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Abstract

It is of research interest to establish a technique to capture the loads on the struc-
tural members of the offshore wind turbine when they are exposed to simultaneous
wind and wave action. Unlike other floating offshore structures, which are dom-
inated by wave loads, offshore wind turbines are subjected to wind turbine loads
in addition to the wave loads. In this thesis, simultaneous wind and wave action
(called the coupled domain) results in wind turbine loads like thrust and torque in
addition to wave loads. The thesis aims to demonstrate a procedure to include the
wind, wave, inertia, and effects from the tower and mooring system on the off-
shore wind turbine and estimate the loads on the cross-section of the pontoon of
an offshore wind turbine.

Most current numerical solutions cannot handle both coupled analysis and load
transfer. For example, most analyses assume the floater as a rigid body and perform
coupled analysis using numerical tools like SIMA. Numerical tools like SIMA,
which can handle coupled analysis, do not facilitate obtaining the cross-section
load on a rigid body. The thesis addresses the challenge of handling coupled ana-
lysis and load transfer for a floating offshore wind structure. This thesis work
proposes using three different numerical tools, SIMA, WASIM, and WADAM, to
attain the goal of the thesis. SIMA can handle coupled analysis, but cross-sectional
loads on a rigid body cannot be obtained in SIMA. WASIM and WADAM can ob-
tain cross-sectional loads on a rigid body. The goal of the thesis is attained by
using these tools in conjunction. This thesis work is divided into three stages.
In stage one, the model used in SIMA, WASIM, and WADAM are validated by
comparing the hydrodynamic properties of the three models. In stage two, the pro-
posed approach in this thesis work is validated in regular wave analysis. In stage
three, coupled analysis of the floater is executed, and cross-sectional loads on the
pontoons are obtained. Further, the rigid body model used in the thesis is com-



pared with a flexible body model developed by NTNU Master’s Student Mr. Yu
Ma. A flexible body model is a multi-body representation of the FOWT modeled
in SIMA, and loads of the flexible body model are obtained in SIMA.

The validation of the proposed approach resulted in reasonably consistent results.
The resonance zone exhibited discrepancies attributed to the differences in non-
linear damping properties in the WADAM, WASIM, and SIMA models. The pro-
posed approach to obtaining the loads in this thesis is relevant to obtaining the
loads on a structure parallel to the global axes in the numerical tools. The pro-
posed approach cannot be used to obtain the loads on the structure which are not
parallel to the global axes. Comparing the rigid body model with the flexible body
model was consistent for the axial loads but displayed huge variations for bending
moments. The discrepancies in the comparative study between rigid and flexible
body models must be further investigated. If the flexible body and rigid body ap-
proach results are consistent, the flexible body approach will be a one-stop solution
to estimate loads on a structural member in a coupled domain. The flexible body
approach has no restriction regarding the orientation of structural members, un-
like the rigid body approach, where the structural members must be parallel to the
global axes.
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Chapter 1

Introduction

Mankind’s energy production primarily causes global warming. In 2015, United
Nations General Assembly (UN-GA) set up Sustainable Development Goals (SDG)
to achieve a better and more sustainable future. The seventh goal of the 17 goals
in SDG is about providing clean and affordable energy. The seventh goal has three
target areas [18]:

1. 7.1 Access to energy
2. 7.2 Renewable energy

3. 7.3 Energy efficiency

By 2030, SDG 7.2 target is to substantially increase the share of renewable energy
in the global energy mix. According to DNV Energy Transition Outlook (ETO)
2021, the contribution of fossil fuels is expected to drop from 80% to 50%, and the
share of renewable energy is expected to increase from 15% to 45% [18]. Wind and
Solar energy remain attractive renewable sources due to their low cycle emission.
Wind energy is expected to contribute up to one-third of the total energy demand
by 2050 [19].

1.1 Offshore Wind Energy

Onshore wind energy is not sufficient to meet the target 7.2 of SDG. Hence, the
contributions from offshore wind turbines are important for achieving renewable
energy targets. Offshore wind turbines have some advantages over onshore wind
turbines. They are listed below [20]:



1. Wind resources are of better quality in the open sea. There are almost no
obstacles in offshore sites, and wind speed is higher and steadier offshore.
Hence fewer turbines are enough to produce the same amount of energy as
onshore wind turbines.

2. Noise emission and visual impacts are significantly reduced since offshore
wind turbines are installed far away from the human habitat.

3. Offshore wind turbines are generally bigger than onshore wind turbines and
can harness more wind energy.

Some demerits of offshore wind turbines are [20]:

1. Engineering and construction costs of offshore wind turbines are very high.
High cost is due to:

¢ Robust structure needed to withstand the harsh and corrosive environ-
ment.

* Marine installation is complex and requires expensive logistics.

* Power transmission through submarine cables to shore.

2. Offshore wind farms must consider variables like marine life, shipping routes,
and fisheries when designing their layout.

1.1.1 Offshore Wind Energy In Europe

The first offshore wind turbine was installed in Denmark in 1991. So far, Europe
has installed 25 GW capacity of offshore wind turbines. By 2030, the European
Union expects to have about 70 GW of installed offshore wind capacity in Europe
[2]. Figure 1.1 gives the forecast of cumulative installed capacity until 2030. North
sea is expected to increase its offshore wind installation from 10 MW to 48 MW by
2030. Following the North sea, the Baltic sea is expected to increase its capacity
from 1.5 MW to 9 MW by 2030. Atlantic sea is expected to open its account and
will have close to 8 MW installed by 2030 [2]. Figure 1.2 gives the forecast of
installed capacity until 2030 per sea basin.

1.2 Offshore Wind Substructure

As of 2017, Monopile constitutes 81.7% of substructures of offshore wind tur-
bines, followed by jacket/tripod with 9.8% [21]. To achieve the EU target of 70
GW by 2030, it is important to expand the offshore wind installations in deep
waters and upscale the capacity of the wind turbines. Different types of offshore
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Figure 1.1: Forecasted cumulative installed capacity until 2030 [2].
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Figure 1.2: 2016 and 2030 offshore wind installations per sea basin [2].

wind foundations are shown in Figure 1.3. Fixed offshore substructures monop-
iles, jacket, tripod, or gravity-based structures are not economically feasible for
water depths over 50 m [21].
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Figure 1.3: Offshore wind foundations [3].

1.2.1  Floating Wind Turbines

Different types of floating offshore wind turbines are shown in the Figure 1.4. For
deeper water, a floating substructure moored to the seabed is economical compared
to a fixed bottom substructure [22]. Being further away from the coast reduces the
impact of noise emissions [22]. The decommissioning process is simpler on a
floating platform and can easily be towed to a different site. The installation pro-
cedures are also easier on a floating platform [5]. The floating structure is subject
to large motions. This leads to transmission losses, and blade control complica-
tions; tall towers experience high inertial loads [22]. Following floating concepts
are under consideration for deepwater applications:

1. Spar Buoy

2. Tension leg platform (TLP)
3. Tension leg buoy (TLB)

4. Barge

5. Semi submersible

Barge and Semi-submersible obtain their stability from the waterplane moment of
inertia. Increasing the area further away from the neutral axis increases the water-
plane moment of inertia. This allows for the efficient use of material. Columns
have a small waterplane area. Therefore, they are exposed to less wave force than
the barge. Small waterplane area reduces the wave forces in SPAR configuration,
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Figure 1.4: Floating wind turbine a) Spar (Hywind from Statoil) b)Semi-submersible
(WindFloat from Principle Power), ¢) Semisubmersible(OO Star from Dr techn Olav
Olsen) d) Barge (IDEOL) e) TLP (Glosten) f) TLB (IFE) [4] (figure 4.3).

and they obtain stability by placing their center of gravity far below the center of
buoyancy. Mathieu instability is a concern in spar configuration since the natural
frequencies of heave and pitch are similar [4]. Spar is a deep draft structure hence
the turbine installation (connecting the tower) has to be on-site, and they cannot be
pre-assembled onshore [4].

TLP and TLB are designed such that buoyancy forces exceed the weight. This is
due to the tendons under tension providing the restoring force to TLP and TLB.
In TLP, the tendons are vertical and restrict the platform in heave, pitch, and roll,
while in TLB, the tendons are angled and help to restrict all six degrees of freedom
[4]. An expensive mooring system is a disadvantage in TLPs and TLBs [4].

1.3 Semi-Submersible Foundation

This section is based on [5] and[6]. To be competitive in the renewable energy mar-
ket, the offshore wind energy industry needs to be a cost-effective solution. Of all
the configurations discussed in Section 1.2.1, the semi-submersible configuration
is reliable and cost-effective [5] . The semi-submersible concept has low construc-
tion and installation cost. The wave cancellation effect in semi-submersible signi-



ficantly reduces the wave-induced motions [5]. Several semi-submersible designs
have been studied in the past. The driftwind project (2002) has a three-legged
semi-submersible design, and the WindFloat project (2011) has a three-legged
semi-submersible design. Different semi-submersible designs are dealt in detail in
this section. The reference model used in the thesis work has a semi-submersible
substructure. The details of the reference model are given in Section 4.1. The
different configurations in the semi-submersible design are [5] :

1. Three-legged semi-submersible foundation
2. Ring Shaped semi-submersible foundation
3. V-Shaped semi-submersible foundation

4. Compact semi-submersible foundation

1.3.1 Three-Legged Semi-Submersible Foundation

Three hollow columns support the three-legged semi-submersible foundation. Dutch
tri-floater has a three-legged semi-submersible foundation. The wind turbine is po-
sitioned at the center of the triangle connecting the three columns. Each column
is 8 meters in diameter and comprises two layers of shell. Vertical stiffeners are
attached to the external shell to prevent buckling. Each column is divided into two
compartments. The bottom compartment is used as a water ballast tank. A foot-
plate is attached to the base of the column to dampen the wave-induced vertical
motions [5].

WindFloat also has a three-legged semi-submersible foundation. In WindFloat, the
wind turbine is positioned on one of the columns. The horizontal water entrapment
plate is attached to the base of the column. These plates displace a large volume
of water and improve the hydrodynamic response of the structure. WindFloat has
an active ballast system to control the wave-induced motions.

1.3.2 Ring-Shaped Semi-Submersible Foundation

Quadran and Ideol developed a ring-shaped semi-submersible substructure design.
This design provides sufficient space for the operation and maintenance activities.
The moonpool acts as a damper to reduce the floater motions [5].

1.3.3 V-Shaped Semi-Submersible Foundation

Karimirad and Michailides designed the V-shaped semi-submersible foundation
for the Fukushima project. The V-shaped semi-submersible foundation consists of
the main column and two side columns connected by pontoons. The wind turbine
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Figure 1.5: Three-legged Dutch Tri-Floater FWT [5].
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Figure 1.6: Three-legged WindFloat FWT [5].
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is positioned on the main column. The V-shaped design is asymmetric, and a
ballast system stabilizes it [6].

1.3.4 Compact Semi-Submersible Foundation

The compact semi-submersible design consists of one central column and three
side columns. The wind turbine is positioned in the central column. The OC4-
DeepCwind semi-submersible is an example of a compact semi-submersible found-
ation. It is designed by the National renewable energy laboratory (NREL). This



Figure 1.7: Ring Shaped semi-submersible foundation [5].

Figure 1.8: V-Shaped semi-submersible foundation [5].

design has several bracing, including horizontal and diagonal bracing connecting
the columns.

