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ABSTRACT

This thesis aims to design a concrete semi-submersible floating structure for a 10
MW wind turbine using precast panel-based concrete, i.e., a concrete floating
offshore wind turbine (FOWT), using a parametric hull design methodology and
optimization. The design was applied by considering different parameters, such as
main floater dimensions, the thickness of the concrete panels, heave plate dimensions,
the draft of the platform, and the thick concrete portion at the connecting part between
the concrete floater and steel tower. Environmental conditions of waves and wind
were selected from the Japanese coast to analyse the dynamic behaviour of the
proposed concrete semi-submersible floater in waves and wind. A parametric hull
design methodology was conducted based on some restrictions to generate feasible
cases and to select the potential best solutions based on the restoring moment and
natural periods of the floater. The curve was created by minimizing the nacelle's
acceleration and the platform's structural mass. WAMIT and OpenFAST were used
to calculate the hydrodynamic behaviour and the coupled analysis. A detailed
comparison was presented for three cases; moreover, a best potential case was
proposed as a final option. This thesis successfully illustrated the hydrostatic,
hydrodynamic and aerodynamic behaviour to confirm the feasibility of this new
concept of a concrete floater for 10 MW FOWT.



1 Introduction

1.1 Floating Wind Energy

1.1.1 Preamble

Floating offshore wind is relatively new field for power generation and have big capacity
around the world. Lot of researchers are working on floating offshore wind platform as
well as on wind turbines. Hywind is the world’s first floating offshore wind form which
was in operation by the end of 2017 [1].

In the report presented by International Renewable Energy Agency (IRENA), it is
mentioned that world’s 2/3™ greenhouse emission is due to energy production [2]. This
is due to the mainly usage of fossil fuels for electricity production. The total electricity
production by the end of 2020 was around 27000 TWh. Out of this electricity production
28% was from renewable resources i.e. solar power, hydropower, waves, bio power,
geothermal power and wind power while 72% was from non-renewable resources [3].

Wind energy has a low environmental impact. Wind resources are also a clean,
inexhaustible resource, besides economically feasible. In comparison to traditional
resources, the environmental impacts are manageable [4]. In 2020, cumulative global
installation of wind energy reached the capacity of 741.7 GW [5]. Wind energy
production is divided into two major types: onshore wind energy and offshore wind
energy. Previously, the major portion of energy production was from onshore. There are
some disadvantages in onshore wind farms, such as the wind noise and the non-uniform
wind speed [6]. There are two main reasons for increasing offshore wind energy
production, the uniform wind speed and the available space for building offshore wind
farms. Although the cost of offshore wind turbines is a bit high compared to other energy
solutions, due to additional cost of cable laying on the seabed, for example, this issue can
be countered by increasing the wind turbine size [7]. In turn, chances of uniform wind
speed profile increased as we go deeper in the sea from the coast, which leads to smaller
turbulence intensity [8]. Therefore, the life cycle of offshore wind turbine generator will
be increased due to the smaller fatigue effect [9].

TPG 500 Unideck Semi-submersible Spar EDP FPSO

| : \

Figure 1-1 Typical floating platform used in oil and gas industry [10]

The concept of floating offshore wind turbine originated from oil and gas industry where
floating platform is anchored with the seabed [10]. Many concepts for floating wind



platform like spar, semi-submersible and tension leg platform inspired from these
technologies, few of them are shown in Figure 1-1.

The major problem in floating offshore wind turbine (FOWT) is the coupling of
hydrodynamic loads and aerodynamic loads and coupling of wind turbine generator
(WTG) with the supporting platform. This industry is still at an early stage and around
30 conceptual design are in development [10] and few are deployed around the world.

1.1.2 Offshore Wind Turbine Classifications

Based on the depth of water, offshore wind turbine foundations are divided into 3 main
categories:

e Shallow water
e Transient water
e Deep water

Generally, shallow water offshore wind turbines are placed at the water depth of 5-30 m.
The types of shallow water foundations are monopile foundation, gravity-based
foundation and suction bucket type foundations.

Transient water offshore wind turbines are placed at the water depth of 30-60 m. These
are named as guyed monopile, tripod tower, submerged jacket, full height jacket and
enhanced gravity based or suction-based foundation.

The deep-water wind turbines are the floating offshore wind turbines and are divided into
Tension leg platform, spar, barge and semi-submersible.

Currently, most of the floating offshore wind projects are located at the shallow or
transient water depth. About 80% of offshore wind farms are fixed bottom foundations
due to their comparatively easy design and fabrication. Moreover, the fixed bottom
foundation supports energy production 2-5 MW whereas floating offshore wind turbine
substructure may support energy production around 15 MW.

1.1.3 Wind turbine generator development

From the start of wind energy production till early 90s,the capacity of wind turbines was
up to 300 KW with maximum hub height of 30 m. From early 90s to mid-2000, the wind
turbine generator capacity increased to 2 MW with the hub height of 80 m as shown in
Figure 1-2. From 2005 to onward wind turbine generator capacity increased and difficult
to get the uniform wind speed on the onshore wind turbines. Now the pilot projects of 10
MW floating wind turbines are under fabrication / installation procedure [11].

1.2 Research Motivation

After 2011 nuclear accident in Fukushima, because of closure of power plants, Japan is
facing high electricity shortage. This urges the government to get the electricity from
renewable energy resources. Japan is enriched in offshore wind energy resources
because of its long seashore availability but offshore wind energy production is very less
which is only 62 MW by 2016 [12]. In 2016, 2 MW wind turbine was installed on the
hybrid spar floating platform at Goto Island. Currently, Japanese government announced
to obtain 40 GW of energy production from wind energy. Lot of researchers are working
to propose the feasible and economical solutions to make this possible.
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Figure 1-2 Wind Turbine generator capacity and sizes (NREL) [11]

There are some issues in the development of the floating offshore wind industry, among
which are the limits in the fabrication processes, installation, and higher transportation
costs. One of the options to decrease the costs may be to improve the wind turbine
generator capacity, which was previously 5 MW, to achieve larger sizes for the initial
developments of FOWT. As an example solution, there is a large capacity of 10 MW
reference wind turbine improved the 5 MW proposed by the National Renewable Energy
Laboratory (NREL) in 2013. When the wind turbine generator (WTG) capacity was
increased, a higher capacity floating structure was needed with higher stability and better
dynamic response to waves and wind. There are two main crucial parts in a FOWT: the
first is the rotor-nacelle-assembly (RNA), and the second is the floating structure. The
RNA does not usually depend on the location of the FOWT operation; however, the
support structures for the wind turbine can be customized and optimized in terms of
motion performance and operational time window for the specific site location.

The other challenge is until now few substructures for floating wind turbine for 10 MW
or higher has been proposed. Out of these, only OO star wind floater has been
successfully proposed based on concrete material and this will be constructed at the end
of 2022. As a result, the decision was made to do research for checking the
hydrodynamic, aerodynamic behaviour and coupling of wind turbine to the concrete
floating substructure for 10 MW wind turbine.

