamics and control
system dynamics. The floating wind turbine is divided into several
bodies and each body is modeled with a number of Timoshenko beam
elements. The turbulent wind field is generated with the Mann model
[10]. The hydrodynamic forces acting on the floater and mooring line
are calculated based on the Morison's formula.

@

where D is the cylinder diameter, a, is the undisturbed wave induced
acceleration components normal to the cylinder axis, a, is the normal
component of cylinder acceleration, uy, ¢ is the component of the re-
lative velocity normal to the cylinder, Cy, and Cp, are the mass and drag
coefficients. The wave kinematics of the Morison's equation is provided
by an external dynamic link library — wkin_d Il. In the original version
wkin 2.4, importing external wave field is limited to one dimension
(vertical) which is intended for bottom fixed wind turbine. It was ex-
tended by Xu et al. [7] to two dimensions (both vertical and horizontal)
in wkin 2D which can apply external wave kinematics on floating wind
turbine and its mooring system.

D? D?
dF = panzCMan + pﬂsz(CM - Da, + ECDDdzlu,el\un,ml

2.3. Wave generation and polynomial fitting

The linear and fully nonlinear irregular waves are generated in the
2D Harmonic Polynomial Cell (HPC) numerical wave tank developed by
Shao and Faltinsen [11] and Shao and Faltinsen [12] with linear and
fully nonlinear free surface boundary conditions respectively. It was
improved by Liang et al. [13] regarding singular flows and dis-
continuous problems. HPC method is able to solve the velocity potential
in each cell by dividing the fluid domain into quadrilateral cells asso-
ciated with harmonic polynomials. An explicit 4th order Runge-Kutta
method is used to update wave elevation and velocity potential on the
free surface at each time step. A free surface filter is applied to model
nonlinear steep wave to avoid numerical instability.

Because of the large footprint of floating wind turbine, the relevant
wave field is also quite large which leads to huge database for the wave
kinematics data including wave elevation, particle velocity and accel-
eration in horizontal and vertical directions. In order to use the kine-
matics data in HAWC2 and limit the need for memory, the kinematics
data at discrete grid points are further processed to polynomial coeffi-
cients as shown in Fig. 2. The exact value of wave kinematics is con-
sequently replaced by 2D polynomial coefficients up to a certain order

Mooring line 1

Wind / Wave
—_—

Mooring line 2

Mooring line 3

Mooring system

Fig. 1. OC4 semi-submersible floating wind turbine. (a) Floating wind turbine. (b) Mooring system.
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Fig. 2. Polynomial fitting of wave kinematics.

with location coordinates as input variables. The details about the
polynomial fitting method are described by Xu et al. [7].

2.4. Fatigue damage calculation

Fatigue analysis in frequency domain has been developed and ver-
ified with acceptable accuracy and efficiency by Gao and Moan [14].
However, due to the complicated interaction between different parts of
the structures and nonlinearity of the response, the fatigue analysis for
floating wind turbine is preferably performed in the time domain de-
spite the computational efforts required. A comprehensive fatigue as-
sessment of a semi-submersible floating wind turbine in the time do-
main has been conducted by Kvittem and Moan [15] which focuses on
the influence of simulation length, seed number, wind-wave misalign-
ment, wave-wind dominating role and bin size of environmental con-
ditions on fatigue prediction. However, the irregular wave trains used
are based on linear wave theory, therefore the effect due to wave
nonlinearity was not studied.

The total structural fatigue damage can be determined as the sum of
the fatigue damage that arises from each individual design sea state.
The damage for each sea state can be calculated based on Miner-
Palmgren hypothesis by adding together the damage from each stress or
tension level.

Niotal 1.
p= ) 2

~ N;

7 N )
where n; is the number of cycles at the jth stress range in the time
history and N; is the number of cycles to failure at corresponding stress
range according to the design curve. According to Wahler, the number
of cycles until fatigue failure (N) is given by:

N=KS™ or N=KT™ 3)

where N is the number of permissible cycles of stress or tension range, K
is the coefficient in the curve, m is the inverse slope factor and S is the
stress range while T is the tension range in the time history. Normally,
number of cycles to failure for high level stress cycles is fewer compared
to lower level stress cycles. If the applied stress level is below the en-
durance limit of the material, the structure is assumed to be able to
function infinitely. Therefore a two-sloped S-N curve is normally pre-
ferred to account for different stress levels.