A research paper by Lixian Zhang et al. [6] compares hydrodynamic response
between V-shaped and Compact (OC4- Deep Cwind). The results are presented in
the Figure 1.10. The first-order response of the OC4-DeepCwind in the surge is
larger than the V-shaped semi-submersible foundation. The second-order response
in the surge is similar for both substructures. The V-shaped semi-submersible sub-
structure exhibited two peaks in the heave RAO in the wave frequency range (0.064
Hz - 0.12 Hz). The first-order response in heave is similar in OC4-DeepCWind
and V-shaped substructure. In pitch motion, the V-shaped semi-submersible sub-
structure exhibited two peaks at the low-frequency region corresponding to pitch
and heave natural frequencies showing the coupling effect of these modes. OC4-
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Figure 1.9: Compact semi-submersible foundation OC4-DeepCwind [6].

DeepCWind semi-submersible FWT has two parts in the pitch motion spectra. One
is in the low-frequency region related to pitch natural frequency, and the other is
the high-frequency region related to wave peak frequency [6].
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Figure 1.10: Comparison of the hydrodynamic response of Compact and V-shaped semi-

submersible substructure [6].

1.4 Research Aim and Motivation

Traditionally floating offshore platforms use decoupled analysis [23]. In decoupled
analysis, the effects of the mooring line are assumed to be quasi-static, and the
nonlinear dynamic behavior of the mooring lines is ignored. Floating wind struc-
tures are subjected to a complicated aero-hydro-servo-elastic dynamic problem.
The rotating turbine affects the floater’s motion, which further affects the internal
loads on the substructure. Hence, all the relevant coupling effects must be taken
into consideration. It is also important to transfer the loads from the floater, moor-
ing lines, and wind turbine to the structural model for structural analysis. Most
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of the current numerical solutions cannot handle both coupled analysis and load
transfer [23]. For example, most of the analyses assume the floater as a rigid
body and perform coupled analysis using numerical tools like SIMA. Numerical
tools like SIMA, which can handle coupled analysis, do not facilitate obtaining
the cross-section load on a rigid body. The thesis addresses the challenge of hand-
ling coupled analysis and load transfer for a floating offshore wind structure and
demonstrates a procedure to transfer loads to a floating wind turbine structure.

In this study, it is decided to use an existing reference concept that has estab-
lished hydrodynamic properties. Hence, the IEA 15 MW turbine supported by the
VolturnUS-S four-legged semi-submersible concept is studied [1].

1.5 Related Works

This section is based on [23], [24], [25], and [26]. Several papers deal with coupled
dynamic analysis of offshore wind turbines. Very few papers have dealt with in-
ternal loads for a floating wind structure. In particular, a study by Kaija han et
al. [23] deals with the time domain coupled analysis and load transfer for float-
ing wind structures. One of the earliest studies by V. Leble et al. [24] discusses
coupled analysis with a high fidelity method where a 10 MW FWT is suppor-
ted by semi-submersible. The FWT is assumed to be a rigid body. The hydro-
dynamic loads were computed using Smoothed Particle Hydrodynamics (SPH),
and the aerodynamic loads were computed using a Helicopter multi-block flow
solver. The multi-body dynamics model was used to compute the rigid body mo-
tions. Mooring lines were modeled as springs and dampers. The applied thrust
dominates the initial motion of the FWT. Combined thrust and wave action results
in the pitching motion. The maximum pitch angle was observed to be 6.9 degrees.

A paper by J.M Jonkman et al. [25] aims to develop a comprehensive simulation
tool capable of modeling fully coupled aero-hydro-elastic responses of a float-
ing wind turbine. This is achieved by improving FAST ( Fatigue, Aerodynamics,
Structures, and Turbulence), a publicly available code to determine the structural
responses. The improvement is done by including the support platform kinematics
and kinetics, support platform hydrodynamic loading, and mooring system dy-
namics. The hydrodynamic loading equation in the time domain is implemented
in FAST and ADAMS (Autodynamic Dynamic Analysis of Mechanical Systems).
Mooring line loads are included by interfacing FAST and ADAMS with LINES.
LINES is a module in SWIM-MOTION-LINES (SML) a software suite by MIT.
LINES module determines the nonlinear mooring line / tether / riser effects upon
the platform [25].

The paper by Chenyu Luan et al. [26] and Kaija han et al. [23] emphasized time-
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domain approaches to determine the loads on the floating wind turbine structures.
These two papers served as a stepping stone for this thesis. The paper by Chenyu
Luan et al. [26] proposes a method for modeling the inertia and external load and
mapping the loads on to the finite element model of the hull. Contrary to other
papers, in this study, the floating wind turbine is not considered as a single rigid
body, instead it is considered to be a system of several components. The FEM
model of the hull represents the global stiffness of the structural components. The
external and inertial loads are modeled as distributed loads. Hydrodynamic loads
are computed by integrating the pressure loads obtained by solving the linear hy-
drodynamic equation. Beam elements are used to represent the global stiffness of
the structural components. The results indicate that low-frequency aerodynamic
loads and fluctuation of buoyancy and weight are major contributors to the struc-
tural responses.

The paper by Kaija han et al. [23] proposes a method to perform time-domain
coupled analysis and load transfer of a floating wind turbine structure. In this study,
the hydrodynamic coefficients are sent to a time-domain solver for carrying out the
coupled analysis, including both mooring lines and wind turbine forces. Then the
responses, mooring line forces, wind turbine forces, and wave elevation used in
the coupled analysis are sent to another time domain Rankine solver to transfer
the loads. A converter code is written in Python to handle the inconvenience of
transferring data between the two solvers with two different coordinate systems.

1.6 Proposed Approach

The proposed approach in this thesis work on load transfer from coupled analysis
to structural design is described in Section 1.6.1 to Section 1.6.3. The task com-
prises of three stages:

1. Model validation
2. Proposed approach validation

3. Execution of coupled analysis

1.6.1 Model Validation

A reference SIMA model of the UMAINE VolturnUS-S 15MW is given upfront. A
panel model, a mass model (or structural model), and a section model are created
in DNV Genie. A detailed structural model is given by Aker solutions. A hydro-
dynamic analysis of all the models is performed and the mass and various hydro-
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dynamic properties are compared. Once the results of the models are consistent
they are forwarded to regular wave analysis to validate the proposed approach.

1.6.2 Validation Of Proposed Approach

The proposed approach uses the numerical tools SIMA, WADAM, and WASIM
to estimate the load on a section of the FWT in the coupled domain (simultan-
eous wind and wave load). First, the motion response is compared between the
different numerical tools. In SIMA and WASIM, results are obtained in the time
domain, and these are converted to the frequency domain. In WADAM, results are
obtained in the frequency domain. The sectional loads are obtained in WADAM
in the frequency domain and WASIM in the time domain. There is no provi-
sion to obtain the sectional load in SIMA. The motions obtained in the SIMA are
given as prescribed motions in WASIM. WASIM obtains the sectional loads using
these prescribed motions obtained from the SIMA. The technique of obtaining sec-
tional load in WASIM using SIMA prescribed motions and forces are referred as
WASIM+SIMA in this thesis work. The sectional loads from the three numerical
tools (WADAM, WASIM, and WASIM+SIMA) are compared. If the results match
the numerical tools well, they are forwarded to the execution stage.

1.6.3 Execution

Operating conditions like wind speed, significant wave height (H,), and peak
period (7)) are selected in the execution stage. The coupled analysis is performed
in SIMA for the given conditions. The aerodynamic loads are obtained at the tower
base point, and the mooring loads are obtained at the fair lead points. In WASIM,
the mass model has to be modified by removing the structure above the tower
base to avoid duplication of the tower loads. The aerodynamic load, including the
self-weight of the tower, is applied at the tower base as a point load in WASIM.
Similarly, mooring loads are also applied as a point load in WASIM. In addition to
these loads, wave elevations and motion responses are transferred from SIMA to
WASIM. WASIM obtains the sectional loads using these prescribed motions and
forces from SIMA.

1.7 Scope and Objective

As discussed in the previous sections, traditionally, the hull of a floating wind tur-
bine has been considered a rigid body in aero-hydro-servo-elastic analysis. These
analyses thus provide limited information about the global loads from wind, waves,
inertia, and effects from the tower and mooring system. In the oil and gas industry,
the loads are typically dominated by wave and inertia effects, and a frequency do-
main or design wave approach can be used. The applicability of such methods, and
improved ways of estimating the global loads for input into a finite element model
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of the hull, will be further examined in the thesis. A case study will be studied con-
sidering the ISMW IEA turbines supported by the VolturnUS-S semi-submersible.
The scope of work is enumerated as follows:

1. Literature review into the wave and wind statistical description (spectra),

1.8

wind and wave loads, floating offshore wind turbine dynamics, fatigue and
ultimate strength, relevant guidelines and standards, and existing approaches
for estimating loads in the hull.

. Based on the established WADAM model and the provided mass model

in Genie, develop a WASIM model of the chosen FWT and compare the
responses in regular waves to the previously obtained results (extended to
more frequencies) from WADAM and SIMA.

. For a small number of environmental (wind and wave) conditions, obtain

loads at the selected cross sections in the hull and tower by using the motion
response from SIMA as input to WASIM.

In collaboration with fellow student Yu Ma, develop a SIMA model with
the hull modelled using flexible beams. Extract loads at the same locations
using the SIMA model, and compare to the WASIM results.

Conclusions and recommendations for further work

Structure Of The Report

. In Chapter 2, Hydrodynamic and Aerodynamic theories are briefly discussed.

It also briefly discusses how the rigid body response and internal loads are
obtained.

. In Chapter 3, A brief introduction to the SESAM package WADAM and

WASIM are presented in this chapter. This chapter also provides an over-
view of the numerical tool SIMA.

. In Chapter 4, Discusses on the the reference model used in the thesis work.

The stage one of this thesis work where validation of the reference model
and the comparison plots are presented in this chapter.

In Chapter 5, Stage two of the thesis work where analysis performed in
regular wave are presented. The motion and sectional loads obtained in the
regular wave analysis are presented in this chapter.
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5. In Chapter 6, Final stage of the thesis work where sectional loads for selected
environmental conditions are derived in a coupled domain ( simultaneous
wind and wave loads). The results are presented for three different load
cases.

6. In Chapter 7, Comparison between Flexible body method (multi-body rep-
resentation of the OWT) and the Rigid body method are presented in this
chapter.

7. In Chapter 8, Conclusion and recommended future works are discussed.
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Chapter 2

Theoretical Background

2.1 Rigid Body Mechanics

A rigid body has six degrees of freedom. Three translational degrees of freedom
(Surge, Sway, and Heave) and three rotational degrees of freedom (Roll, Pitch,
and Yaw). The Figure 2.1 represents the six degrees of freedom of a floating rigid
body. Floating rigid body dynamic equilibrium can be expressed as follows:

Figure 2.1: Six degrees of freedom of a floating rigid body.

17
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(M + A)i + Bx + Cz = F,, @2.1)

x is a 6 x 1 vector representing the rigid body responses. Fe, is also a 6 x 1
vector representing the excitation forces. M is a 6 X 6 matrix representing the
structural mass of the floating rigid body. A is also a 6 x 6 matrix representing the
hydrodynamic mass (also called added mass). B is a 6 x 6 matrix that contains
the damping coefficients. C' is a 6 X 6 matrix containing restoring coefficients.
Heave, Roll, and Pitch have inherent hydrostatic stiffness due to the change in the
buoyancy while Surge, Sway, and Yaw are restored by the stiffness of the mooring
lines. The above dynamic equilibrium equation is established excluding the non-
linear effects like the quadratic damping term in the Morison’s equation.