1.3 Why Concrete is Important?

Concrete has merits when we compare it to the steel structures in floating offshore wind
turbine. For steel mills, it takes time to start or stop the operation, so the price variation
is common. As mentioned in the report by London metal exchange database [13], from
2008 to 2012, the price variation was in between 250$ to 12508. On the other hand,
cement cost in France was stable and price variation was within +/-3% [14].

Based on the above price, the cost for 6 MW concrete floater was approximately two
times cheaper than steel floater of the same size [15].



For the construction of steel floaters, shipyard technique is required, and shipyards are
not available all the time near the sites. While concrete structures can be built as a precast-
prestressed panels in a factory or factory unit can be built at site if more number of
concrete floaters are required [15].

Moreover, construction of steel floaters needs expertise or highly skilled labour as
compared to concrete structures. As concrete construction is common everywhere, so the
material as well as skilled labour is easily available [16].

1.4 Challenges in installation of Concrete Floater

The concept of very large floating structures (VLFS) have been presented in 1920 by
Edward Armstrong [17]. In 2001, Japan studied and constructed the first mega float
structure which was long floating runway near Tokyo Bay as shown in Figure 1-3. For
very large structures, the challenge is to do the maintenance for lifetime of that structure.
The main challenge is that horizontal forces on the big structures are very large so the
mooring connection must be strong enough to keep the structure at the designed location.
In catenary mooring system, these horizontal forces have been tackled by inertial forces.
So in this case horizontal size of the structure should be larger than the given wavelength.
This will reduce the tension forces in the moorings [18].

Although the horizontal force increased on the large structure which increases the
structure motion but on the other hand when structure size increased the added mass,
inertial force and restoring forces also increases which enhance the structure stability and
as a result the structure motion also reduces.

Figure 1-3 Floating runway Japan [19]

In large steel floating structures like support structures for high rated wind turbines, the
main problem is to avoid the corrosion of the steel during its almost 20 years of life span.
The higher maintenance and operation cost is required for this purpose. The geometrical
shape also plays important role in stability when floating structure encounters the waves,
currents and wind.

When the concrete floating substructure is in design process, the main challenge is the
hydrostatic pressure especially for spar type structure. The spar has depth around 120 m
or more, so the hydrostatic pressure is correspondingly very high. To counterbalance this
high pressure with the concrete wall thickness is bit difficult. This high hydrostatic
pressure can be reduced by changing the floater type to semisubmersible or barge type.
In barge the depth of floater is about 10-15 m while in semisubmersible the draft is about
20-30 m. This can reduce the high hydrostatic pressure.



Figure 1-4 Offshore wind turbine platform corrosion [20]

The other challenge is water leakage in between the different panels as well as water
permeability through the walls. Pre-stressing can be used to encounter the bending
moment in the walls and this will reduce the permeability through the concrete walls [19].

In concrete floating platform, the main challenge is the reinforcement corrosion which
increases the chances of concrete structures deterioration. The parameters which cause
corrosion are concrete cover thickness, concrete permeability, chloride content,
environmental factors like temperature, cracks and water to cement ratio. The major
problem in the concrete construction is to maintain the construction quality which must
be good and uniform for whole structure. The other challenge for floating structures
especially steel offshore platforms has encrustation of different marine organisms on the
surface of the platform as shown in Figure 1-4. This leads to the corrosion of the surface
and causes failure and needs regular maintenance [20].

Coupling of wind turbine with the concrete platform is another challenge to stabilize the
platform. This can be achieved by changing the floater geometry as well as size of the
platform.

Currently, 2 MW and 5 MW floating structures are already proposed, installed and
operational at various sites. One method is upscaling of existing floaters for 10 MW or
higher which can save the time. The focus of this research is to propose the floater for
the coast of Japan and until now almost all the proposed floaters are commercial floaters
and it’s difficult to start the upscaling of the existing floaters. The second reason is
aerodynamic behaviour of 2 MW and 10 MW is not on the linear scale, it effects the
floater motion a lot. Although recently few researchers worked on the upscaling of the
floater size from 2 MW to 5 MW and 10 MW and proposed some methods but it’s still
under discussions [21-22].

1.5 Objective

The objective of this study is to propose the innovative design for 10 MW multi-column
FOWT made of concrete for the coast of Japan.

1.6 Outline of the Dissertation

In this thesis, hydrodynamic and aerodynamic behaviour of floating offshore wind
turbine are presented. This thesis comprises of seven chapters.
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Chapter 1: A general situation about wind energy, supporting platform and wind turbine
are presented. Offshore wind energy in Japan is also explained. This chapter states the
research motivation and objectives.

Chapter 2: Detailed literature review based on different kind of floating platform and
improvement of wind turbines by different researchers and its usage are explained.
Performance of wind turbine under different water depth is explained and importance of
this effect for the electricity generation is also discussed.

As in this research, the purpose is the design of substructure so major focus will be on
the supporting platform. 1%, wind turbine main components are described and later on
different floating concepts has been explained.

Chapter 3: In this chapter, a case study of FloatGen from Ideol has been explained. A
finite element tool COM3 has been used to check the structure behavior under cyclic
loading. Tower load and mooring load has been applied and prestressing is also applied.

Chapter 4: In this chapter, conceptual design of concrete floating substructure for 10
MW offshore wind turbine is proposed under static load conditions. This first phase of
design is based on the concepts from the case study. The purpose of doing this is to get
the basic structural dimensions to start the dynamic equilibrium for further study.

Chapter 5: As the objective of this dissertation is to propose the design of floating
substructure to support 10 MW floating offshore wind turbine, so in this chapter, location,
type of reference wind turbine, wind conditions, wave conditions have been explained.
Also, structure geometry, input and output at equilibrium as well as hydrostatic stability
of the proposed floater is explained.

Chapter 6: In this chapter, hydrodynamic behaviour has been evaluated for the
shortlisted cases based on parametric study. The turbine used for these simulations is 10
MW IEA reference wind turbine. The hub height above mean sea level is 129 m with
rotor diameter of 178.3 m. The proposed structures are examined under different sea
conditions while checking hydrodynamic behaviour in WAMIT and under different wind
and wave conditions in checking aerodynamic behaviour in FAST.

Chapter 7: In this chapter, model test of the shortlisted case has been explained in the
wave tank. The 1:60 scale were conducted to evaluate the hydrodynamic response of the
proposed structure under different heave plates position. The structure response was
checked under regular waves, irregular waves and transient waves.

Chapter 8: Conclusions of all chapters and future recommendations have been proposed
in this section.

Chapter 9: In this chapter references used in the dissertation have been presented.



2 Literature review

2.1 Overview of FOWT

In this chapter, detailed literature review based on different kind of floating platform and
improvement of wind turbines by different researchers and its usage are explained.
Performance of wind turbine under different water depth is explained and importance of
this effect for the electricity generation is also discussed.

As in this research, the purpose is the design of substructure so major focus will be on
the supporting platform. 1%, wind turbine main components are described, and later
different floating concepts has been explained.