The fatigue assessment in this paper is carried out in the time do-
main using Rainflow counting method to count the cycles. The fatigue
damage at the tower base due to axial stress is calculated using S-N
curve method. The coordinate system for tower base is illustrated in
Fig. 3 and the nominal axial stress at tower base for a location (r, 6) is

1.5
1
0.5
0
-0.5
-1
o 1.5
i 100 0
20 4 60 8
Horizontal location (m)
calculated as:
M, M,
o= 4 Wring + Mzrcoso
A I, I, “4)

where N, is the axial force, M, and M, are moment about local y- and z-
axis respectively, A is the area of the cross section, 6 is the angle of the
point for fatigue analysis. In general, all locations on the cross section
should be considered for fatigue damage calculation. Since wind and
wave are aligned in this paper, it is sufficient to take the point on the
out radius with 6 = 270° as an example for fatigue evaluation.

The parameter used in the S-N curve is defined as in Eq. (5) and
given in Table 1, where N is the number of cycles, t is the thickness, Ao
is the stress range and the stress concentration factor is set to 1 for
simplicity. The fatigue damage for mooring line is calculated using T-N
curve method based on API [16]. The parameters defined in Eq. (3) are
given in Table 2. The mooring line type studied in this paper is assumed
to be studless.

k
log N = loga — mlog| Ao (L)
Lref )

2.5. Extreme value prediction

Take a random stochastic process X(t) over a time period T as an
example. The extreme value of the process is defined as the largest
maximum from a sequence of individual maxima

Xe = max{Xpm1, Xpm2, > Xmn} 6)

where X, stands for the largest maximum value and X,,; represents the
individual maxima as shown in Fig. 4. Based on the assumption that all
the individual maxima are independent and identically distributed with
a common distribution function Fx,,(x), the distribution for X, is de-
scribed as:

Fxe(x) = Prob{X, < x} = [Fxn(¥)]" )

Several methods have been developed for predicting the extreme
value distribution, while two of them are used in this paper: type I
asymptotic extreme value distribution i.e. the Gumbel fitting method
and ACER (average conditional exceedance rate) method.

2.5.1. Gumbel fitting method

When the sample number n is large enough, the extreme value
distribution Eq. (7) has been proved that it will converge towards one of
three types of distributions: Gumbel, Fréchet and Weibull also known as
type I, II and III extreme value distributions whose cumulative
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W

Fig. 3. Coordinate system for tower base fatigue damage calculation.

Table 1
S-N curve parameter for tower base.
N = 107 cycles N > 107 cycles Fatigue limit at 107 cycles k bref
m loga m loga [MPa] [mm]
3.0 12.164 5.0 15.606 52.63 0.20 25
Table 2
T-N curve parameter for mooring line.
Component M K
Studlink 3.0 1000
Studless link 3.0 316

distribution probability can be assembled as the generalized extreme
value (GEV) distribution:

X — _1
Fxe(x) = exp {—1 + y(iﬂ) y}
o @®

Here y is the location parameter and o is the scale parameter and vy is the
shape parameter. The limiting case when y—0 will result in the
Gumbel distribution which is the most recommended model for marine
structures [17].

Fye(x) = exp(—exp(—a(x — 1)) 9

where a is the scale parameter and y is the location parameter which
can be determined by Gumbel probability paper method. Rewrite Eq.
(9) with logarithm of both sides, a linear function is introduced as:

= In[~In(Fxe ()] = alx — u) (10)

The cumulative distribution probability is represented with a
straight line in the probability paper where parameters a and p can be
estimated by the least-square fitting method of the original sample data
[18]. An example of Gumbel probability paper for extreme wave ele-
vation is shown in Fig. 5.

2.5.2. Average conditional exceedance rate method

The average conditional exceedance rate (ACER) method proposed
by Neess and Gaidai [19] predicts the exact extreme value distribution
by building up a sequence of non-parametric distribution functions
known as ACER functions instead of the parametric distribution func-
tions. It considers all the global maxima peaks while the dependence
between successive peaks in a sampled time-series are taken into ac-
count as well which makes it available for both the stationary and non-
stationary process. It has been used by Cheng et al. [20] to predict
extreme structural responses for floating vertical axis wind turbines.