2.2 Environmental Loads

Offshore wind turbines are exposed to the following loads [10]:

1. Wind loads

2. Wind-generated local wave loads

3. Swell loads generated by the distant storm
4. Surface current loads

5. Deepwater current loads

6. Ice Loads

Broadly we can classify the environment loads on an offshore wind turbine as
hydrodynamic and aerodynamic loads. In this study, only the wind and wave loads
are discussed. Current loads and Ice loads are not discussed in this study.

2.3 Hydrodynamics Loads
2.3.1 Definition Of Waves

The incoming wave is defined as follows [7]:

n(x,y,t) = Acos[(kcos )z + (ksin f)y — wt + 7] (2.2)

The Equation (2.2) can be written in complex form as follows [7]:

n(z,y,t) = Aexpli((kcos )z + (ksin )y — wt + 7)] (2.3)



2.3. Hydrodynamics Loads 19

FEsponse
3 esr

response:
A |H| costan + ¢n) surface elevation
& = 0in the figure al origin

Figure 2.2: Definition of phase lag in the transfer functions[7].

In the Equation (2.2), k is the wave number, 3 is the wave direction (direction
between the positive x-axis and direction of the wave propagation), w is the wave
frequency, A is the wave amplitude, ¢ is the phase angle, t is the time [7].

2.3.2 The Hydrodynamic Problem In a Regular Wave

This section is based on [8] and [17]. The hydrodynamic problem in regular wave
is solved in WADAM and WASIM using potenial flow theory [12]. A linear wave
theory can describe the wave loads on an offshore structure to a large extent. Non-
linear effects are important in severe sea states in describing the horizontal motion
of a moored structure. Linear wave theory is applicable when the wave steepness
is small. In linear theory, the response amplitude of the floating rigid body is
linearly proportional to the wave amplitude. The linear theory also implies that
wave kinematics are valid up to the mean water level only.

The Hydrodynamic problem in a regular wave comprises of two sub-problems
[17]:

1. The forces and moments on the body in a regular wave when the body is
restrained from oscillating. These are called wave excitation loads and are
composed of Froude-Kriloff and Diffraction forces and moments.

2. The forces and moments on the body, when the body is forced to oscillate
in wave excitation frequency in the absence of an incident wave. These
are called radiation loads and are composed of added mass, damping, and
restoring forces and moments.
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In linear theory, sub-problem 1 and 2 can be added to obtain the total hydro-
dynamic loads as described in the Figure 2.3 [17].

Linear wave-induced
molions, accelerations
and structural loads

Figure 2.3: Hydrodynamic loads [8].

The velocity potential for this problem is the sum of the contribution from the
radiated waves (¢ ) and diffracted waves (¢p) [8].

é(x,y, 2,t) = or(x,y,2,t) + dp(x,9, 2, 1) (2.4)

The linearized Bernoulli equation can obtain the total pressure. The first term in
the Equation (2.5) represents the linear dynamic pressure, and the second term in
the Equation (2.5) represents the hydrostatic pressure [8].

__ (%
p=—p < ot —i—gz) 2.5

The linear hydrodynamic loads can be obtained by integrating the pressure over
the wetted surface area (Sp). The first term in the Equation (2.6) represents the
hydrodynamic load which is obtained by integrating the linear dynamic pressure
over the mean wetted surface area (Sp,). The second term in the Equation (2.6)
represents the hydrostatic load which is obtained by integrating the hydrostatic
pressure over the instantaneous wetted surface area (Sp) [8].

0
F= / p—(ﬁnds + / pgznds (2.6)
5B, Ot SB
n in the Equation (2.6) is the unit normal to the body boundary.
Excitation Loads

In the problem associated with excitation loads, the body is assumed to be fixed,
interacting with the incident wave. The diffracted velocity potential for this prob-
lem is the sum of the contribution from the incident wave (¢7) and the diffracted

waves (¢p) [8].
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(25(%?/72775) :¢1($)y7zvt)+¢l)(x7yvzat) (27)

1. Froude-Kriloff loads are caused when a flow due to ¢; penetrates a body at
normal velocity d¢/0On. It is assumed the body is transparent, and the fluid
can pass through it [8].

2. The body presence causes a flow which corresponds to ¢ p. Diffraction loads
are the result of restoring the body’s impermeability [8].

Excitation load is obtained by integrating the diffracted wave dynamic pres-
sure along the mean wetted hull surface [8]:

_ [ 00 . [ %D
Fepe(t) = /S DBp 5t nids /S OBp 5 nids (2.8)

n in the Equation (2.8) is the unit normal to the body boundary. k in the
Equation (2.8) ranges from 1 to 6 for the six degrees of freedom.

Radiation Loads

In the problem associated with radiation loads, body is forced to oscillate in six
degrees of freedom in the absence of an incident wave [8].

Fraagr(t) = — /S pagtRnde k=1.6 (2.9)
0B
6
PR = 1w ijcbj (2.10)
j=1

Radiation velocity potential ¢ is a linear combination of the components in the six
degrees of freedom. x; and ¢; in the Equation (2.10) are the response amplitude
and unit-amplitude radiation potential in each degree of freedom [27].

1. When a body oscillates, it generates waves (radiated waves) associated with
radiation velocity potential and is subjected to hydrodynamic loads called
added mass and damping [8].

2. Added mass is proportional to the acceleration, and Damping is proportional
to the velocity [8].
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6
Fragr(t) = Z {—Agjij — Brjij} k=16 (2.11)

j=1

Where,
Akj(w) =R |:p/ gojnde} (2.12)
Son
Byj(w) = —wJ [,0/ gpjnde] (2.13)
SoB

Panel Method

We can apply the concepts discussed so far in the panel methods, solve equations,
and derive the forces and moments. Summary of panel method and its application
is described below [28]:

1. Derive integral equations for velocity potentials on the body boundary using
Green’s theorem

2. The body surface should be divided into N panels
3. In each panel, the dipole moments and sources are assumed to be constants
4. The total potential is evaluated at the centroid of each panel.
5. Solve the system of equations and compute the required forces and mo-
ments.
Restoring Loads

Hydrostatic pressure contributes to restoring loads in the vertical motions. The
change in hydrostatic pressure due to the change in buoyancy in the vertical motion
results in restoring forces and moments.
dp
=" (2.14)
z
The Equation (2.15) to Equation (2.19) describes the hydrostatic coefficients for a
floating body[17]:
033 = pgAwp (2.15)

Css = —pg // zdzxdy (2.16)
A

wp
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Cus = pgVp (2B — 2a) + pg / / y*dzdy = pgVpGMr (2.17)
Awp

Cs3 = Css (2.18)

Cs5 = pgVp (28 — 2z6) + pg / / a?*dxdy = pgVpGML (2.19)
Awp

C;; is the restoring force in 4 due to unit displacement in j, where i and j ranges
from 1 to 6 representing the six degrees of freedom. A,,, is waterplane area, Vp
is displaced volume, zp and zg are the vertical center of buoyancy and vertical
center of gravity. GMp and GM, are transverse and longitudinal metacentric
height respectively.

Mooring stiffness contributes to the restoring force and moments in the horizontal
motions. The Figure 4.2 describes the mooring system of the reference model.
The Equation (2.21) to Equation (2.24) describes mooring stiffness coefficients
for a floating body[17]: The linear restoring coefficient of mooring system can be

Figure 2.4: Mooring system of the reference model.
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expressed as :
_ dTy

S dX
Ty is the horizontal force from the anchor line, and X is the horizontal distance
from the anchor point on the vessel and the anchor on the seabed.

k (2.20)

Cii =) kicos®t); (2.21)

=1
Coa =Y kisin’e; (2.22)

=1
Ce6 = Z k; (ax; sin; — y; cos ;) (2.23)

=1
Cas = Cea = Y _ ki (w;sin g — y; cos ;) sin )y (2.24)
=1

¢ is the anchor line number, x; and y; are x and y coordinates of the attachment
point of the anchor line to the vessel, v; is the angle between the anchor line and
the x-axis.

2.3.3 Rigid Body Response

The Equation (2.25) is the equation of motion for the rigid body assuming linear
damping and linear wave loads, where x represents the rigid body response, M is
a 6 X 6 matrix representing the structural mass of the floating rigid body. A(w)
is also a 6 x 6 matrix representing the frequency dependent added mass. B(w) is
a 6 x 6 matrix that representing the frequency dependent damping coefficients. C
is a 6 x 6 matrix containing restoring coefficients[8].

(M + A(w))é + B(w)& + Ca = Fuy (2.25)
[ Tla i i fla(w) i
T2q f2a(w)
(- (M + A@) +wB(w) +C) | T | = jﬁzgji (2.26)
T5q f5a(w)
| Z6a | fea(w) |

x,=D7'f, (2.27)
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Where matrix D is (—w?(M + A(w)) + iwB(w) 4+ C). 14 to x6, represents the
response amplitude in the six degrees of freedom. f14(.) to fgq(w) represents the
excitation force amplitude in the six degrees of freedom.

Transfer Function And Phase Lag

The time dependent response variable z(w, /3,t) can be expressed in terms of a
transfer function H ((w, 3)) as shown in the Equation (2.28) [12].

v(w.f,) = ARe |H((w, )]’ (228)

In the Equation (2.28) A is the wave amplitude, w is the wave frequency, [ is the
wave direction (direction between the positive x-axis and direction of the wave
propagation) and t denotes the instantaneous time period, |H ((w, 8))| is the amp-
litude of the transfer function, ¢ is the phase angle between the incident wave and
the time dependent response [12].

The transfer function and phase angle can be expressed as follows [12]:

H = Hge + iHyy (2.29)
Hlm

= atan (2.30)
¢ HRe

In the Equation (2.29) and Equation (2.30) Re and Im indicates real and imaginary
parts. The definition of phase between response and incident wave is given in
the Figure 2.2. The transfer function is referred as Response Amplitude Operator
(RAO) in the thesis work

2.4 Motion in Irregular Waves
This section is based on [9], [29] and [30].
241 Wave Spectrum

In the previous sections, it is assumed that the waves are periodic. In reality, waves
are random or irregular. This section describes the motion of a floating body in an
irregular sea. It is assumed sea surface is constructed by a series of long crested
waves. Irregular waves can be represented as a sum of the regular long crested
waves [9].

The following assumptions are made in the irregular wave analysis [9]:



26 26

Figure 2.5: Irregulars waves represented as a sum of the regular long crested waves [9].

1. The wave process is stationary within a short-term interval (20 minutes to 3
hours). Hence the mean and the variance of the process is constant.

2. Wave elevation is normally distributed.

3. The wave process is ergodic, i.e., a particular time series represents the en-
tire process. The expected value and the variance can be obtained by time-
averaging of one time series.

The Equation (2.31) represents the wave surface elevation,
N
((2,t) = Cancos (wat — knx + &) (2.31)
n=1

In the Equation (2.31), (4, is the wave amplitude, w is the wave frequency, and
k is the wave number. t is the instantaneous time, x is the instantaneous position
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in the space, IV represents the total number of wave components, and € represents
the phase angle, a stochastic variable uniformly distributed between 0 and 27 [9].

At a particular location (x = 0) in space, the Equation (2.31) becomes:

N
= Z CAn €08 (wnt + ) (2.32)

n=1

N
Z ~C3n (wn) (2.33)

In the Equation (2.33), E represents the energy per unit area of the linear wave. p
is the density of the seawater, and g is the acceleration due to gravity.

An energy density spectrum can represent the random ocean wave. The spectrum
describes the energy content of an ocean wave and its distribution over a frequency
range of the random wave.