2.1.1 Floating offshore wind concept

Floating wind energy concept was first introduced by William Edward Heronemus in
1972 [23]. Recently, floating offshore wind concept is most popular out of all energy
production resources. The first ever large floating offshore wind concept which is also
known as Hywind project was launched by Statoil as a spar floater [24]. In this project
the reference wind turbine was 5 MW wind turbine. Hydrodynamics and aerodynamics
behaviour has been analysed as well as wave induced motion with the help of model test
has been verified.

The first ever semisubmersible floater for 5 MW wind turbine was proposed by Fulton
in 2005 from NREL [25]. Roddier et al. in 2010 proposed the feasibility studies of the
WindFloat concept which was a 3-column semisubmersible steel floater for 5 MW wind
turbine. These columns are fitted with heave plates. The first WindFloat project was
operated by the end of 2019 [26-29].

In 2015, Michailides and Karimirad proposed a new V shape semi-submersible steel
floater for 5 MW offshore wind turbines [30]. This semi-submersible floater was
proposed based on the feasibility study. The basic criteria were hydrostatic stability based
on the righting moment / healing moment. The concept behind was floater need high
metacentric height for higher stability but when stability will be larger it will increase the
response amplitude operators. So, based on this criteria floater was shortlisted. Then
dynamic evaluation has been done to verify the hydrodynamics and aerodynamics. In
2018, for spar floating wind turbine, Li et al. [31] proposed the dynamic response of
floater when it encounters the wave energy converters.

In 2018, Ideol proposed the barge type structure which consists of concrete material for
2 MW floating offshore wind turbine [32]. This barge type structure has depth of only 10
m and they successfully demonstrated the hydrodynamic, aerodynamic behaviour. In
2020, Olave olsan lab proposed the OO star wind floater for 10 MW floating offshore
wind turbine [33]. This main material of this floater concrete. This is a semi-submersible
floater with 4 columns; 1 column under the wind turbine tower and 3 columns for stability
and buoyancy. This floater will be constructed by the end of 2022.

In 2020, the University of Maine proposed the concrete floater named as VolturnUS for
15 MW reference wind turbine. This project was done with the collaboration of NREL
[34].



The floating offshore wind turbine field is multidisciplinary it involves hydrodynamics,
aerodynamics, wind turbine control system and structural design. Borg and collu
explained the coupled dynamic modelling for offshore wind turbine by considering
aerodynamic, hydrodynamic, mooring deflection, structural deflection and control
system [35]. Marten explained the detailed guidelines on scaling methodology of
NREL’s proposed wind turbine for 5 MW and its application used in the model test [36].
Farrugia et al. explained the effect of wave motions on the rotor dynamics [37]. Salehyar
studied the dissipation effect on the wind turbine blades by using quasi static approach
[38]. Larsen and Hanson studied and presented the control algorithm for negative
damping produced by blades pitch [39].

To tune the wind turbine controller Odgaard et al. used the pareto curve [40]. Jonkman
proposed the hydrodynamic module in the FAST tool for fully coupled aero elasto
analysis [41]. To analyze the interaction of floating structures with the waves, in 1995,
Lee, C.-H proposed the tool named as WAMIT [42].

2.1.2 Background of Fatigue

First time fatigue was discovered in iron. The first finding about metal fatigue has been
submitted by Suresh (1998) [43] which was conducted by Julius Wilhelm in 1820, who
explored fatigue phenomena on the chains made of iron. He also built a machine which
applied the repeated loads of around 100,000 cycles. The interest in exploring the fatigue
was increased because of the increase in the use of iron in bridges and railways. August
Wohler (1870) [44] investigated the fatigue phenomena by providing the S-N curve.
These are also called as the Wohler curves. These curves are used to describe fatigue
behavior. The curve today is now used to actualize the problem of fatigue damage by
lowering the critical stress in a material. He pointed out clearly that fatigue occurs by
crack growth from surface flaw until the material capacity is lower than the applied load.
Palmgren investigated the design of roller bearings at the Swedish Roller Bearing
Industry, he noted and formulated the design principle influencing the dynamic fatigue
loads of the roller bearing, which was published it in a German Engineering Journal,
Palmgen (1924) [45].

The phenomenon of fatigue in the concrete got intention bit late. Mallet (1991) proposed
the 1% fatigue curve for the concrete compression which was presented by Van Ornum
[46]. He found that in comparison to the steel which has limit value there is no limit
value for concrete fatigue, but he examined that for about 7000 cycles, there is 40%
reduction in the fatigue strength of the plain concrete. Hsu (1981) [47] explained that
highway systems development in 1920s led to the gradual importance in the concrete
fatigue.

Fatigue in the Concrete is an outcome of long-term less amplitude applied force/stress
results into many cycles over life span of the concrete structure. This can occur in shear,
compression and tension zones and exhibits failure [48]. Some globally recognized codes
1.e. FIB Model Code [49], Euro Code [50] and DNVGL-ST-C502 [51] have referred the
fatigue in the concrete, the analytical model and standard theory of fatigue have been
accepted and utilized in actual life system.



2.2 Wind Turbine components

There are five main components in wind turbines.

I.  Nacelle
II.  Blades
III.  Rotor
IV. Tower

V.  Floating Platform
The details of these are as follows

2.2.1 Nacelle

This is the main part of wind turbine system which consists of high and low speed shafts,
generator, gearbox, electronic control and brakes. Yaw control system connects nacelle
to the tower. This system helps nacelle and rotor to adjust itself in the aligned direction
or parallel of wind. There are 2 shafts within nacelle, which are high speed shaft and low
speed shaft. As the rotor rotates at 30 to 60 rpm, so it needs a low-speed shaft but on the
other hand generator needs to rotate at 1200 to 1800 rpm, so it needs high speed shaft
[52-54].

A gear box is located in between rotor and generator to work at rang of rpm. This gear
box helps the wind turbines in changing the rotational speed. Now few turbines use the
technology of direct derive generator which can generate electricity even at small
rotational speed.

Most of the generator used in wind turbine are AC generator which converts mechanical
energy into the electrical energy with the help of blades rotation. Some generators don’t
need gear box and can run on directly on the rotor speed.

A break system is installed mostly on the high shaft for urgent braking as well as to stop
the wind turbine operations at cut out wind speed [55].

The electronic control system controls the wind turbine movement and conditions of
turbines. This system changes the nacelle yaw movement, generator loading and blades
pitch. The amount of torque generated by rotor can be changed by changing the blades
pitch. The purpose of this system is to increase the power output [56].

2.2.2 Blades
Power generation can be increased by increasing the number of blades. Most of the wind

turbines have 3 blades but some wind turbines have 2 blades. Weight of 1 blade for 10
MW IEA reference wind turbine is 47.7 tons [57].

2.2.3 Rotor

Rotor consists of 2 or 3 blades and the hub. The performance of wind turbine is largely
depending on number of blades length and shape. Rotor may be upwind or downwind
design. Most of the wind turbines have three blades with upwind design [58].
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2.2.4 Tower

To get the appropriate for the nacelle, tower connects substructure to the nacelle and rotor.
The 10 MW reference wind turbine proposed by DTU have the tower height of 119 m
[59].