The extreme value probability distribution according to ACER
method is written as:

Fxe(x) = Pr(x) =~ exp{—(N — k + 1)é(x)} an

where k is the order of the ACER function which represents the im-
mediately preceding non-exceedances, £(x) is the empirical ACER
function of order k which is determined by fitting available global
maxima peaks from time series [21].
The empirical ACER function follows the form:

E(x) = gexp{—ar(x — b}, x=x 12)
Due to the fact that the ACER function behaves close to exp{—a(x — b)‘}
in the upper tail region, the coefficients a, by, cx and gx depending on
the order k can be determined by extrapolation using mean-square-
error function:
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Fig. 4. Global maxima and extreme peak.

N
= ol Iné (emi) — Ing + aCrmiop)P
i=1 13)

F (g ax, bi, ci)

The weight factor p; is described as p; = (InCI" (x) — InCI )
where it represents the 95% confidence interval:

N 1.96
CE(xp) = i) ——m—m——
Flm) = & ){\/(N—k+ 1>sz<xmi>}

An example of the ACER function for extreme wave elevation in LC7
condition with linear wave model is given in Fig. 6 representing the
empirical ACER function for different orders of k from 1 to 6. The es-
timated confidence interval for ACER function with k = 1 is plotted in
Fig. 7.

14

3. Load cases and environmental conditions

The focus of this paper is to quantify the difference due to wave
nonlinearity rather than perform a realistic design of offshore wind
turbine, so a series of representative load cases with turbulent wind and
irregular wave are selected for the calculation of fatigue load and

extreme load respectively. The environmental conditions are de-
termined based on the wind and wave data at Statfjord site in the
Northern North Sea. A joint wind and wave distributions was estab-
lished by Johannessen et al. [22] considering 1-h mean wind speed at
10 m above sea water level (Ujo), the significant wave height (H;) and
the spectral peak period (T}).

fUlUH»\‘TP (o, hs, tp) =fUm (ull))'fo\Um (hslulo)'frp\}lsuw (tplhsv u0) (15)

The joint distribution representing 100-year wind and 100-year
wave condition consists of a marginal distribution of wind speed U;o, a
conditional distribution of H; for given U, and a conditional dis-
tribution of T, for given U;o and H;. Design wind speed is first de-
termined and the expected significant wave height can then be calcu-
lated based on the conditional distribution of H; for given U;o which is a
two-parameter Weibull distribution. Likewise, the expected spectral
peak period T, can then be calculated according to the conditional
distribution of T, for given H, and Uy, as a log-normal distribution
proposed by Johannessen et al. [22].

The wind speed considered in this paper ranges from cut-in, rated
and cut-out wind speed with a bin size of 4 m/s. The three dimensional
turbulent wind fields are generated using turbulent model by Mann

Gumbel Probability paper
T T
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Fig. 5. Gumbel probability paper for extreme wave elevation.
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Table 3
Load cases.
Uy T; Hg[m] T,[s] Seeds Simulation Turbine status
[m/s] length [s]
LC1 4 0.258 1.96 9.72 10 4200 Operational
Lc2 8 0.174 2.53 9.85 10 4200 Operational
LC3 12 0.146  3.20 10.11 10 4200 Operational
LC4 16 0.132 3.97 10.44 10 4200 Operational
LC5 20 0.124 4.80 10.82 10 4200 Operational
1C52 24 0.118 4.80 10.82 10 4200 Operational
LC6 24 0.118 5.69 11.23 10 4200 Operational
LC62 20 0.124 5.69 11.23 10 4200 Operational
LCc7 40 0.110 9.77 1295 20 4200 Parked
LC8 60 0.094 15.75 15.10 20 4200 Parked

[10] while the turbulence intensity is determined according to IEC Class
C IEC [23]. The vertical wind shear as the variation of the mean wind
speed U, with height z above the ground is considered using the normal
wind profile model proposed in IEC [24]:

z o
U = Ure -
@) = Ut (zref) a6)

where Uy is the reference wind speed and 2 is the height of the re-
ference wind speed and a is the power law coefficient. The reference
height is set to 90 m above mean water level as the center of totor and a
was chosen to be 0.14 for floating wind turbine based on IEC [24]. The
irregular linear and fully nonlinear wave trains are then generated
based on JONSWAP spectrum with given H; and T,,. As a result, a set of
load cases with correlated wind and wave are available as given in
Table 3. The most probable normal operational conditions with direc-
tionally aligned wind and wave are labeled as LCs 1-6 while LCs 7-8
are extreme conditions where wind turbine is under parked condition.
In addition, two more operational conditions with specific wind and
wave parameters are chosen to study the wind and wave effect labeled
as LC5_2 and LC6_2.