%gfm =S (wp) Aw (2.34)

In the Equation (2.34), S (w,,) represents the spectrum of {(¢). Combining Equa-
tion (2.33) and Equation (2.34),

N N
Z “Cn = S (wn) Aw (2.35)

If we assume that N — oo such that Aw — 0, the equation 2.35 can be rewritten as:

f; = %Zgin = /OOO S (w)dw (2.36)

From Equation (2.34),
Can = V25 (wn) Aw (2.37)
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Figure 2.6: Wave spectrum [10].

Inserting the Equation (2.37) in the Equation (2.32),

N
¢(t) = Z V25 (wn) Aw cos (wnt + €5,) (2.38)
n=1
Variance(c?) of the wave elevation is given by:

o? = / h S(w)dw (2.39)
0

2.4.2 JONSWAP Wave Spectrun

DNVGL-ST-0437 [31] recommends the JONSWAP wave spectrum to represent
the energy spectrum of wind-generated waves. For floating wind turbine, which
can be excited by swells of 20 to 25 seconds, can be represented by two JONSWAP
spectrums combined to represent wind-generated waves and swells [30].

JONSWAP spectrum was developed by analyzing the data during the Joint North
Sea Wave Observation Project. The research details are presented in the literat-
ure by Hasselmann et al [29] in 1973. JONSWAP spectrum is the peak-enhanced
Pierson-Moskowitz (P-M) spectrum. In P-M spectrum, fully developed sea is as-
sumed. Hasselmann et al, found that the wave spectrum is never fully developed.
A multiplicative factor was introduced to the Pierson-Moskowitz spectrum to im-
prove the fit to their measurements. The JONSWAP spectrum is thus a Pierson-
Moskowitz spectrum multiplied by an extra peak enhancement factor [29].
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P-M spectrum is given by,

A B
S(w) = 5 OXP [_w‘l] (2.40)

Where A = 0.0081¢2%, B = 0.74 (%)4. g is the acceleration due to gravity and V/
is the wind speed [9].

In JONSWAP spectrum peak frequency (w)) is used instead of wind speed V' [9].
A = ag*(a = 0.0081 for the PM spectrum ), B = %wﬁ.

JONSWAP spectrum is given by,

- oo [ (2)]
(w— wp)2] (2.41)

r = exp [— 20%}3

~ is the peak enhancement factor.

o4 forw < w,
g =
oy for w > wp

Mean value for the each parameter in the Equation (2.41) are as follows [9]:

5 =33
0, =0.07 and o} = 0.09

gx\ 022 (2.42)
o =0.076 (W)

=10 (2) ()"

x 1s the fetch (the distance over which the wind blows over the sea with constant
velocity). V' is the wind speed, and g is the acceleration due to gravity.

2.5 Aerodynamics Loads

This section is based on [4], [32], and[11]. Tower, Rotor-Nacelle Assembly (RNA)
are the components above the water surface of an offshore wind turbine. These
components are exposed to aerodynamic loads. During operation, aerodynamic
loads on the rotor contribute significantly to rigid body motion and structural re-
sponses. The Blade Element Momentum method (BEM) and Generalized Dy-
namic Wake (GDW) are the two commonly used tools to describe the acrodynamic
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loads on the rotor [4]. The numerical tool SIMA uses BEM to describe the aerody-
namic loads on the rotor [15]. The substructure design of the OWT is influenced
by the magnitude and frequency of the loads induced by the rotor. The excitation
frequency of a wind turbine is expressed as a function of rotor rotational frequency.
1p frequency corresponds to the rotor rotational frequency, and 3p corresponds to
three times the rotor rotational frequency. The 3p effects are critical for the excit-
ation of the lowest modes of the bottom-fixed structures [4].

2.5.1 Blade Element Momentum Method (BEM)

The BEM is based on the conservation of momentum combined with blade element
theory. In blade element theory, the blades are assumed to be discretized into small
elements which are independent of the other elements. Each blade element act as
a two-dimensional airfoil and the forces can be calculated based on local flow
conditions. The total force is the summation of all the elemental forces along the
span of the blade. The momentum theory assumes the airflow passing through the
rotor plane causes a loss of momentum at the rotor plane. Axial and tangential
induced velocities can be calculated from the loss of momentum. An iterative
process is set up to obtain the aerodynamic forces and induced velocities near the
rotor [32]. In BEM, it is assumed that N annular elements discretize the stream
tube. The forces are constant at each of the annular elements, and hence the rotor
is assumed to consist of an infinite number of blades [11].

Rotorplane

Control volu

Figure 2.7: Annular element used in the BEM model [11].



2.5. Aerodynamics Loads 31

To account for the finite number of blades, Prandtl’s correction is used. The mo-
mentum theory is not valid for the large induction factors (>0.4). To compensate
for these limitations, Glauret developed a correction to the rotor thrust coefficient.
The effect of dynamic wake and dynamic stall is also significant in aerodynamic
modeling. The wind seen locally at a point on a blade varies due to incoming wind
turbulence, yaw misalignment, wind shear, etc. This causes the angle of attack
to dynamically change during the revolution. There will be a time delay in the
aerodynamic loads due to the change in angle of attack. This effect is called a
dynamic stall. The BEM model uses the Stig @ye model, which gives unsteady
lift by filtering the trailing edge separation [11]. Dynamic wake is due to the re-
sponse to a large flow field of turbulence or change in rotor operation (example:
Change in pitch, rotor speed, etc.). There is a time lag in the induced velocities
to balance the aerodynamic loads. The dynamic wake effect is more pronounced
in heavily loaded rotors. The BEM model uses the Stig @ye model to filter the
induced velocities [11].

Tower Shadow Effect

The tower obstructs the wind flow, which results in the wind speed deficit behind
the tower. The blades of the wind turbine will experience this speed deficit once
per revolution. This results in a drop in the power and also leads to structural
vibrations [33].

Fault Conditions

Fault conditions induce aerodynamic loads to the OWT substructures. Blade pitch
failure, where one of the blade pitching mechanisms is faulted, will result in an
imbalance load on the turbine. The wind turbines that are equipped with a su-
pervisory control system will detect the fault and will initiate a shutdown [4]. The
shutdown process will result in negative thrust force, causing a significant transient
response of the OWT [4].

2.5.2 Wind Spectrum
The wind profile used for all the wind spectra is described by [15] :

u(z) = uy <>a (2.43)

z is the height above the water plane.

2z is the reference height, usually 10 m.

u, 1s the average velocity at the reference height.

«a is the height coefficient ranges between 0.10 to 0.14.
u is the average velocity at the heightz.
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Kaimal Spectrum

DNV recommends the Kaimal spectrum to represent the energy spectrum of the
wind [34]. Kaimal spectrum is given as :

U

Suu(f) = M (2.44)
)

oy is the standard deviation of the wind speed, f is the wind frequency, U is the
mean wind speed, Ly = 5.67z for z < 60 m and, L = 340.2 m for z > 60 m where
z denotes the height above the water plane.

2.6 Sectional Loads

This section is based on [12]. In the sectional load calculation in WADAM or
WASIM, sectional planes where the load needs to be calculated need to be defined.
WADAM and WASIM both calculate the sectional load by integration of the dis-
tributed loads on the specified sides of the defined planes. Sectional planes are
specified in the input coordinate system which is normal for the global coordinate
system. Figure 2.8 describes a submerged beam with a sectional plane at x;;,;, = 0
[12]. The sectional load is obtained by integration of net load (F - ma) where F
is the force and m is the mass and a is the acceleration due to gravity. The loads
computed on the positive side and the negative side of the cut sectional plane will
be equal with a phase difference of 180 degrees [12].

:I.’I ]
Ainip ¥

Moment reference point ——--.}.('4,/'
_ -~
I‘ i B Centre of gravity of subelement

Figure 2.8: Sectional load calculation in WADAM and WASIM. [12].

Panel models include the exciting forces at the centroid of each panel. The inertia
forces are included with respect to a center of gravity calculated for the part of the
model that is on the specified side of the sectional plane [12].

2.7 Time-domain analysis

This section is based on [4] and [15]. Wind turbines are subjected to aero-hydro-
servo-elastic loads. Hydrodynamic loads cause structural deformation. On the
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other hand, hydrodynamic loads depend on the structural response. The inter-
action between the hydrodynamic loads and the elastic response of the body is
called hydro-elasticity. Similarly, aerodynamic loads cause structural deformation
in blades and towers. This interaction is called aero-elasticity. When an aerody-
namic model is coupled with the hydro-elastic model, a aero-hydro-elastic model
is obtained. When control logic is implemented in the aero-hydro-elastic model,
we obtain the aero-hydro-servo-elastic model [27]. Frequency domain analysis re-

Illm(!
s =T
: lightning

.‘L'
||al

i rmae o structural
} dynamics

hydrodynamics

)
sanhduake

¥ Source; NREL/Wind power today, 2010.

Figure 2.9: Forces on Floating wind turbine [13].

quires linearization of the loads and responses. To account for the non-linearity
due to wind turbine control, large platform motions, large deflection of blades, and
non-linear damping, the time domain analysis is preferred [4].

2.7.1 Equations Of Motion

Equation of motion in time domain can be written as follows [15]:
M3 + Ci + Dyi + Do f(2) + K(x)x = q(t, z, ) (2.45)

M =m+ A(w)
Alw) = Ao + a(w)
As = A(w = o0)

M is the frequency-dependent mass matrix, and m is the body mass matrix. a(w) is
the frequency-dependent added mass matrix. A is the added mass at the infinite
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frequency. A(w) is the total frequency-dependent added mass. C'is the potential
damping matrix which is also dependent on the frequency. D is the linear damp-
ing matrix, and D> is the quadratic damping matrix. f is a vector function where
each element is given by f; = &; |#;|. &; is the element velocity. K is the restoring
matrix which consists of the hydrostatic as well as the mooring stiffness.

. 1 2
q(t,x,x) = qy + qg/[/)A + qg/V)A +dcu T Qegt (2.46)

The excitation force vector q comprises of wind drag force gy, first order and the

second order wave excitation force (q%,) A&q%,%,) 4)» current drag force o, ey
includes any other forces such as wave drift damping, forces from station-keeping
etc.