2.2.5 Floating Platform

Floating platform supports all parts of the wind turbines and is connected to the ocean
bed with the help of mooring lines most probably catenary type mooring lines. The
platform must have sufficient buoyancy to support the super structure. For the extreme
offshore environments, there is a big challenge to for the placement of the platform which
is stable enough to support tower and rotor nacelle assembly.

2.3 Major technologies in FOWT

There are four main categories in floating wind turbines: Tension leg platform (TLP),
Spar, barge and semi-submersible. There are three methods to achieve static stability in
all these cases: buoyancy, ballasting and mooring lines. A brief explanation will be
presented in this section and details can be seen in [60].

2.3.1 Tension Leg Platform

This platform has a good stability because
of tensioned mooring lines that supresses
the motions of platform. This concept is _
proposed by SBM offshore and IFPEN [61] N
as shown in Figure 2-1. This technology has
a big disadvantage that platform installation
is difficult as compared to others and if the
mooring lines are discontinued then
platform stability is a big issue.

The advantage of this concept is reduced
structural weight due to its compact nature.

2.3.2 Spar

This concept mainly follows the stability
due to ballasting principle. Usually it is a
vertical cylindrical shape and have large
draft. The major portion of the mass lies at
the bottom side of the spar. The reason is to
lower down the center of gravity as much as
possible. The remaining portion of the
structure helps in maintaining the buoyancy.
Hywind proposed the most advanced Spar shape [62]. Hywind installed the pilot project
of five 6 MW FOWT in 2017 which are currently operating in Scotland as shown in
Figure 2-2a. In terms of fabrication and stability this concept has a big advantage over
others but installation of such a big structure with high rated wind turbine is difficult and
it requires larger water depth.

Figure 2-1 Tension leg platform

design [67]
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2.3.3 Barge

In this type, water depth is shallow as compared with spar. In this concept, stability is
mainly achieved by the larger waterplane area which provides larger buoyancy. This
technology has been developed in France in 2018 as Floatgen [19]. First 2 MW wind
turbines are in operation off the coast of France as shown in Figure 2-2b. Due to its simple
geometry, it can be constructed by using different material as steel and concrete.

a) Hywind Spar concept [68] b) FloatGen Barge (Ideol) [19]

Figure 2-2 Spar and Barge types of FOWT

2.3.4 Semi-submersible

This concept is majorly used in oil and gas industry and ahead of other concepts in FOWT
industry as various projects working on this solution. This platform is relatively easy to
install as compared to other projects. The wind turbine can easily be mounted at the
quayside and towed to the location and bring to the shore for rehabilitation or
decommissioning. This platform is attached to the seabed with the help of catenary
mooring lines as compared to taut line. The disadvantage of this type is complex
geometry, because of this fabrication is more difficult. Semi-submersible floating
platform needs a larger structural mass for stability [10].

The WindFloat project is proposed by Principle Power as shown in Figure 2-3a. The first
prototype was installed in Portugal in 2011 and operated for four years [63]. Naval
Energies Technology also proposed the semi-submersible floater [64] as shown in Figure
2-3b.
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b) WindFloat (Principle Power) [69] b) Naval Energies Technology [70]

Figure 2-3 Floating offshore wind turbine — Semi-submersible concept

2.4 Floating Offshore Wind Turbine Mechanics

In this section, brief introduction for the basic theory to understand the hydrostatic and
hydrodynamic analysis has been explained. The aerodynamic behaviour of the FOWT is
also studied in this chapter.

2.4.1 Degree of freedom and coordinate system

The degree of freedom and coordinate system is shown in Figure 2-4. The translational
movement parallel to x-axis is defined as surge and translational movement parallel to y-
axis is known as sway. Heave is the translational movement parallel to z-axis. The
rotation around x-axis is roll and the rotation around y-axis is pitch. The rotation around
Z axis 1S yaw.

Z
1 Heave Y
Sway
<
Yaw|
Pitch
A X

Figure 2-4 Coordinate éystem
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2.5 Floating platform

2.5.1 Buoyancy and Gravity system

By Newton’s 1st law, equilibrium of the floating platform is achieved by using the
structure weight and buoyancy from the water. Buoyancy follows the Archimedes rule
which explains the completely or partly submerged structure can float if force from the
water on the structure is equal or higher than the weight of the structure [65]. Equation
2-1 shows the relation between buoyancy force and gravity force in different directions.

Fg —F; =pgV —mg =20 2-1

Weight of wind turbine system comprises of platform weight, ballast, mooring line, tower
and rotor nacelle assembly. For calculating the center of gravity, the individual parts
location is important. The center of gravity can be calculated as equation 2-2. COG,, =

Yn(xn dmy)
Zndmy, 2-2

Center of buoyancy is dependent on the weight of the structure which displaces the water
by equal volume. For semi-submersibles, it can be found by multiplying center of each
part by the volume of that part and divided by volume displaced as shown in equation 2-
3.

_ 2n(Ybn dVn) )
€0B, = =2 2-3

2.5.2 Hydrostatic stability

A stable floating body is the body which upon tilting returns to the equilibrium. For a
semisubmersible, the point G, center of gravity where body weights concentrate, must
lies above the point B, center of buoyancy where center of displaced liquid acts as show
in Figure 2-5.

Untilted Restoring Condition Overturning Condition

Figure 2-5 Floating bodies stability conditions

Upon tilting, buoyancy center, B, shifted to B' location because of shifting of displaced
volume of liquid. A new position M, which is metacentre, is defined. M is the point where
vertical upward projection of new buoyancy center B' intersects the centreline. The
configuration of Fb and W in the center diagram gives the restoring condition which
rotates the tilted body back to its position. In the right-side diagram, FB and W gives the
overturning condition which rotates the tilted body away from equilibrium. We can
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conclude that when M lies above G, the body will be in stable condition and vice versa.
If metacentric height, GM, is positive or GM > 0, the floating body will be stable, and it
will be unstable when GM < 0 as shown in Figure 2-6.

M @—7

1

v c O——— |, |—

Y
B @4—| °

: v

Figure 2-6 Metacentric height GM
From here, metacentric height, GM, is given by Equation 3-4.
GM= MB-GBor

GM=§—GB 2-4

Where I is the moment of inertia of plan section, V is sinking volume of the floating body
and GB is distance from buoyancy center to gravity center.

2.5.3 Equations of motions

For floating body, equations of motions were stated by Newton’s second law. These can
be written as [66]:

22=1- M fiy = Fjx 2-5

The applied load or force on the structure can be denoted by Fjk. This can be divided into
two parts shown in Equation 2-6. The one part is force due to the motions of the floating
structure while another is because of the motions of the nearby surrounding waves. Force
due to motions of the structure can be represented in Equation 2-7 while force due to the
nearby surrounding waves can be calculated by Equation 2-8.

= P+ 5P 2
ﬂim = Ajifix + Bjxi + Ciene 2-7
F'™ = F;, cos(wet + &) 2-8

Here, j and k denote the six degrees of freedom and same values of j and k represents the
behaviour of motion in single degree of freedom. Unequal j and k mean there can be
coupling between degree of freedom. Added mass, damping and restoring forces
coefficients can be represented by Ajk, Bjx and Cik.