All the simulations are run for 4200 s while the transient phase at
first 600 s is eliminated to get a 1-h simulation. For the operational
conditions, ten different random seeds of wind and wave are applied for
each sea states while twenty random seeds of wave are used for the two
extreme conditions in order to obtain a proper prediction of the extreme
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Fig. 8. Wavelet transformation of wave elevation, surge motion, tower base fore-aft bending moment and mooring line tension in LC3 and LC8.

value. The same random seed of wave is used within each load case for averaging all 10 or 20 one-hour simulations for each load case.
the irregular linear and fully nonlinear wave models. In operational condition where the blades are rotating, the sto-
chastic characteristics of some critical dynamic responses and fatigue
X ) damage are studied. As for extreme condition where the wind turbine is
4. Results and discussions parked with blades pitched to feather position, the extreme structural
responses are predicted. Above all, the focus of the study is to compare
the difference of structural response prediction from linear and fully
nonlinear wave.

The results of coupled time-domain dynamic simulations are pre-
sented and discussed in this section for both operational and extreme
conditions. The structural behavior is studied under different load cases
in which different load effects are dominating. Same random seed of the

irregular wave is used to generate the linear and fully nonlinear wave 4.1. Comparison of operational and extreme condition

train to make it possible to investigate the discrepancy due to wave

nonlinearity effect. In the following figures, black line represents results In operational condition where both wind and wave are functioning,
due to linear wave and red line represents results due to fully nonlinear floating wind turbine with turbine rotating behaves quite differently
wave. The circle marker indicates the mean response with a bar in- from that in extreme condition with turbine parked. Wavelet transfor-
dicating the standard deviation. All the statistics are obtained by mation which is a contour plot as shown in Fig. 8 illustrates the energy
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distribution of a signal at certain time and frequency with x-axis is time
and y-axis is a scaled parameter which is equivalent to frequency.
From Fig. 8, the energy of surge motion in the operational condition
(LC3) is concentrated at low frequency range which is mainly wind-
induced while the energy is equally distributed at both wave frequency

and wave-induced low frequency in extreme condition (LC8). Since
tower base fore-aft bending moment is quite sensitive to the blade
passing (3P) effect and tower natural bending effect in operational
condition, the energy of Mg, in LC3 is distributed at wind-induced low
frequency, wave frequency and higher frequency range. Meanwhile, the
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energy of Mg, is mainly located around wave frequency in extreme
condition (LC8) since the turbine is under parked condition. Mooring
line tension is mainly affected by surge resonant effect at low frequency
in operational condition (LC3) while in extreme condition (LC8), surge
resonance and extreme wave contribute equally to the total response.

4.2. Operational conditions

4.2.1. Response statistics

4.2.1.1. Floater motions. The fact that the configuration of the floater is
symmetric and the incoming wave & wind directions are in the
symmetric plane leads to negligible sway and roll motion. Therefore
the floater motion in surge, heave and pitch are selected as critical

LC6

Fig. 18. Spectra for floater motions at LC3 and LC6.

responses to study in this section. The mean value and standard
deviation is given in Fig. 10 with an example time series of the
motions in LC6 in Fig. 9.

From the time series, floater movement exposed to linear and fully
nonlinear wave generally follows the same orbit since same random
seed is used for generation of wave and wind respectively. Prediction of
heave and pitch are almost the same while significant difference is
found for surge motion.

In operational condition where both turbulent wind and irregular
wave are considered, surge and pitch motions of the floater are mainly
wind dominating while heave motion is primarily wave dominating as
shown in Fig. 10. For surge and pitch motion, the mean values are non-
zero due to mean wind and wave force. Both mean and standard
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Table 4 estimates slightly larger heave and pitch response for all LCs while fully
Relevant natural frequencies, unit: [rad/s]. nonlinear predicts higher surge response especially in LCs 4-6 where
Surge Heave pitch 3p environmental conditions are more severe.
Natural frequency 0.054 0.369 0.244 3.79

deviation increase as wind speed increase from cut-in wind speed (4 m/
s) in LC1 and reach maximum when wind speed is around rated wind
speed (12m/s) in LC3. As wind speed continues to increase, the blade
pitch angle starts to increase due to the activated control system which
leads to decreasing thrust force. Accordingly, the mean value of surge
and pitch motion start to drop until around cut-out wind speed (24 m/s)
in LC6.