Two methods can be used to solve the equation [15]:

1. Solution by convolution integral

2. Separation of motions

Solutions By Convolution Integral

We bring the linear and quadratic damping terms in the Equation (2.45) to the right
hand side and rewrite the equation as:

m+ Alw)e +Cw)x + Kz = f(t) (2.47)

f'(t)=q— Dyf(x) — D1& (2.48)
Frequency dependent terms are kept in the left hand side and remaining terms are

placed in the right hand side:

Aw)E + Cw)x = f(t) = f(t) — Kz — m& (2.49)

In frequency domain, the equation is written as:
(—w?A(w) + iwC(w)) X (w) = F(w) (2.50)

(iwAW) + C(w))iwX (w) = F(w) 2.51)
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X (w) is the response. Using the relation,

A(w) = A + a(w)
B(w) =Cqx + c(w)

Where, Coo = C(w =00) =0

Applying the relation established in Equation (2.52) in Equation (2.50):

—w? A X (W) + (iwa(w) + c¢(w))iwX (w) = F(w)

Using inverse Fourier transform gives:

o0

A(t) —l—/ h(t — m)a(r)dr = f(t)

— 00

(2.52)

(2.53)

(2.54)

h(t — 1) = 0 for, t<0 (before start of the experiment). Similarly, h(t — 7) = 0 for

T > t (after the experiment). Hence, Equation (2.54) can be re-written as:

A& (t) + /0 h(t — m)x(r)dT = f(t)

(2.55)

Substituting the Equation (2.55) in Equation (2.49) and Substituting the Equa-

tion (2.48) in Equation (2.49) we get,

t
(m + Au) :E+D1:b+D2f(:b)+K:c+/ h(t—7)i(r)dr = q(t, @, &) (2.56)
0

h(1) , the retardation function, is computed as:

[e.9]

h(7) ! /OO c(w) + iwa(w)e™! dw = S H(w)e™" dw

T o oo 27 J_o

(or)
H(w) = /_ h(r)e™™Tdr = ¢(w) + iwa(w)
c(w)=¢(—w) and a(w)= a(—w),

h(t) = 1 /Ooo(c(w) cos(wt) — wa(w) sin(wT))dw

™

(2.57)

(2.58)

(2.59)
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From causality, h(7) = 0 for 7 < 0; the process can not have any memory effect
of the future. This means that the two parts in the integral, Eq. (4.15) must be
opposite for 7 < 0 and identical for 7 > 0, or mathematically:

h(r) = 2 /000 c(w) cos(wT)dw = 2 /000 wa(w) sin(wr)dw (2.60)

s m

The frequency dependent added mass and damping can be found using the retard-
ation function h(7):

a(w) = —% /000 h(7)sin(wT)dr (2.61)
c(w) = —/0 h(7) cos(wT)dr (2.62)

The relation between frequency-dependent added mass and damping term in the
Equation (2.61) and Equation (2.62) is known as Kramers-Kronig relation.

for 7 = 0, Equation (2.59) becomes,
o
h(0) = — / c(w)dw (2.63)
0
or, if ¢ is not known, we know that ¢ (w = 0) = 0, which gives

/OO h(r)dr =0 (2.64)
0

Separation Of Motions

The position vector  can be decomposed as low-frequency motion (x ) and
high-frequency motion (x g r)

=L +THF (2.65)

Here low-frequency motions are solved in the time domain, and high-frequency
motions are solved in the frequency domain.

Time Domain:

m+A(w = 0)ipp+Dizp+Dof(@)+Kappr = ¢ = QW1+(I$/?/)A+QCU+(Iext
(2.66)
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Frequency Domain:

m+ Aw)&gr + D1+ C(w)aygr + Kegrp :q%,)A(w) (2.67)

X gp(w) = (—w(m + A(w)) + iwD; + C(w) + K) ' Hy(w)C(w) (2.68)

X g r(w) is the high-frequency response, H 1 (w) is the first-order transfer function
and ((w) is the complex harmonic wave component.

2.8 Finite Element Modeling Of A Floating Wind Turbine

This section is based on [4]. The global finite element equation for an offshore
wind turbine with nodal displacement D can be expressed as in the Equation (2.69)
[4].

M,D + B,D + R™ = R (2.69)

M, represents the mass matrix, and B, represents the damping matrix. R™ and
Re®! represents the internal and external forces. Internal forces are typically the
product of the stiffness matrix and displacement vector. External forces include
the hydrodynamic and aerodynamic loads [4].

In OWT towers and blades are usually modeled as a beam element, while mooring
lines are modeled as a bar element. A rigid element is usually used to model the
hull. The choice of the model is a trade of between fidelity and efficiency. The
structural model is also influenced by how aerodynamic or hydrodynamic loads
are applied. Rigid body models can only handle integrated forces and moments,
while beam models can handle distributed line loads, and shell or solid models
can handle distributed pressure loads. The Figure 2.10 gives an overview of the
structural modeling of an offshore wind turbine and the different loads acting on
the various parts of the offshore wind turbine [4]. In Chapter 7, sectional loads
obtained from rigid body model and the flexible body model (multi-body repres-
entation of the OWT) are compared and the results are presented.
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Structural Model

External Load Model

Blades: beam elements,
different edgewise and

Blades: turbulent wind,
BEM sectional forces

flatwise stiffness

Tower: beam elements

Hub and Nacelle:
aerodynamic drag

Tower:
aerodynamic drag

Huill: rigid body, master-
slave connection to
tower base (fixed) and
tendons (pinned)

Hull: hydrodynamic forces
(152" order potential,
Morison, ringing)

I Tendons: beam elements |

Tendons: hydrodynamic forces
(Morison’s equation)

Anchors: pinned

connections to rigid seabed

Figure 2.10: Finite element model for a floating wind turbine[4].




Chapter 3

Numerical Tools

This section is based on [12], [7] and [35]. DNV Sesam and SIMA are the two
software packages used in this thesis work.

3.1 DNV SESAM

Sesam is a software package for the structural and hydrodynamic analysis of ships
and offshore structures. Sesam has various modules, some of them used in the
thesis are:

* The GeniE software is used to model, analyze, and code check beam, plate,
and shell structures, such as offshore platforms and ships.

* HydroD for the hydrodynamic and hydrostatic analysis of any fixed or float-
ing structures. HydroD has two sub-modules WADAM and WASIM.

3.1.1 WADAM

WADAM is an acronym for Wave Analysis by Diffraction and Morison Theory.
It is a program for calculating wave-structure interactions for fixed and floating
structures [12].

Sesam’s Wadam program is an integral component of the Sesam suite. It is used
to calculate wave loads using the models created by Genie. A panel model and
structural model are imported to WADAM as .FEM File [12]. In this thesis work,
WADAM module in HydroD version 5.4 is used.

A Hydrodynamic Results Interface File (G-file) can store the results of the WADAM’s
global response analysis for postprocessing in Postrep [12].

39
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Definition Of Model Types In WADAM

In Figure 3.1 different types of WADAM models are given. There are three main
model types:

1. Hydro model
2. Mass model

3. Structural model

Hydro Mass model Structural
maodel model

N

Pancl model Bosison Composite Point mass | | FE madel Kilabad r"_"SS FE model
model model matrix
Figure 3.1: Model types in WADAM [12].
Hydro Model

In the Figure 3.2 different types of hydro models are given. In this thesis, we
use a panel model for hydrodynamic analysis in WADAM. The hydrodynamic
loads and responses are calculated using the potential theory, which is discussed
in the Section 2.3. The panel model consists of a quadrilateral or triangular panels
representing the wet surface of the floater [12].

Mass Model

The global mass information is required in WADAM to record the weight-buoyancy
imbalance for the hydrodynamic analysis of floaters [12]. There are two methods
to establish a global mass matrices:

1. Direct input of mass properties.

2. Assembling the global mass matrix from the mass file.

In this thesis work, mass properties are defined from the .FEM file.
Structural Modelling

The structural model is built from an arbitrary large super element hierarchy [12].
For shell, element loads are transferred to FEM sides which are identified as wet



3.1. DNV SESAM 41

Panel model Morison model Composite model

Figure 3.2: Different hydro models in WADAM [12].

[12]. A wet surface property is assigned to the plates below the waterline. A
dummy hydro pressure load is defined in GeniE to identify the wet element sides
[12].

3.1.2 WASIM

WASIM is a numerical tool for computing the global and local loading on a float-
ing body or a moving vessel. In WASIM, the simulations are performed in the
time domain [7]. The mass model and structural model are the same as that in the
WADAM. In WASIM, section model (or PLN model) is used for the underwater
meshing. This is different from the meshing done in the WADAM. The section
model in WASIM is discussed briefly in Section 4.3.2. WASIM module in the Hy-
droD version 4.10 is used in this thesis work. Wasim has the following executable
elements [7]:

1. Wasim_mesh: Mesh generation on the hull and free surface.

2. Wasim_Setup: Sets up the matrices for solving the hydrodynamic problem.
3. Wasim_Solve: Performs time domain simulations

4. Wasim_Fourier: Transforms time domain results to the frequency domain.

5. Wasim_Stru: Transfer the load from the panel model to the FEM model.
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3.2 SIMA

SIMA is a numerical tool developed by SINTEF Ocean for simulation and ana-
lysis of marine operations. The Figure 3.3 describes the application of the numer-
ical tool SIMA for a floating wind turbine. SIMA comprises four modules SIMO,
RIFLEX, an Aerodynamic module, and a control module. SIMO is a time do-
main simulation program used to study the motions of a multibody system [35].
RIFLEX module is used to analyze flexible slender structures like mooring lines,
turbine blades, towers,s etc) using the non-linear Finite Element Method (FEM)
[36]. The aerodynamic module in the SIMA calculates the aerodynamic loads on
blades and towers using Boundary Element Method (BEM). TurbSim or IEC Tur-
bulence simulator are used to create a turbulent wind field. The control module is
a programmable java interface which communicates with RIFLEX to implement
the control mechanism. In this thesis work, SIMA version 4.1.0 is used.

LSS torque, updated
Wave history, hull (gommanded) blade
hydrodynamic loads pitch

Hull motions Rotor velocity,
current blade pitch

Aerodynamic N
forces on blades WT element positions,

and tower orientations, and
velocities

Aerodynamic
module

T wind velocity

TurbSim (NREL)
or
IEC Turbulence Simulator (DTU)

Figure 3.3: Floating wind turbine analysis using SIMA[14].

3.3 Coordinate Systems

This section is based on [12] and [15]. The Figure 3.4 and the Figure 3.5 describes
the coordinate systems in WADAM/WASIM and SIMA. WADAM and WASIM
has two coordinate systems namely, global coordinate system and input coordin-
ate sytem. The global coordinate system is right handed and it is denoted by
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swl

T
( =)

Figure 3.4: The coordinate system in WADAM and WASIM [12].

(X glo > Yelo s Zglo ) The orgin of the global coordinate is at the still water. The
input coordinates is denoted by (:Uinp » Yinp > Zinp ) Hydro model and the structural
model are defined in input coordinate system [12]. In SIMA, the Global (Earth-
Fixed) coordinate system (XG) and Body-Fixed (XB) coordinate system are used.
Similar to WADAM and WASIM, the xy-plane coincides with the still water plane
in SIMA. The environmental parameter like wave directions is referred with re-
spect to the earth-fixed coordinate system. The body-fixed coordinate system fol-
lows the body motion and it is used to describe the position of the elements of the
body [15].

A XG(3)

XB(3)

XB(1)

I XG (1)

XB(2) — | |/

XG (2)

Figure 3.5: The coordinate system in SIMA [15].
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Chapter 4

Numerical Modeling

4.1 Umaine VolturnUS-S 15 MW

This section is based on [1]. In this project, we use the reference model VolturnUS-
S 15 MW semi-submersible FWT designed by the University of Maine. As there
is an increase in demand for wind turbines with larger capacity, the University of
Maine came up with a reference design fora 15 MW FWT with a semi-submersible
substructure [4]. This design has a compact semi-submersible substructure similar
to OC4-DeepCwind discussed in the Section 1.3.4 except that the reference design
has three pontoons connecting the four columns. The OC4-DeepCwind discussed
in the Section 1.3.4 has several bracings connecting the columns, while the refer-
ence design has just three horizontal bracings connecting the tower base and the
columns.

4.1.1 Design Details

Volturn US-S 15 MW FWT is a four-column semi-submersible floating platform.
The total mass of the platform is 17,854 t, of which 3,914 t is structural steel, 2,540
t is fixed iron-ore-concrete ballast, evenly distributed and placed at the base of the
three radial columns. Seawater ballast of 11,300 t floods the three submerged pon-
toons to achieve the desired draft [1]. Table 4.1 describes various system properties
of the reference FWT. In Table 4.1, Ixx, Iyy and Izz are the rotational inertia about
the center of gravity of the floater for the roll, pitch, and yaw, respectively.