By combining Equations 2-7 and 2-8 into equation 3-6, we can rewrite as:
Fie = (Mjk + Ajp )ik + Bt + Cirlie 2-9

Mass matrix is shown here as Mjkx while added mass matrix is shown as Ajx. Damping
matrix represented here as Bjx and stiffness matrix is shown as Ci. In matrix form,
equation can be re write as:
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F=(M+AW))ij+ B(w)n + Cn 2-10
2.5.4 Floating body Natural Frequency

Eigenvalue problem can help us to calculate the natural frequency of floating bodies
without excitation and damping and can be seen in equation 2-11.

(—w?*(M + A(w) + C)ny) =0 2-11
det ((—w?*(M + A(w) + C)ny) =0 2-12

For different degree of freedom, the expression can be written as shown in Equation 2-
11

= Cji -
O] = jjrarion 13
2.6 Floating structure loads

There are two different types of loads on the floating platform; static loads and dynamic
loads. The static loads include hydrostatic loads, gravitational loads, equipment’s loads.
While dynamic loads are due to wind and waves.

2.6.1 Hydrostatic pressure

The portion of the floating body that is submerged bears the hydrostatic pressure. For
spar type structure, hydrostatic pressure is higher as compared to the semisubmersible as
the depth of semisubmersible is smaller as compared to the spar.

2.6.2 Diffraction and radiation

To understand wave loads, diffraction and radiation are essential terms. If we place a
structure inside water, the structure will be encountered by waves. If the structure is of
good size and weight, it also affects the surrounding waves. This phenomenon is known
as radiation and diffraction. In radiation, the structure is pushed to oscillate with the same
frequency as of waves. The loads in radiation problem are damping, added mass and
restoring force. The wave-radiation loads include contributions from hydrodynamic
added mass and damping. The wave radiation loads are independent of the incident waves.
These mainly depends on floater body geometry. Added mass is the weight added to a
system as an accelerating or decelerating body must move some volume of surrounding
fluid with it as it moves.

The total damping is separated by potential damping and viscous damping.

* The damping calculated by potential is called the wave building damping force,
which generates waves around the floating body as it moves and is linearly related
to the wave height.

* Viscous damping cannot be calculated by potential (e.g., by free oscillation test
using a model in a water tank) and is nonlinear with wave height.

In In diffraction, the structure is supposed to be fixed against moving with waves and is
evaluated by waves excitation force. These wave excitation forces are divided into 2
categories: Froude-Krylov forces and diffraction forces. Froude-Krylov forces are from
pressure field due to undisturbed wave applying loads on the floating structure. The

16



diffraction forces or scattered forces are because the floating structure changed the
pressure field

2.6.3 Morison’s equations

The empirical equation to calculate the drag forces and inertia forces applying on the
floating body which is exposed to wave loads.

For basic fixed cylindrical column, Morison’s equation can be expressed as:

F =~ pCaDlulu + pCrpAt 2-14
Where

F = Force per unit length of member

Cd = Drag coefficient

Cm = Inertial coefficient

p = density of sea water

D = diameter of column

A = cross-sectional area of column

u = velocity of the wave at right angle to the structure

u = acceleration of the wave at right angle to the structure
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3 A Case Study - FloatGen

In this chapter, a case study of FloatGen from Ideol has been explained. A finite element
tool COM3 has been used to check the structure behavior under cyclic loading. Tower
load and mooring load has been applied and prestressing is also applied.

3.1 First FOWT with RC Floater (FRANCE)

The construction of first barge type concrete floating offshore wind turbine was started
in 2017 at Saint Nazair harbour, France. The commissioning was started by mid-2018.
The capacity of this turbine was 2 MW. The water depth at the construction site was 33
m. The layout of barge type FOWT can be seen in Figure 3-1.

Figure 3-1 Layout of Floatgen Ideol [15]

The overall hull main dimensions are 40 m x 40 m x 9.5 m. The buoyant hull dimensions
are 36 m x 36 m x 9.5 m. The width of skirt span is 2.2 m. The synthetic mooring lines
have the breaking strength of 8000 KN.

3.2 Finite element tool

The finite element tool used for this purpose is COM3 [67]. To achieve the rational design,
construction, and maintenance of concrete structures, it is important to predict the
performance of structures over lifespan, from the start of the hydration reaction until the
end of their service life, considering various material and mix proportions, structural
dimensions, and curing and environmental conditions. Aiming for a unified approach to
the evaluation of the behaviour of concrete structures under any of various conditions,
the Concrete Laboratory of the University of Tokyo, Japan has been working to develop
a multi-scale integrated analysis platform, DuCOM-COM3 can be seen in Figure 3-2.
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Figure 3-2 Concrete fatigue constitutive model used in COM3 [68]

3.2.1 Load pattern and connection details

The total of 8000 KN of fatigue mooring load is applied to the structure, As these loads
are concentrated so, there is a need of distributing this load gradually to the structure.
The yield stress of the mooring line was 540 MPa and the mooring connection has the
yield stress of 420 MPa which connects to the structure that has the yield stress of 345
MPa [69]. The finite element model and steel connector can be seen in Figure 3-4. For
water tightness as well as high bending stress on the wall of structure, it is required that
walls should be in tension to avoid the cracking. For this reason, 10 MN prestress load is
applied to the structure which is distributed along the depth. Also the prestress load of 10
MN is also applied under tower as shown in Figure 3-3.

As mentioned in Table 3-1, four different models have been considered. The first model
is small solid section with mooring loads from 1 side and symmetrical boundary
conditions. The second is small hollow section with mooring loads from 1 side and
symmetrical boundary conditions. The third is small hollow section with prestress load
inside walls and symmetrical boundary conditions. The fourth model is full hollow
prestress with the mooring loads from 3 sides as well as restrained in z-direction as well

as bottom layer was taken as elastic layer. These models are named as M1, M2, M3 and
M4,
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Figure 3-3 Prestress load configuration

Tower Load

11

Steel Connector

Cyclic Load

Cyclic Load

Figure 3-4 FE model and steel connectors of Ideol barge structure

Table 3-1Case study parametric models

Small Solid Section Mooring line fatigue Symmetric B.C
load on connector from

1 side
Small Hollow Mooring line fatigue Symmetric B.C
Section load on connector from
1 side
Small Hollow Mooring line fatigue Symmetric B.C
Prestressed Section  load on connector from
1 side
Full Hollow Mooring line fatigue Restrained in z-direction
Prestressed load on connector from and bottom layer as
3 sides elastic layer
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Figure 3-5 Top view of the model and elements description

In Figure 3-5, the arrangements of the elements have been presented. In Figure 3-6, the
steel stresses under cyclic load of 2660 KN have been presented. Under different
percentage of loading from 100% to 60% of mooring loads. From here it can be noticed
that the stresses in the steel connectors are less than the yield stresses taken for the steel

connectors.
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Figure 3-6 Steel Stresses in Mooring connection
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Figure 3-7 Concrete stresses in the element adjacent to the steel connector

In Figure 3-7, the mooring load of 2660 KN under different percentage has been applied
to the steel connector and checked the stresses in the adjacent concrete elements. The
concrete stresses are very less as compared to the yield strength of the concrete.