As for heave motion, the mean values are close to zero and the
standard deviation increases from LC1 to LC6 as the environmental
condition becomes more severe, which is mainly wave-induced and it
will be explained later in Section 4.2.4. Meanwhile, linear wave

4.2.1.2. Tower base bending moment. The tower base bending moment
is mainly due to thrust force acting on rotor and wave excitation force
acting on the platform. The fore-aft (Mg,) and side-side (Mss) bending
moment considered in this paper are parallel and perpendicular to the
incoming wind direction respectively. An example of time series and
the statistics are given in Figs. 11 and 12.

From the time series, linear and fully nonlinear wave predict quite
close result. So are the mean and standard deviation for both (Mg,) and
(Mss) with slightly higher response from linear wave. The mean value
of Mg, is mainly affected by thrust force and floater pitch motion,
which increases as wind speed increases below rated wind speed and
decreases above rated wind speed. The standard deviation of My, varies
not significantly in all LCs except LC1. On the other hand, the mean
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value of Mgs increases at below rated wind speed and it remains at a
constant level as wind speed continues to increase. However, the
standard deviation increases as sea state increases and this is mainly
wind-induced and it will be discussed in Section 4.2.4. One interesting
point to notice is that the bending moment at LC2 uniquely stands out
which is due to the excitation of the tower natural bending mode
around wind speed of 8 m/s at LC2 and it is more obvious for Mgs than
Mp, as shown in Fig. 12.

4.2.1.3. Pontoon axial force. As shown in Fig. 1, the upper delta
pontoon (DU) connecting the offset columns and the upper Y-shaped
pontoon (YU) connecting the offset column with main column are
studied in this section. The pontoons are modeled with beam elements,
it is therefore possible to study the axial force under the load effects due
to the external wind and wave and the structural elasticity effect at the
ends of the pontoon. Fig. 13 provides an example of the time series of
axial force in YU and DU pontoon at LC6.

For conditions below rated wind speed in Fig. 14, the axial force for

both YU and DU pontoons increase as environmental conditions in-
creases. As environmental conditions continue to increase, YU axial
force remains at almost the same level while DU axial force starts to
decrease. The difference between linear and fully nonlinear wave is not
significant, which indicates that the supporting pontoon of the semi-
submersible is not sensitive to nonlinear wave effect.

4.2.1.4. Mooring line tension. Among all three mooring lines, the
upwind mooring line 2 was selected for study since it is aligned with
the incoming wind and wave direction and subjected to the largest
tension.

In the operational condition, mooring line tension is directly influ-
enced by floater surge motion and is mainly dominated by low-fre-
quency turbulent wind induced response. Largest mean and standard
deviation of mooring line tension occurs in LC3 where wind speed is
closest to rated wind speed. It becomes smaller for both lower and
higher wind speed as shown in Fig. 16.

Linear and fully nonlinear wave provide quite close predictions of
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the mooring line tension for small sea states (LCs 1-3). However in
large sea state, fully nonlinear wave predicts larger response than linear
wave and the difference increases as sea state becomes more severe.
Quite conspicuous difference is found in LCs 4-6, which proves the
significance of wave nonlinear effect at large sea state and the time
series in Fig. 15 also shines a light on this discrepancy.

4.2.1.5. Non-Gaussian characteristics. The non-Gaussianity of the
response can be characterized by its skewness and kurtosis. Skewness
measures the asymmetrical degree of distortion of the distribution from
the symmetrical bell curve. Kurtosis on the other hand describes the
tailedness of the distribution. The skewness and kurtosis for any
univariate Gaussian reponse are 0 and 3 respectively. Positive or
negative skewness indicates longer tail on the right or left side.
Larger or smaller kurtosis indicates heavy tails with many outliers or
light tails with few outliers.

The skewness and kurtosis of all the relevant responses are shown in
Fig. 17. Generally all the responses seem quite close to Gaussian process
except mooring line tension. As for the comparison between linear and
fully nonlinear wave, negative skewness is found for heave motion from
fully nonlinear wave, which indicates larger heave response is expected
from linear wave and it turns out to be the case. High non-Gaussianity
due to wave nonlinearity in large wave is demonstrated by mooring line
tension at LC5 and LC6, which lead to higher extreme tension estima-
tion from fully nonlinear wave.