Mooring Line Properties

The Figure 4.2 represents the mooring arrangment in the reference model. The
mooring system configuration consists of three chains of 850 meters each. Each
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Figure 4.1: General Arrangement of UMaine VolturnUS-S 15 MW FWTI[1].

line is attached to an outer column at a depth of 14 meters below the SWL at the
fairlead. In the x-y plane, the lines span 120 degrees to anchors located at a depth
of 200 meters and 837.60 meters away from the tower’s centerline. The line uses a
studless R3 chain with a nominal bar diameter of about 185 mm [1].The mooring
line properties are given in the Table 4.2.

Mass Moment of Inertia Calculation for the Complete Structure

The IEA report gives the vertical center of gravity (v.c.g) of the substructure. The
modified v.c.g is calculated for the complete structure (including the tower and
the RNA). This is given in the Table 4.3. Figure 4.3 shows the location of the
v.c.g in the reference FWT. Similarly, the modified mass moment of inertia (m.o.1)
is calculated. The results for the modified roll and pitch m.o.i is given in the
Table 4.4.
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Parameter Units Value
Turbine Rating MW 15
Hub Height m 150
Excursion (Length, Width, Height) m 90.1,102.1,290.0
Platform Type Semi-submersible
Freeboard m 15
Draft m 20
Vertical Center of Buoyancy from SWL m —14.94
Ixx (Floater only) kg — m? 1.251E + 10
Iyy (Floater only) kg — m? 1.251E + 10
Izz (Floater only) kg — m? 2.367E + 10
Total System Mass t 20,093
Platform Mass t 17,839
Tower Mass t 1,263
Rotor-nacelle assembly (RNA) mass t 991
Water Depth m 200
Mooring System Three-line chain
catenary

Table 4.1: Umaine VolturnUS-S 15MW FWT System Properties[1].

.
|
Pl
i
g%
1450.77m

\Anchor 3

Figure 4.2: Mooring Arrangement of UMaine VolturnUS-S 15 MW FWT [1].

Mass (kg) Distance from the Hull CG (m) | Mass moment of inertia (kg-m2)
Hull 12500000000.00
Tower | 1263000.00 | 71.44 6445939756.80
RNA | 991000 164.94 26960356767.60
> 4.59E+10
Radius of Gyration, r,, 47.90 m

Table 4.4: Mass moment of inertia calculation.
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Parameter Units Value
Mooring System Type — Chain Catenary
Line Type — R3 Studless Mooring Chain
Line Breaking Strength kN 22,286
Number of Lines — 3
Anchor Depth m 200
Fairlead Depth m 14
Anchor Radial Spacing m 837.6
Fairlead Radial Spacing m 58
Nominal Chain Diameter mm 185
Dry Line Linear Density kg/m 685
Extensional Stiffness MN 3270
Line Unstretched Length m 850
Fairlead Pretension kN 2,437
Fairlead Angle from SWL degrees 56.4

Table 4.2: Umaine VolturnUS-S 15MW FWT Mooring line Properties[1].

Mass (t) | C.O0.G (from SWL) (m) | Moment of weights (t-m)
Hull 17854 -14.94 -266738.76
Tower | 1263 56.50 71359.50
RNA | 991 150.00 148650.00
> 20108 -46729.26
5 Moments of weights -2.32 m from SWL

Table 4.3: Modified VCG calculation.

Note: In the above calculation, own m.o.i for tower and RNA are ignored. Hull
mass moment of inertia is given in the reference document by IEA [1].

4.2 Hydrodynamic Analysis Of The Reference SIMA Model

The reference SIMA model was given upfront by Professor Erin Bachynski-Poli¢
of Department of Marine Technology, NTNU. In this section, the hydrodynamic
properties of the reference model are presented. This includes added mass, damp-
ing, first-order wave excitation, rigid body natural frequencies.

4.2.1 Coordinate System

Figure 4.4 defines the global coordinate system. The x-y plane coincides with
the calm water. The wave propagation direction and wind direction are defined
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Figure 4.3: V.C.G of the reference FWT [1].

based on the global coordinate system [15]. The coordinate system follows a right-

handed cartesian coordinate system where anti-clockwise rotations are positive
[15].

4.2.2 Hydrodynamic Coefficients

Table 4.5 and Table 4.6 are the added mass and hydrostatic stiffness matrix. The
hydrodynamic added mass and damping coefficients of the reference model are
presented in the Figure 4.11 to Figure 4.16. The symmetry in the surge-sway plane
results in identical added mass and damping values for roll-pitch and surge-sway
[1]. In the Figure 4.17 to Figure 4.19 first-order wave excitation transfer functions
are presented. Due to the aforementioned symmetry, the results for sway, roll, and
yaw are not presented. The results are provided for zero-degree wave heading [1].

4.2.3 Rigid Body Decay Tests

The free decay test is performed to obtain the natural period of the floater. In the
free decay test, the blades of the wind turbine were oriented such that the refer-
ence model experienced minimum aerodynamic drag. The initial displacement is
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Figure 4.4: Global coordinate system.

[9.640 E+06 0 0 0 -1.010 E+08 0 i

0 9.640 E+06 0 1.010 E+08 0 0

0 0 2.480 E+07 0 0 0

0 0 0 1.160 E+10 0 0

-1.010 E+08 0 0 0 1.160 E+10 0
L 0 0 0 0 0 2.010 E+10]

Table 4.5: Hull Infinite-Frequency Added Mass in kg, kg-m or kg-m? [1].

00 0 0 0 0
00 0 0 0 0
0 0 4.470E + 06 0 0 0
00 0 2.190E + 09 0 0
00 0 0 2.190E +09 0
0 0 0 0 0 0]

Table 4.6: Hull hydrostatic stiffness in N/m, N/rad or N-m/rad [1].

achieved by applying a ramp force, followed by a constant force, which is then
released. The results of the decay test are presented in Figure 4.5 and the natural

period in the six degrees of freedom are given in Table 4.7.
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Figure 4.5: Results of free decay test in the six degrees of freedom.

4.3 Modeling In Genie

4.3.1

Panel Model

1200

The reference model has been modeled in the DNV module Genie. The panels are
created in Genie to describe the wetted surface area to perform the hydrodynamic
analysis. The model is oriented in the same way as the reference SIMA model.
There is a total of 8079 panels below the waterline of the model. The surface area
of the panels is 1 m?. DNV-RP-0286 recommends 7 to 10 panels per wavelength
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Rigid-Body Mode Period (secs)

Surge 143
Sway 143
Heave 21
Roll 28
Pitch 28
Yaw 91

Table 4.7: Natural Period in the six degrees of freedom [1].

[37]. The typical wave period ranges between 5 to 25 seconds. The corresponding
wavelength is 39 m to 981 m. Therefore the minimum number of panels required
is 6867. DNV-RP-C205 recommends diagonal length of the panel mesh should be
less than 1/6"" of the smallest wave length [38]. The diagonal length of the panel
mesh is 1.41 m is less than the 1/6" of the smallest wavelength of 39 m (1/6!* of 39
= 6.5 m). The panel model created is exported to DNV module HydroD as .FEM
file to perform hydrodynamic analysis in WADAM. The panel model exported to
HydroD is given in the Figure 4.6.

Figure 4.6: Panel model for WADAM.

4.3.2 Structural Model

Floaters can be either modeled as a rigid body or multi-body. The floater can
be modeled as a rigid body, assuming elastic deformation of the floater does not
significantly influence the global displacements of the FWT [37]. If the elastic
deformations of the floater are important, then finite element or multi-body repres-
entation of the floater is recommended [37]. In this thesis, we start with modeling
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the floater as a rigid body, and later in Chapter 7 multi-body representation is
introduced. The results of the rigid body model and the multi-body models are
compared. The structural model is given in the Figure 4.7. The structural data
and mass properties of the structural model given in the Figure 4.8 are taken from
the .LIS file in the WADAM analysis. The structural data and mass properties in
the Figure 4.8 match well with the reference model mass properties given in the

Table 4.1, Table 4.3 and Table 4.4.

Figure 4.7: Structural model.

MASS PROPERTIES AND STRUCTURAL DATA:

MASS OF THE STRUCTURE M =2
WEIGHT OF THE STRUCTURE M*G =2
CENTRE OF GRAVITY XG =9

YG =1

G =-2
ROLL RADIUS OF GYRATION XRAD =4
PITCH RADIUS OF GYRATIOMN YRAD =4
YAW RADIUS OF GYRATION ZRAD =3
ROLL-PITCH CEMTRIFUGAL MOMEMT XYRAD =2
ROLL-YAW CEMNTRIFUGAL MOMEMNT XZRAD =7
PITCH-YAW CEMTRIFUGAL MOMENT YZRAD =9

Figure 4.8: Mass properties and structural data.

Section Model

- 08079E+07
-34056E+08
-17705E-02
- G0607E-01
-67383E+00
- 59409E+21
-58907E+01
-25806E+01
-82472E+00
-38319E+00
-26398E+00

[M]
[M*L/T**2]
[L]
[L]
[L]
[L]
[L]
[L]
[L#*2]
[L#*2]
[L#*2]

For WASIM analysis section model (also called as PLN model) is required. This
is different from the panel model (.FEM) used in the WADAM analysis. WASIM
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is a time domain formulation requiring a Rankine panel model solution [39]. For
WASIM, the floater is created in Genie using curves. The surfaces (or patches) are
created in HydroD. Once the patches are created, section meshes are generated in
HydroD. The structural model is the same for WASIM and WADAM [39].

Figure 4.9: Section model for WASIM.

4.4 Comparison Of Hydrodynamic Properties Of The Reference
Model (SIMA), Panel Model (WADAM), and Section Model
(WASIM)

The three stages of this thesis work is discussed in the Section 1.6. First of the
three stages in the thesis work is on Model Validation. The Figure 4.10 illustrates
the work flow in the Model Validation. In Model Validation, The hydrodynamic
properties of the panel model and section model are compared with the SIMA
reference model. The added mass of surge, heave, and pitch are compared. The
comparison plot is presented in Figure 4.11 to Figure 4.13. In Figure 4.14 to Fig-
ure 4.16 potential damping comparison is presented for the surge, heave, and pitch.
In the Figure 4.17 to Figure 4.19 comparison of the excitation transfer function is
presented for surge, heave, and pitch. The hydrodynamic properties of the three
models are reasonably consistent and match well, and can be used for further ana-
lysis in the thesis as given in Figure 4.10.
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Figure 4.11: Added mass in surge due to surge motion [A11].
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Figure 4.12: Added mass in heave due to heave motion [A33].
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Figure 4.13: Added mass in pitch due to pitch motion [Aj55].
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Figure 4.14: Potential in surge due to surge motion [B].
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Figure 4.16: Potential damping in pitch due to pitch motion [B35].



4.4. Comparison Of Hydrodynamic Properties Of The Reference Model
(SIMA), Panel Model (WADAM), and Section Model (WASIM) 59

8 «108 Comparison of Surge excitation force transfer function
T T T T T

—»— Reference (SIMA)
—©O©— Panel model (WADAM)
r —o6— Section model (WASIM) | |

(o2}
T

o
T

w
T

Excitation force transfer function (N/m)
n B
T T

0 25 L L L L L
0 5 10 15 20 25 30

Period (sec)

Figure 4.17: First order wave excitation transfer function in surge.
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Figure 4.18: First order wave excitation transfer function in heave.
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Figure 4.19: First order wave excitation transfer function in pitch.
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Chapter 5

Regular Wave Analysis

Three stages in the thesis work were discussed in the Section 1.6. In Section 4.4,
model validation results were presented. Model validation was satisfactory. In
this chapter, stage two of the three stages are discussed. Stage two is described in
Figure 5.1. In stage two, as discussed in Section 1.6.2, the proposed approach is
validated in a regular wave analysis. In regular wave analysis, the FWT is invest-
igated under a regular wave of period 5 to 30 seconds and, wind load is assumed
to be minimal, and it is ignored.