3.3 Summary of chapter

The behaviour of 2 MW barge type concrete floater has been checked under static load
conditions by assuming the boundary conditions as the buoyancy load from bottom and
mooring load from 3 mooring connection. The finite element model COM3 ( 3-
dimensional concrete model) used to check the mooring connection response. Dynamic
loadings on the mooring connections have not been considered.

1. Stresses in the steel connections are much below than the yield strength of 420
MPa. This is due to the not considering the dynamic loads as well as wind turbine
generator loads in combination.

2. From this case study, the idea of floating structures, hydrostatic stability, Stresses
in the connections have been extracted, which helped in this research while
proposing the model in next rounds.
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4 Design of Panel Based Reinforced Concrete Floating
Substructure for 10 MW Offshore Wind Turbine

In this chapter, conceptual design of concrete floating substructure for 10 MW offshore
wind turbine is proposed under static load conditions. This first phase of design is based
on the concepts from the case study. The purpose of doing this is to get the basic structural
dimensions to start the dynamic equilibrium for further study.

4.1 Structural details of concrete floater based on geometric design

In this section, geometrical design of panel based reinforced concrete floating
substructure for 10 MW wind turbine generator is based on floating body stability
concept. The structural details are given in Table 4-1.

Table 4-1 Structural details of concrete floater

Description Value
Concrete floater depth 20 m
Buoyant concrete
floater width 72m
Wall thickness 0.7 m
Depth of inner
hexagon under tower S5m
base
Top slab thickness 50 cm
Bottom slab thickness 50 cm
Skirt span 2m
Light welghj[ concrete 1600 Kg/m?
density
Compressive strength 50 MPa

of concrete

The side length of inner hexagon which directly supports tower is 8§ m as shown in

Figure 4-1, white equilateral triangle portion is fully hollow, sea water can come inside
and go outside freely. Grey portion is inside hollow box with top and bottom slabs.
Concrete floater depth and buoyant concrete floater width are decided based on fulfilling
the criteria of floating body concept. Here, center of gravity lies above the center of
gravity and geometric height is also well above the center of gravity as shown in Figure
4-2.

By increasing the depth and increasing the buoyant floater width, freeboard will also be
increased till selected floater geometry after that freeboard increased little bit, but these
are highly uneconomical as compared to the selected floater geometry. The floater width
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of48 m, 56 m, and 64 m are not suitable because of no or very small freeboard availability.
The first suitable and economical floater dimensions are: buoyant floater width of 72 m
and floating substructure depth of 20 m because of freeboard availability of 2 m and draft

of 18 m as shown in

Figure 4-2.

Table 4-2 Geometrical properties of RC floater

Buoyant Side Floater

quater Length Depth Draft Freeboard COB CcOoG GM
Width

L d
B

112 56 10 7.6 2.4 3.8 8.2 158
104 52 12 9.0 3.0 4.5 9.2 116
96 48 14 10.6 34 5.3 10.2 83
88 44 16 12.6 34 6.3 11.3 58
80 40 18 15.0 3.0 7.5 12.3 40
72 36 20 18.0 2.0 9.0 13.4 26
64 32 22 21.6 0.4 10.8 14.5 16
56 28 18 21.7 3.7 10.8 14.0 11
48 24 16 23.7 -7.7 11.8 14.4 7

Tower dia. at base
= 83m

119m

Figure 4-1 Proposed reinforced concrete floater
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Figure 4-2 Optimum geometric comparison

4.2 Structural design

Light weight aggregate concrete of density 1600 Kg/m?* and compressive strength of 50
MPa is assumed.

4.2.1 Tower to Floater Connection Part

To design the concrete floater portion connected to tower base, wind load based on wind
speed 25 m/s is taken on the top of tower. Required reinforcement ratio is calculated by
using ACI equation 10.3.

2.614R
p—W[l— 1- fc,] 4-1)
Here,
B = Mu
"~ bd?

CI
w = 0.85f—

fy

p = reinforcement ratio

Mu = ultimate moment

fc' = concrete compressive strength
fy = yield strength of steel

b = cross-sectional width

d = cross-sectional depth
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Minimum area of steel governed because of the larger concrete area as given in Figure
4-3. To accommodate Asmin of 1072040 mm2, 2800 — 22.0 mm dia. @ 150 mm clear
spacing will be provided.

Design of anchor bolt for concrete pull out or

breakout depends on uncracked concrete versus gm
cracked concrete. To avoid the tower base pulling
out from the concrete floater, special anchorage
has been designed as shown in Figure 4-4a. For
this purpose, by using A36 bolt and plate SS400 y
[70], 86 number of anchor bolts have been
provided with the clear spacing of 30 cm. The
diameter of anchor bolt is 3.8 cm and embedded
length is 120 cm. When anchor bolts anchored in
concrete, upon pulling out / failure a conical shape

is formed around 45° as shown in Figure 4-4b.
Shear reinforcement is also provided to stop the
crack propagation. Figure 4-3 Reinforcement under

Y

S _w

AS min= 1072040 mm2"

;
’ -
Tower base depth = 5 m

min= 1072040 mm?

Tower base area

45‘ ’J
% _'/ '\{“,
Conerpte will 1 L
) ) brea.k‘Ft about .

||Ji=

Ll | /i

| Web reinforcement agamnst shear |

() (®)

Figure 4-4 Anchorage at tower base

4.2.2 Slab Design

Slab is designed under self-weight and live load. The two-way slab is designed by using
ACI coefficient method. ACI equation 9-12 is used to calculate minimum depth of the
reinforced concrete slab.

fy
hmin = In (M> 4-2)

36m+9

Thickness of the slab is decided as 50 cm which is greater than required thickness of slab.
The cover is taken as 70 mm. As concrete area is big, minimum area of steel governed
which is 900 mm?/m as shown in Figure 4-5. Here, 900 mm? is 13 mm diameter bars @
140 mm clear spacing in both directions.
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4.2.3 Wall Design and crack width criteria

The side wall is designed under serviceability limit state. The applied moment is taken
from the hydrostatic pressure at 1/3rd height from the bottom of the floating substructure.
According to JSCE guidelines [71], the concrete cover for splash zone is given for
concrete permeability of 10-12 m?/s is 70 mm. By fulfilling the criteria of flexure from
ACI 318-08 [72] equation 7.3 and shear from ACI 318-11 equation 11.2.1.1 [73],
thickness of the side wall is taken as 700 mm as shown in Figure 4-7.

M
0.175bfc’

hs for flexure = (4-3)

Here,

M = applied moment

fc' = concrete compressive strength

b = cross-sectional width

This is modified equation for light weight concrete with compressive strength of 50 MPa.

The required minimum thickness of the wall for flexure is 425 mm.