4.2.2. Spectral analysis

Power spectral analysis is used to indicate the contribution of dif-
ferent frequency component. LC3 and LC6 are selected as representative
case as one with rated wind speed and one with the largest wave. The
power spectra of floater motions are shown in Fig. 18 while the power
spectra of tower bending moment, pontoon axial force and mooring line
tension are shown in Fig. 19. Wind speeds in LC3 and LC6 are above
rated wind speed, therefore the rotor the turbine is operating at its rated
rotor speed of 12.1 rpm, which leads to the blade passing (3P) fre-
quency to be around 3.79rad/s as listed in Table 4.

In LC3 where wind speed is close to rated wind speed, surge re-
sonance dominates surge motion with very little contribution from
wave frequency response. Heave motion on the contrary is governed by
wave frequency response and a small contribution from heave resonant
response. As for pitch motion, the main contribution comes from pitch

resonance and low-frequency wind induced response. Wave frequency
response is relatively small. Almost identical power spectra are esti-
mated from linear and fully nonlinear wave in LC3.

First of all, the response amplitude is smaller in LC6. Surge resonant
response is also dominating surge motion. However, the contribution
from wave frequency response is noticeable and so is the under-
estimation from linear wave. This is because surge motion is strongly
influenced by wave effect at low-frequency where wave nonlinearity is
mainly located. Heave resonant component contributes equally as wave
frequency component to total heave response. For pitch motion, the
low-frequency wind induced response decreases while the response
from wave frequency increases.

The spectra for tower base bending moment, pontoon axial force
and mooring line tension are illustrated in Fig. 19. The Mg, in LC3 is
dominated by low-frequency wind induced response. Pitch resonance
and wave induced response contribute relatively smaller. Mgss on the
other hand is mainly influenced by not only pitch resonance but also
tower first bending mode and 3P effect. The resonant responses at
higher frequency range are larger for Mss since there are limited
aerodynamic damping as compared to Mg4. Both YU and DU pontoon
are mainly influenced by slow varying wind effect, pitch resonance and
wave frequency component. The contribution from high frequency
component due to tower natural bending mode and 3P effect is rela-
tively small. Almost all the mooring line tension response at LC3 is
located at surge resonance range. Close predictions are obtained from
the two wave models.

When the wave height increases as in LC6, the contribution from
wave frequency response to Mps, becomes as important as pitch re-
sonant response. Contribution due to tower natural bending response
and 3P effect becomes significant for both M4 and Mss. The main in-
fluencing frequency factors for YU and DU axial force are almost the
same as in LC3. Surge resonance still dominates the mooring line ten-
sion response. However, the difference from the two wave models be-
comes more significant than in LC3 which indicates that the wave
nonlinear effect is important to consider for mooring line response
especially for large wave.

4.2.3. Fatigue damage

The fatigue damage of mooring line and tower base is compared in
Fig. 20. Generally, the fatigue damage at conditions with lower wind
speed and smaller wave than LC1 can be expected not significant. The
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Fig. 23. Time series and spectra for wave elevation, surge motion and mooring line tension in LC7.

fatigue damage at the tower base increases as sea state increases, which
is mainly due to increase of wind speed and will be discussed in Section
4.2.4. The excitation of the tower natural bending mode in LC2 sig-
nificantly increases the fatigue damage level compared with other LCs.
Linear wave predicts slightly higher fatigue damage than fully non-
linear wave because more energy is located around wave frequency
range for linear wave. However, the difference is not quite significant.
Compared with the statistics in Fig. 12, largest mean level of tower base
bending moment in LC3 does not necessarily lead to the largest fatigue
damage in the tower base.

In general, when exposed to wave only condition, the fatigue da-
mage of the mooring line is proportional to wave height and inversely
proportional to wave period [25]. For a given wind speed, fatigue da-
mage tends to increase with increasing wave height and decreasing
wave period. From Fig. 20, the fatigue damage level of mooring line
follows the same trend as surge response which are wind dominated
and reaches the maximum at LC3. From LC4 to LC6, the increase of
wind speed actually leads to decreasing fatigue damage while the in-
crease of wave condition on the contrary leads to increasing fatigue
damage. The fatigue damage level in LC6 is found to be higher than in

LC4 and LC5, which marks the greater contribution of fatigue damage
due to wave than wind. The fatigue damage due to wave nonlinearity
effect also increases from LC4 to LC6 as the wave height increases.