5.1 Motion Response

In this section, we compare the motion response in a zero-degree wave heading ob-
tained from the numerical tool SIMA, WADAM, and WASIM. Zero-degree wave
heading is along the negative x-axis as described in Figure 4.4. WADAM analysis
is performed in the frequency domain. SIMA and WASIM analyses are performed
in the time domain. The time domain results are filtered and converted to the fre-
quency domain. In the following section, sample results are presented for a wave
excitation at a heave natural period of 21 seconds.

5.1.1 Wave Elevation Time Series

The wave elevations from 5 to 30 seconds were input to the numerical tools. The
Figure 5.2 presents the wave elevations for a wave period of 21 seconds.

5.1.2 Time Series Of The Rigid Body Response

The numerical tool SIMA and WASIM performs the simulation based on the input
signal (wave elevation) and provides the time series of the rigid body response.
The unfiltered heave response time series for 21 second wave period is presented

63
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Figure 5.1: Validation of proposed approach.

in Figure 5.3. The time series presented in Figure 5.3 is detrended by subtracting
from its mean value and then it is filtered using the band-pass filter function. The
band-pass filter function is used to tune the time series to a desired frequencies
and blocking lower and higher frequencies. The filtered time series is presented in
Figure 5.4. As described in Figure 5.5 average of the positive peak of the response

in a time series is assumed to represent the response for that particular wave period
(or frequency).
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Figure 5.4: Filtered time-series of heave response.

5.1.3 Comparison Of RAO Between SIMA, WASIM, and WADAM.

The comparative plots between the numerical tools for surge, heave, and pitch
RAO is presented in the Figure 5.6 to Figure 5.8. The comparison plots indicate
the three motions are consistent across the numerical tools SIMA, WASIM, and
WADAM except for the resonance frequency. The difference in the response at
resonance is due to the damping term. The damping factor is different in the three
numerical tools. Non-linear damping is not accounted for in WADAM. Hence,
WADAM results has very high peak values, while the results of SIMA and WASIM
are relatively closer. SIMA accounts for the non-linear damping due to the pres-
ence of mooring lines while WASIM do not account for the non-linear damping
due to the mooring lines. Hence WASIM displays higher value at the peak fre-
quency compared to SIMA. Other minor variation in the plot is attributed to the
numerical error in filtering the time series.

5.2 Sectional Load
5.2.1 Definition Of The Cross-Section

The Figure 5.9 illustrates the location of the three cross-sections where the sec-
tional loads are obtained in the FWT. In this thesis work, we are interested in the
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Figure 5.5: Positive peaks in a time series.

load at a cross-section of the pontoon. The other interesting point of interest is the
tower of the FWT. Tower base bending moment can be obtained directly in SIMA.
When a FWT is subjected to simultaneous turbulent wind and wave loads, loads
at the pontoon are critical to establish. Hence, in this thesis work, only loads at a
cross-section of the pontoon are computed. The three cross-sections are located at

1. Section 1 : (-8, 0, Om) close to the centre column (Column 2).

2. Section 2 : (-25, 0, 0 m) mid point of the pontoon ( Pontoon 1) connecting
the centre column (Column 2) and the side column ( Column 1).

3. Section 3 : (-44, 0, 0 m) close to the side column (Column 1).

The sections are defined at Pontoon 1, which is oriented along the negative x-axis.
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Figure 5.6: Surge RAO comparison between SIMA, WASIM, and WADAM.
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Figure 5.7: Heave RAO comparison between SIMA, WASIM, and WADAM.
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Figure 5.8: Pitch RAO comparison between SIMA, WASIM, and WADAM.

The numerical tools used in this thesis work do not support obtaining the sectional
loads at the other two pontoons (Pontoon 2 and Pontoon 3). In the case of the other
two pontoons, when you define a cross-section of one pontoon, it will overlap
with the other pontoon as illustrated in Figure 5.10. Hence, it is not possible to
obtain the sectional load from Pontoon 2 and Pontoon3. This is a limitation in the
proposed approach in this thesis work.

5.2.2 Time Series Of The Sectional Load

Similar to the motion RAO, the load time series at the defined cross-sections are
obtained for the wave period from 5 to 30 seconds. WASIM allows to define
the cross-section of the rigid body and computes the load in the defined cross-
section. SIMA does not support obtaining the loads at the cross-sections of the
rigid body. As illustrated in the Figure 5.1, the motion obtained from SIMA in the
simulation is exported to WASIM as prescribed motions. WASIM performs the
analysis based on the motions imported from SIMA and computes the load at the
defined cross-section. The combined use of WASIM and SIMA is represented as
" WASIM+SIMA". Similar to the motion RAO, the unfiltered time series of the
load for a 21-second wave period is presented in the Figure 5.11. The time series
presented in Figure 5.11 similar to motion RAO is detrended by subtracting from
its mean value and filtered using a band-pass filter method. The filtered time series
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Figure 5.9: Location of the three cross-sections defined.

of the load is presented in the Figure 5.12. The filtered and detrended time series
in the Figure 5.12 shows that the load obtained from standalone WASIM and the
loads obtained from SIMA motions prescribed in WASIM are consistent.

5.2.3 Comparison Of Load Amplitude Between SIMA, WASIM, and WADAM.

The comparative plots between the numerical tools for the normalized load (Load
per unit wave amplitude) in the three cross-sections are presented in the Figure 5.13
to Figure 5.15. The comparison plots indicate that the load at the three cross-
sections across the numerical tools WASIM+SIMA, WASIM, and WADAM are
reasonably consistent. Like motion RAO, WADAM results indicate higher peak
values, but the WASIM and WASIM+SIMA results are relatively closer. The
WASIM and WASIM+SIMA are used to compute the loads at the cross-section
in the coupled analysis in the stage three of the thesis work. Since WASIM and
WASIM+SIMA are consistent, the analysis is forwarded to stage three to conduct
the computation of sectional load in the coupled analysis (simultaneous action of
turbulent wind and irregular wave).
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Figure 5.11: Unfiltered time series of load in section 1 - comparison between WASIM
and WASIM+SIMA.
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Figure 5.13:
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Chapter 6

Coupled analysis

Three stages in the thesis work were discussed in Section 1.6. In Section 4.4,
model validation results were presented. Model validation was satisfactory. In
Chapter 5, stage two validation of the proposed approach were presented. In Sec-
tion 5.2.3 results of the stage two were presented, and they were found satisfactory.
In this chapter, stage three (final stage) is discussed. Figure 6.1 describes stage
three, which deals with the execution of the coupled analysis. In coupled analysis,
there is a simultaneous action of wind and wave hence there is a load due to the
operating wind turbine, and there is a load on the substructure of the OWT due to
wave loads. Stage three is briefly discussed in Section 1.6.3.

6.1 Load Cases

Three representative Load Cases (LC) were selected to perform the coupled ana-
lysis. The load cases are given in Table 6.1. Uy is wind speed, H; is the significant
wave height, T, is the peak wave period.

Uw [m/s] Hs[m] Tp[s]

LC1 6 1.75 9.5
LC2 12 2.75 10.5
LC3 18 4.25 11.5

Table 6.1: Load cases
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Figure 6.1: Coupled Analysis - Simultaneous wind and wave action.

6.2 Modified Mass Model

The existing mass model used in the regular wave analysis in Chapter 5 is modified
in the coupled analysis. The modified mass model is presented in Figure 6.2. This
is to avoid duplication of tower loads in the coupled analysis. The coupled ana-
lysis in SIMA is performed with the existing model, and WASIM+SIMA analysis
(WASIM analysis using SIMA prescribed motions and forces) is performed with
the modified mass model. The results of SIMA and the results of WASIM+SIMA
are compared to ensure consistency of both the models. Figure 6.3 and Figure 6.4
presents the comparison for motions and tower base bending moment for LC1 in
SIMA and WASIM+SIMA. The motion results in Figure 6.3 and the tower base
bending moment in Figure 6.4 are consistent in both the model.

6.3 Sectional Loads

Figure 6.5 to Figure 6.7 presents the time series of the sectional load in Load Case
1, Load Case 2, and Load Case 3 respectively. The time series is transferred to
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Modified Mass Model

Figure 6.2: Modified Mass Model
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Figure 6.3: Comparison of motion response in SIMA (existing mass model) and
WASIM+SIMA (modified mass model)
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Figure 6.4: Comparison of tower base bending moment in SIMA (existing mass model)
and WASIM+SIMA (modified mass model)

frequency domain using Fourier transformation and presented as a spectrum in
Figure 6.8 to Figure 6.10. The spectrum plot indicates higher loads at pitch reson-
ance (0.03 Hz). In LC1, Axial loads (F,) are higher at section 3 at pitch resonance.
This effect is reduced in LC3, and all the three sections experience similar axial
loads in LC3. The Shear Force (F,) is similar in LC1 in the three sections, while in
LC2, section 2 and section 3 experience lower loads at pitch resonance. The high-
frequency response is significant in load case three. The second peak occurs at
0.55 Hz in Axial, Shear, and Bending Moment in LC3. The bending moment (M,)
is high at section 1 at pitch resonance. However, Section 3 experiences higher
bending moment at higher frequencies, especially at LC3. Figure 6.11 to Fig-
ure 6.13 presents the statistical values mean and standard deviation for the loads
at the three sections for the three load cases. The mean value of Bending Moment,
M, increases along the length of the pontoon, with Section 3 having the highest
mean bending moment. The standard deviation of Bending Moment decreases
along the pontoon length, indicating dispersed values in Section 1 and relatively
lesser dispersed values in Section 3. The mean values of Shear Force and Bending
Moment do not show significant variation along the pontoon length.
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Figure 6.9: Sectional Load Spectrum in LC2
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Chapter 7

Flexible body vs. Rigid body

In this chapter, rigid body results presented in Chapter 6 is compared with a flexible
body model.

7.1 Flexible Body

The flexible body model in this chapter was developed by a Master’s student of
NTNU, Mr. Yu Ma, for his master thesis "Novel Modeling and Fatigue Analysis
for Early-phase Design of a 15-MW FOWT" [16]. The flexible body model is a
multi-body represntation of the FOWT. The flexible model was developed by dis-
cretizing the floater into sub-bodies. The sub-bodies were connected using beam
elements in SIMO/RIFLEX [16]. Figure 7.1 presents the flexible body model.