\'%

hs for shear = ————
0.75%0.17Vfc’b

(4-4)

Here,

V = applied shear

fc' = concrete compressive strength
b = cross-sectional width

The required minimum thickness of wall for shear is 270 mm. The calculation of required
area of steel for compression zone as well as for tension is done by using equation 2.
Area of steel for tension zone is 83820 mm? and for compression zone is 40660 mm? as
shown in Figure 4-7. 255 — 22 mm diameter rebars @ 130 mm clear spacing in 2 layers
are provided in tension zone and 110 - 22 mm diameter rebars @ 160 mm clear spacing
are provided in compression zone. Equation 10-4 (ACI 318-08 [72]) is used to calculate
maximum spacing. From this equation, the required maximum rebar spacing is 898 mm
and given rebar spacing is 130 mm.
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smax = 380.2]%0 —-25¢c (4-5)

Here,
fs = steel stress
C = concrete cover

By utilizing the concept of allowable service state, depth of neutral axis is 160 mm which
is calculated by using the concept shown in Figure 4-6. It means out of 700 mm thickness
of the wall; 160 mm is the compression zone and 540 mm is the tension zone. When the
hydrostatic pressure or water load is applied from the outside of the wall, mainly
compression zone plays its role as concrete is very good in compression or we can
mention that it’s difficult for crack opening or crack propagation in compression zone.
This is the reason compression zone depth must be sufficient to bear the crushing
behaviour of applied load and minimize the effect to transfer in the tension zone. In
tension zone, due to the bending behaviour of hydrostatic pressure may be few cracks
will appear, but these cracks are within permissible range. The advantage of hollow box
type concrete floater is that there is no sea water inside the hollow box. Even cracks
initiated within permissible range, these will not be harmful same as onshore structure.

By using ACI224.1R-07, equation 1-1[74], the crack width is 0.129 mm. In JSCE section
8.3.2, crack width opening criteria for splash zone is 0.0035¢. From here, allowable crack
width is 0.245 mm which greater than calculated crack width.

w=2L. /dcz + (2 (7)

Here,

B h—c
B= d—c
Here,

fs = steel stress

Es = modulus of elasticity of steel

dc = distance from outer surface to the center of exterior rebar
s = rebar spacing

h = cross-sectional depth

¢ = concrete cover

For compensating the permissible crack width, given rebar spacing is lesser than
maximum rebar spacing, and applied service moment is lesser than cracking moment.
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Figure 4-7 Side wall design

4.2.4 Mooring Line to Floater Connection

Mooring line to concrete floater connection is designed based on fulfilling the bearing
strength of plate, plate thickness, welding, number of anchor bolts, resistant uplift check,
combined tension and shear check and base plate thickness. The breaking load of 1600 t
is the cluster of mooring lines are taken from the typical breaking load of 6 MW floating
wind turbine [75]. The exact mooring load will be calculated on the later stage of this
research. To spread the concentrated mooring load to the concrete floater, different yield
stress of the steel has been considered. The finalized mooring to concrete floater
dimensions is shown in Figure 4-8.

Bolt Dia. = 39 mm

Plate Thickness =7 cm

50c
20 cm

100 cm

Figure 4-8 Mooring connection for concrete floater
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4.3 Summary of chapter

The conceptual design of concrete floater for 10 MW floating offshore wind turbine has
been proposed under static load conditions. This first phase of design was based on the
concepts from the case study. The basic idea to propose this shape will be easy in mass
production of precast construction. So, the reinforced concrete pre-cast panel-based
construction was assumed.

e Hydrostatic pressure is 181 KN/m for unit strip which is smaller than the
hydrostatic pressure in spar of 120 m draft where it is 1207 KN/m.

e 5 m thick concrete portion has been proposed under the tower connection to
accommodate the wind turbine generator loads.

e 2600 KN Mooring load has been considered to design the mooring connection.

e In 1st stage under static loading, the tower connection thickness was 5 m to
accommodate the 10 MW wind turbine generator loadings and vibrations. 2800
— 22 mm diameter @ 150 mm clear spacing has been provided to resist the
bending moment. To prevent the tower base dragging out from the floating
concrete structure, exclusive anchorage has been provided. For this reason, A36
bolt and plate SS400, 86 anchor bolts was arranged with a spacing of 30 cm. The
anchor bolt diameter is 3.8 cm, and it was embedded up to 120 cm.

e Slab thickness is taken as 50 cm that is larger than needed slab thickness. The
required concrete cover is 70 mm. For larger concrete sections, minimum area of
steel governed i.e. 900 mm?*/m. As a result, at a clear spacing of 140 mm, 13 mm
diameter bars in both directions have been arranged.

e The minimum required thickness of wall is 270 mm for shear. In tension zone,
255 —22 mm dia. bars @ 130 mm clear spacing in 2 different layers are provided
and in compression zone 110 - 22 mm diameter rebars @ 160 mm are provided.

e Out of 700 mm wall thickness, 160 mm was calculated as compression zone as
the depth of neutral axis is 160 mm under allowable service design. The tension
zone depth 1s 540 mm. The minimum depth of compression zone is necessary to
bear the crushing effect of outside hydrostatic as well as hydrodynamic loadings.
So as result, there may be few cracks in tension zone but these cracks are lesser
than the allowable crack width.

e By using ACI 224.1R-07, the crack width is 0.129 mm. In DNVGL-ST-C502,
allowable crack width is 0.2 mm. From here, allowable crack width is 0.2 mm
which larger than computed crack width.

e In the parametric study, wall thickness, slab thickness, tower connection
thickness has been adopted from this preliminary design.

e This structure hydrodynamic behaviour has been checked in the next phase, but
response was not good. Then the structure is modified.
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S Multi-Column Semi-Submersible Design Mission

As the objective of this dissertation is to propose the design of floating substructure to
support 10 MW floating offshore wind turbine, so in this chapter, location, type of
reference wind turbine, wind conditions, wave conditions have been explained. Also,
structure geometry, input and output at equilibrium as well as hydrostatic stability of the
proposed floater is explained. The initial dimensions are assumed based on the
preliminary structural design.

5.1 Premises

5.1.1 Location

Location for this study is the Japanese ocean as the sea environmental conditions are
severe here and intension is to use this floater in the Sea of Japan and Pacific Ocean.

5.1.2 Depth

Ocean depth varies as we move away from the coast. Till now, concrete semisubmersible
floaters are proposed up to the depth of 130 m. In this research, the depth of concrete
semisubmersible is taken as 200 m.

5.1.3 Reference Wind Turbine

Design of tower, rotor nacelle assembly is out of capacity of this research, so a predefined
wind turbine generator properties and analysis were used. The International Energy
Agency (IEA) 10 MW wind turbine generator [76] was adopted as a reference in this
research so that the design of floating substructure should be done accordingly. The key
characteristics are shown in Table 5-1. The rated wind speed is 11 m/s, cut-in and cut-
out wind speeds are 4 m/s and 25 m/s, respectively. The purpose to develop the IEA 10
MW reference wind turbine was to evaluate the aerodynamics and rotor performance,
aero and elastic behaviour and control system of turbine but the parameters which will
be used in designing the floating substructure are also proposed. The detailed parameters
can be seen in the IEA 10 MW document [76].

5.1.4 Wave conditions

Three sea conditions from the proximities of the Japanese coast were selected, namely
operational, storm and centenary conditions.