4.2.4. Wind and wave load effects

As mentioned before, some responses are mainly wind governed
while others are wave dominated. In this section, four representative
load cases are selected to distinguish wind-induced and wave-induced
response in operational conditions. The same wave conditions are de-
fined for LC5 as LC5_2 and LC6 as LC6_2 respectively while same wind
conditions are defined for LC5 as LC6_2 and LC6 as LC5_2 respectively
as listed in Table 3. Therefore, wind and wave effect on different re-
sponses can be studied comparatively.

The statistics of responses in the four load cases are given in Fig. 21
while the fatigue damage is compared in Fig. 22. When wind speed is
above rated wind speed which is the case for the four LCs in this section,
the mean and standard deviation of floater surge and pitch motion re-
sponse in LC5 and LC6 are close to LC6_2 and LC5_2 respectively, which
proves that both of them are wind-dominated while the influence from
waves is less significant. For heave motion, the reversed result proves
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that it is mainly affected by wave effects. As for the tower base bending
moment and axial force in YU and DU pontoon, they are all wind-
governed response based on close prediction from LC5 as LC6_2 and
LC6 as LC5_2. However, the wave nonlinearity effect calculated as the
difference between fully nonlinear wave and linear wave is found to be
the same for LC5_2 as LC5 and LC6_2 as LC6 where the same wave
condition is applied within each pair. As for mooring line tension, the
mean value and standard deviation is wind dominating.

The fatigue damage level at tower base is mainly affected by wind
effect as shown in Fig. 22. Generally speaking, wind is also dominating
the fatigue level for mooring line at below rated wind speed where
wave condition is small too. However, the contribution from wave
becomes comparable to influence the total fatigue level at above rated
wind speed when the wave is normally large too. Therefore, LC6_2 and
LC6 with larger wave lead to clearly larger fatigue damage than LC5
and LC5_2. Meanwhile, the amplitude of wave nonlinearity effect is
related to wave parameter too.

4.3. Extreme conditions

As concluded in operational condition, floater surge motion and
mooring line tension are relatively more sensitive to wave nonlinear
effect compared with other responses. Fig. 23 gives a corresponding
example of time series and spectra in extreme condition (LC7) where
the wind turbine is under parked condition and the wave load effect is
dominating compared with wind load which mainly provides a drag
force on the blades and tower. Clear difference is found from the two
wave models. In extreme conditions (LC7 & LC8), the extreme value for
the critical responses will be predicted in this section based on the
Gumbel fitting method and ACER method as mentioned in Section 2.5.

As for Gumbel fitting method, the maximum value identified in the
20 simulations with 1-h effective duration with different random seeds
are plotted in Gumbel probability paper as shown in Fig. 5. Then the
shape and location parameters are determined accordingly. Once the
unknown coefficients are estimated, the probability distribution func-
tion for Gumbel distribution is available. A large simulation sample is
required in order to predict the Gumbel distribution with acceptable
accuracy. Meanwhile, only the largest maxima is used for estimation
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Fig. 25. Probability density function of extreme wave elevation and surge motion.

while the other maxima peaks did not really contribute.

Different from the Gumbel fitting method, all individual peaks as
shown in Fig. 4 are involved in ACER method for predicting the extreme
value. In addition, all the peaks from the 20 simulations are utilized
while the number of exceeding peaks per hour is taken as the total
number of peaks divided by the number of seeds. The empirical ACER
function, & (x) with order k from 1 to 6 is plotted in Fig. 6. Noticeable
variation of ACER function with different order is discovered at lower
range of the individual maxima indicating the significant dependence
between data points. However, the variation disappears in the tail re-
gion for all functions which allows the first-order ACER function § (x) to
be chosen for extrapolation which involves most data for estimation
and offers same level of accuracy as higher order functions at the same
time. Meanwhile, the empirical ACER function in the tail region is close
to a straight line which indicates the applicability of Gumbel distribu-
tion to describe the extreme value in this study because Gumbel dis-
tribution will be illustrated as a straight line in ACER plot ideally. The
empirical function §(x) is presented in Fig. 7 including the 95%

confidence interval fitted by time series peaks as well as the estimation
from extrapolation scheme. Previous studies by Fu et al. [21] show that
the prediction is not sensitive to the choice of the tail marker x, which
is used to define the tail region, therefore the default value is chosen.
Finally, the extrapolation scheme leads to the estimation of all the
coefficients required in ACER function.