7.2 Results and Discussions
7.2.1 Axial Load

Figure 7.2 to Figure 7.4 presents the Axial Load time series comparison between
Rigid Body and Flexible Body models for the three load cases. Figure 7.5 to
Figure 7.7 presents the comparison in terms of a spectrum. In LC1 and LC2,
there is a significant variation in the low-frequency range. This could be due to
the influence of pitch resonance. In LC3, there is negligible variation between the
rigid body and flexible body results. There is a significant variation in the second
peak around 0.65 Hz in section 3 in LC2. Figure 7.8 to Figure 7.10 presents the
Statistical values mean and standard deviation of the axial loads in the three load
cases. There is no significant variation between the mean and standard deviation
values in the three load cases. This indicates that both models show reasonably
consistent results concerning axial loads.
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Figure 7.1: Flexible Body [16]
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Figure 7.2: Axial Load in LC1

7.2.2 Bending Moment, M,

Figure 7.11 to Figure 7.13 presents the time series of the bending moment. Fig-
ure 7.14 to Figure 7.16 presents the bending moment spectrum. Unlike the axial



7.2. Results and Discussions

89

Load case 2

Flexible Body
Rigid Body

T

x10° Section 1
5 T T T T

1 1 1 1 1 1 1
3600 3650 3700 3750 3800 3850 3900 3950 4000

time(secs)
— _x10° Section 2
z5 T T T T
e
g ol
i} 0y
8
é 5 L L L L L L L
3600 3650 3700 3750 3800 3850 3900 3950 4000
time(secs)
x10° Section 3
5 T T T T

Axial Load (N)
o

1 1 1 1 1 1 1
3600 3650 3700 3750 3800 3850 3900 3950 4000
time(secs)

Figure 7.3: Axial Load in LC2

Load case 3

Flexible Body
Rigid Body

Section 1
T

Axial Load (N)
o o o

1 1 1 1 .
3800 3850 3900 3950 4000
time(secs)
x108 Section 2
C T T T T

I
3750

w
D
o
o
w
(o2
a
o
w
3
o
o

Axial Load (N)
&Hh o o

C 1 1 1 1 1 1 1 |
3600 3650 3700 3750 3800 3850 3900 3950 4000
time(secs)
x108 Section 3
C T T T T

Axial Load (N)
b o o

1 1 1 1 1 |
3750 3800 3850 3900 3950 4000

time(secs)

C 1 1
3600 3650 3700

Figure 7.4: Axial Load in LC3



90

90

Load Case 1
1012 Load spectrum for F_ in Section 1 S Flexible Body
G5 : : ‘ — X ;
P 10F
z
< %
@
0 0.1 0.2 0.3 0.4

0.5 0.6 0.7
Wave Fequency, f (Hz)
Load spectrum for F, in Section 2

0.8 0.9 1

05

Wave Fequency, f (Hz)
({1012 Load spectrum for Fx in Section 3
&10F
z
53
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.8 0.9 1
Wave Fequency, f (Hz)

Figure 7.5: Axial Load Spectrum in LC1

Load Case 2

—©E— Rigid Body
Load spectrum for F, in Section 1 —©— Flexible Body
( T T T T

0 0.1 0.2

0.3 0.4 0.5 0.6 0.7
Wave Fequency, f (Hz)
Load spectrum for Fx in Section 2

0.5 0.6 0.7

0.8 0.9 1
Wave Fequency, f (Hz)
1012 Load spectrum for F, in Section 3
T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Wave Fequency, f (Hz)

Figure 7.6: Axial Load Spectrum in LC2



7.2. Results and Discussions

91

Load Case 3

0 0.1 0.2 0.3 0.4 0.5 0.6
Wave Fequency, f (Hz)

<1013 Load spectrum for F in Section 2
2 T

3 = - 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Wave Fequency, f (Hz)
«10'3 Load spectrum for F_ in Section 3
T

Wave Fequency, f (Hz)

Figure 7.7: Axial Load Spectrum in LC3

Load Case 1
15 21 0® Mean Value Of Axial Load in LC1
©
©
o
-
1 2 3
Section
x10° Standard Deviation Of Axial Load in LC1
10
©
(7]
S5
0
1 2 3
Section

Figure 7.8: Axial Load Statistics in LC1



92

92

Load Case 2
%108 Mean Value Of Axial Load in LC2
10
©
©
Ss
0
1 2 3
Section
%10° Standard Deviation Of Axial Load in LC2
15F T T
- 10
©
o
-
5
0
1 2 3
Section

Figure 7.9: Axial Load Statistics in LC2

Load Case 3 I Rigid Body
Mean Value Of Axial Load in LC3 Flexible Body
10
el
[
Ss
0
1 2 3
Section
%108 Standard Deviation Of Axial Load in LC3
5 : ;
15
©
©
9 1
0.5
0
1 2 3
Section

Figure 7.10: Axial Load Statistics in LC3



7.2. Results and Discussions 93

load results presented in Section 7.2.1, the bending moment results show a sig-
nificant difference between the rigid and the flexible body results. This is also
visible in the statistical comparison presented in Figure 7.17 to Figure 7.19. The
spectrum plot shows a huge difference in pitch resonance. The rigid and flexible
body models are expected to have similar motion responses. But in this case, there
is an influence of pitch motion in the flexible body. Two reasons that could have
caused these huge differences are :

1. Pitch motion characteristics of the rigid and flexible body models are differ-
ent.

2. Flexible body model undergoes significant deformation causing this huge
difference.
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Figure 7.11: Bending Moment, M,, in LCI
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Chapter 8

Summary and Conclusion

8.1 Summary

The thesis demonstrated an approach to carrying out coupled analysis and trans-
ferring the load to the cross-section of the pontoons of the FOWT. The proposed
approach has three stages. Stage one is validating the model used in the regular
wave and coupled analysis. Stage two validates the proposed approach in a regular
wave analysis (wave only). Finally, the model is exposed to a coupled domain in
stage three, i.e., simultaneous wind and wave action.

In Stage One, the hydrodynamic properties like added mass, potential damping,
and excitation force transfer functions were compared to validate the model used
in this thesis work. Their results were reasonably consistent with minor discrepan-
cies. The discrepancies are attributed to the differences in the non-linear damping
properties in the models. The SIMA model has a defined mooring line, while
mooring lines were not defined in WADAM or WASIM models. The mooring
stiffness is accounted for through an additional restoring matrix in WADAM and
WASIM. The restoring coefficients in Surge, Sway, and Yaw were obtained from
PQ analysis. The PQ analysis results are presented in Appendix A.3.

In Stage Two, the proposed approach is validated by regular wave analysis. The
motion response and the sectional loads were compared between the models. The
results were reasonably consistent. As expected, there are differences in the reson-
ance zone due to different non-linear damping properties.

In Stage Three, the sectional loads were obtained using the proposed approach.
The sectional load’s time series and the spectrum were presented. Further, statist-
ical parameters mean and standard deviation of the sectional load were presented.
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The proposed approach was compared with a flexible body model. The flexible
body model and the rigid body model results were reasonably consistent for the
axial load (F;). However, for the bending moment (M,), rigid body and flexible
body model results displayed huge variation. The differences could be due to the
different pitch motion characteristics of rigid and flexible body models or due to
the deformation of the flexible body model.

8.2 Conclusion and Future Recommendations

1. The objective of the thesis is to demonstrate a procedure to estimate loads
on the cross-section of the FOWT in a coupled domain (simultaneous wind
and wave action). The purpose is to account for both wind turbine loads
and the hydrodynamic load on the FOWT. The procedure demonstrated,
displayed reasonably consistent results. However, the comparison with the
flexible body model displayed huge variation, which needs further invest-
igation. Due to lack of time, the motion characteristics of the flexible and
rigid body models were not compared. The flexible body model, multi-body
representation of the FOWT was developed by a Master’s student Mr. Yu
Ma, for his Master’s Thesis. There could also be a mistake in defining the
wind turbulence parameter in Turbsim. In a further study, using the same
Turbsim file in both models is recommended. It is recommended to com-
pare the motion characteristics and the wind turbine loads and ensure they
are consistent in both rigid and flexible body models. Once the consistency
in motion and wind turbine loads are achieved, it is expected for both the
flexible body model and the rigid body model to display similar results. If
the results are consistent in rigid and flexible body models, flexible body
approach in SIMA will be a better technique to estimate loads in the struc-
tural member of a FOWT. It offers one stop solution instead of navigating
between different numerical tools like WADAM and WASIM in rigid body
model approach. Flexible body model also allows to estimate loads in the
structural members which are not parallel to the global axes which is a lim-
itation in rigid body approach where cross-sectional loads can be obtained
only at the structural members which are parallel to the global axes.

2. In this thesis work, there are minor discrepancies in the resonance region.
This is attributed to the differences in non-linear damping properties in SIMA,
WASIM, and WADAM models. In SIMA, non-linear damping parameters
due to the mooring line are accounted for, while they are not in WADAM
and WASIM. In future studies, it is recommended to have consistent damp-
ing properties in the different models.

3. Important limitation in the proposed approach is that it is possible only to
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estimate the loads at the pontoon aligned with the x-axis. In a further study, it
is recommended to develop a procedure to estimate loads in other pontoons
which are not parallel to the global axes.

4. Non-linear wave forces are ignored in this thesis work. In a further study, it
is recommended to study the effect of non-linear wave forces and investigate
the feasibility of including non-linear wave loads in the proposed approach.

5. Due to lack of time, section loads in the side columns were not estimated.
In future studies, it is recommended to include the side columns in the load
estimation.

6. In a further study, it is recommended to increase the number of load cases
and investigate the results for different load cases.

7. The extension of this thesis work be to design the strengthening members of
the pontoon based on the estimated load.
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Appendix A

A1

Wind turbine performance curve
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Figure A.1: Wind turbine performance curves
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A.2 Linearized Boundary Value problem

In hydrodynamic load, assessment seawater is assumed to be inviscid and incom-
pressible. A scalar quantity, velocity potential (¢), describes the fluid velocity
vector V(X,y,z,t).[17]

L 3!

Figure A.2: Control surface in boundary value problem [17]

_ vy ;99 .00 | 0
V—V(Z)—lax-l—Jay-l-kaz (A1)

The velocity potential (¢) has to satisfy the following conditions:

1. Laplace equation :
V2 =0 (A.2)

2. Boundary conditions:

(a) Kinematic free surface boundary condition:
The kinematic free surface boundary condition (KFSBC) restricts the
water particles from staying at the free surface.
¢ _ 99
S _ 77 =0 A3
ot 0z on= (A-3)
(b) Dynamic free surface boundary condition:
The dynamic free surface boundary condition (DFSBC) is the water
pressure is equal to the atmospheric pressure at the free surface.
9¢

a—i—gC:Oonz:O (A4)
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(¢) Combined free surface boundary condition:
The combined free surface boundary condition is a combination(CFSBC)

of KFSBC and DFSBC.
0 0
Time domain : 8—2 + ga—f =0 onz=0 (A.5)
. 2 99
Frequency domain : — w“¢ + ga— =0onz=0 (A.6)
z

(d) Body boundary condition:
Body boundary condition restricts the body’s velocity to be equal to
the velocity of water particles.

% =V, on Sr and Sp (A7)
on
% = 0on Sy (A.8)
on

1. Solve the boundary value problem,
V26 =0
find ¢ using the boundary conditions.

2. Find the force vector (6X1):
The force vector can be obtained by integrating the linearized Bernoulli

equation.
D
=—p|— A.
D p<at +92> (A9)
SBo ot SB

¢ - n - dS
f-':/ M—n+f pgz.n.ds
SB, at SB,

hydrodynamic hydrostatic
loads loads

Figure A.3: Hydrodynamic and Hydrostatic loads
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A.3 PQ Analysis
PQ analysis -

PO Analysis - Surge PO Analysis - Roll
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Figure A.4: PQ Analysis

7 - Ste.ady Applied K
DOF P Q Disp Moment e
s rad/s | mordeg| kN/kNm KNm/rad
Surge | 0.0717 | 0.0758 135 0.04643 | 22.766 2250 9.88E+01
Sway 0.1017 | 0.0714 136 0.04610 | 27.604 2250 8.15E+01
Heave | 0.0112 | 0.1329 21 0.30628 2.200 10000 4.55E+03
Roll 0.0206 | 0.0232 29 0.22039 | 10.792 530000 2.81E+06
Pitch 0.0171 | 0.0200 29 0.22008 | 9.290 530000 3.27E+00
Yaw 0.0220 | 0.0725 91 0.06930 | 2.182 10000 2.63E+05

Figure A.5: Mooring Stiffness coefficients
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Appendix B

B.1
B.1.1

Motion results

Miscellaneous Results in Coupled Analysis
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B.1.2 Aerodynamic And Mooring Loads
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