Once all the coefficients for both methods are determined, the one-
hour exceedance probability is plotted in Fig. 24 for wave elevation and
surge motion where the solid line represents ACER function and dashed
line stands for Gumbel function while original maximum peaks from
each simulations are shown as markers with different colors. Ex-
ceedance probability not only indicates how well the probability
models fit with original data but also provides a direct way to de-
termine the extreme value over a certain probability occurrence level.
In general, linear wave models predicts smaller extreme value than fully
nonlinear wave model for a given exceedance level while the predic-
tions from ACER method and Gumbel method are pretty close to each
other.
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Meanwhile, the probability density functions can also be derived
respectively from Egs. (9) and (11) and plotted in Fig. 25:

Soumber ) = avexp(—a(x — u) — exp(—a(x — u))) a7
Sacer ) = (N — k + 1)-g-a-c-exp{—(N — k + 1)-g-exp[—a(x — b)|
—a(x = b)}(x — b)y! a18)

Accordingly, the expected maximum value for both methods can be
expressed as:

Egumbel/acer [X] = f Xfgumbel/acer (X)X 19

The expected extreme values are predicted for all the relevant re-
sponses as shown in Fig. 26 where different colors are used to represent
the predictions from two methods in two load cases. The responses
which are sensitive to nonlinear wave effect are distinguished from
others.

First of all, as wave height increases, the extreme response due to
higher sea states (LC8) is predicted larger than smaller sea states (LC7).
Secondly, Gumbel fitting method generally predicts quite close results
as ACER method for all cases even though latter method utilizes more

data from time series. Most importantly, linear wave model sig-
nificantly under-predicts extreme floater surge motion and mooring line
tension compared with the fully nonlinear wave model for both LC7 and
LC8 conditions and it becomes more significant as sea state becomes
more severe. Underestimation is found for wave elevation, surge mo-
tion and mooring line tension with approximately 10%, 25% and 25%
respectively. Meanwhile, the extreme value predictions are quite close
for other responses.

5. Conclusions

This paper investigates the hydrodynamic behaviour of floating
wind turbines based on linear and fully nonlinear wave kinematics
theory. Several load cases are considered including operational condi-
tions with turbine rotating and extreme conditions with turbine parked.
Fatigue damage has been calculated and extreme values have been
predicted by Gumbel fitting method and ACER method. Representative
load cases are selected to distinguish wind-induced and wave-induced
response.

In operational conditions, the floater heave motion is mainly wave-
induced and increases as wave becomes larger while wind effect is
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governing surge and pitch motion which reaches maximum when the
wind speed is close to rated wind speed. Linear wave theory predicts
slightly higher heave and pitch motions while the fully nonlinear wave
theory predicts larger surge motion and the difference increases sig-
nificantly as the wave height increases. This is because wave energy is
redistributed to the higher and lower frequency range than wave fre-
quency due to wave nonlinearity effects and it greatly influences surge
motion whose natural period is in the low frequency range. The tower
base bending moment in both fore-aft and side-side direction is more
influenced by wind-induced thrust force. The excitation of tower nat-
ural period increases the response level significantly. However, the
bending moment estimates from the two wave theories are quite close
with slightly larger value from the linear wave theory since it contains
more energy around wave frequency range. The axial forces in YU and
DU pontoon are mainly influenced by slowly varying wind effect, pitch
resonance and wave-frequency response, while the wave nonlinear ef-
fect is not significant. Mooring line tension is mainly influenced by
floater surge resonance and considerable contribution comes from wave
frequency range when wave is large, therefore the tension reaches the
maximum around rated-wind speed following similar trend as surge
motion. Linear wave theory underestimates tension response when the
waves become large. Moreover, mooring line tension tends to be quite
non-Gaussian at large sea states while other response processes appear
to be quite Gaussian. In extreme conditions, Gumbel fitting method and
ACER method are used to predict the extreme value of some responses
and both of them are able to give similar estimations. Linear wave
generally underestimates wave elevation, floater surge motion and
mooring line tension compared with fully nonlinear wave by 10%, 25%
and 25% respectively.

The fatigue damage level at tower base is mainly wind dominating
with outstanding result when tower natural mode is excited. Below
rated wind speed, the fatigue level of mooring line is primarily gov-
erned by wind. When wind speed goes above rated wind speed where
wave normally is large too, the contribution from wave becomes con-
siderable and so is the wave nonlinearity effect.

In conclusion, nonlinear wave kinematics is important to consider in
the design and analysis for floating wind turbine especially regarding
predicting the fatigue damage at high sea states in operational condi-
tion and the extreme value of wave elevation, floater surge motion and
mooring line tension in extreme condition.
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