The irregular wave characteristics can be represented by the International Ship and
Offshore Structure Congress (ISSC) spectrum [77]. The wave spectrum for the different
sea states with their respective period of peak, Tp, and significant wave height, Hs, are
shown in Table 5-2.

The wave spectrum of three wave conditions i.e. operational, storm and centenary on the
Japanese coast are shown in Figure 5-1. In this research, main focus is to verify the
floating structure under operational sea conditions.
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Table 5-1: Wind Turbine Generator Properties

Description

Value

Rating

Rotor orientation
Control

Hub Diameter, Rotor
diameter
Hub Height

Cut-in, average wind
speed, cut-out

Drivetrain
Rotor speed, Cut-in
Rated tip speed
Pre-bend
Blade Mass
Nacelle Mass

Tower Mass

10 MW
upwind, 3 blades
Collective pitch,

Variable speed
5.6m, 178.3 m

119 m

4m/s, 11.4 m/s, 25
m/s,

Medium speed
9.6 RPM, 6 RPM
90 m/s
3m
47.7 ton each blade
639 tons
539 tons

Table 5-2 Wave Conditions

Condition Wave Significant Wave Peak
Height, Hg Period, T,
Operational 25m 9.0s
Storm 9.6 m 13.5s
Centenary 4.0m 16.1s

5.1.5 Wind conditions

Three different wind conditions were selected as maximum operational, cut-out and
typhoon conditions, as shown in Table 5-3 to be used in the coupled dynamics analysis

[78].
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Figure 5-1 Wave Spectrums of Different Conditions on The Japanese Coast

Table 5-3 Wind Conditions

Description Value
Maximum operational 11.0 m/s
Cut-out 25.0 m/s
Typhoon 41.9 m/s

5.2 Methodology

The structure is proposed in two stages. The first stage was to propose the structure by
feasibility study / parametric model.

The structures are proposed based on the parametric study and shortlisted 3 structures
and checked the hydrodynamic behaviour. Out of 3 shortlisted structures, one structure
was finalized and evaluated that structure for aerodynamic behaviour and coupled with
10 MW wind turbine.

In second stage, three structures were shortlisted based on the optimization through
Pareto curve and checked the hydrodynamic and aerodynamic behaviour by WAMIT
[79] and OpenFAST [80] respectively. This research methodology is explained in Figure
5-2.

33



10 MW multi-column FOWT made
of concretfe for the coast of Japan.

1

T

Proposal Based on
Optimization Study

| gerorodynamjc

K

plates effect

h—lydrodynamic

=

K

Eully Coupled Analysis-- OpenFAST

-Wind turbine control

I

Proposal Based on
Parametric Study

« Elastody: uple structure dynamics
+ Aerodyn——-Aerodynamics of Tower & Turbine
+ Hydrodyn-—Floating Platform hydrody

+ Moordyn---—Mooring sysytem
o Inflowwind-——External Wind load

Hysdrodynamic-- WAMIT

« Hydrostatic Output
*]—M + Added Mass

Model Test to validate the
viscous damping and heave

| [nititial Stability desig

Restriction based on parametric study

1

Eeroro dynamic

il

g

IHydrodynamic

- Initial Damping Foree
- Excitation Force
» Floater Behaviour

Initial Stability Design -- EdtoolsX

+ Metacentric Height
« Centre of Buoyancy
+ Centre of Gravity

+ Draf

+ Total Laod

+ Ballast

Preliminary Structural design

[nititial Stability desig
Parametric / feasiblity Round

Figure 5-2 An overview of research methodology

5.2.1 Parametric Model

Under static conditions

Case Study- Barge type
structure

Based on the economical design concept, the main material is consisting of pre-stressed
concrete and reinforced concrete resulting in higher displaced volume compared to steel
structures. The concrete density of 2,400 kg/m? is utilized with compressive strength of

50 MPa.

The precast panel-based concrete structure is adopted considering the advantages of
construction work. The concrete semi-submersible floating platform consists of a central
hexagonal column with three lower pontoons and three outer pontoons.

Figure 5-3 Variables of the design. Perspective view of a schematic 3d model.
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Figure 5-4 Variables of the design. Top view of a schematic 3d model.

On the top of the central hexagonal column, a tower connection thickness, TCT, of a 5
m portion of a solid concrete was assumed to make a stronger connection between steel
tower and concrete floater. On the top of the three outer pontoons, the 2 m portion is solid
concrete to dissipate the dynamic impact of mooring lines on the concrete floater. A
heave plate connecting the pontoons were considered to increase the hydrodynamic
damping and added mass levels. The hull and heave plate thickness were considered
constant, equal to 0.6 m. Further studies must be done to optimize the hull thickness, as
well the heave plate geometry. The geometrical properties are shown in Figure 5-3 and
Figure 5-4. The schematic layout of the model is shown in Figure 5-5.

Variables and restrictions were built to achieve feasible solutions. The FOWT is
considered feasible if, among the variable space, the alternative satisfies all the proposed
restrictions.

5.2.1.1 Variables
A parametric model analysis was built to study the feasibility of the proposed new
concrete multi-column floating platform supporting a 10 MW offshore wind turbine.

The variables of the parametric model are shown in Figure 5-4 and Table 5-4. The
variables concern the main dimensions of the FOWT.

In the parametric study of the FOWT dimensions, the variables were modified in a chosen
range of dimensions as:
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Figure 5-5 Schematic layout of the proposed floater

External pontoon radius, Rext, varied from 22 m to 37 m with an interval of 3 m.
External pontoon width, Wext, varied from 20 m to 32 m with an interval of 2
m.

Internal radius of outer pontoon, Rpont, varied from 20 to 25 m with an interval
of I m.

Depth of floating structure, H, varied from 25 m to 40 m with an interval of 3 m.
Depth of lower pontoon, Hpont, varied from 5 m to 10 m.

The freeboard, H- D, is set to 10 m in the fully loaded condition.

Rint is kept constant, equal to 8§ m. As the central column must support the steel
tower of 8.3 m diameter for the 10 MW wind turbine, and the need of enough
cover depth of concrete for embedding the connection system and proper
reinforcement arrangement, Rint equal 8m is the minimum value to support the
tower, to avoid excessive vibration and fatigue at the tower base.

5.2.1.2 Restriction

A solution for the new FOWT concrete proposed was considered feasible if it satisfied
all the restrictions adopted. The restrictions considered for designing the FOWT concrete
are presented as follows.
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e Under the loading conditions, the structure is considered safe if the metacentric
height GM is greater than 1.0 m.

e The natural heave period of the FOWT must be greater than 15 seconds to prevent
the waves highest range of power.

e The natural pitch period must be greater than 20 seconds; for the same reasons
presented above, it should be even higher than the natural heave period, so that
coupling between the two degrees of freedom are avoided.

Table 5-4 Main dimension and variables considered in the parametric model studies

Parameters / Case ID SS-01 SS-02 SS-03 SS-04 SS-05 SS-06 SS-07  SS-08 SS-09
Rext [m] 35.0 30.0 30.0 32.0 32.0 28.0 36.0 34.0 37.0
Rint [m] 8.0 8.0 8.0 8.0 8.0 8.0 9.7 8.0 8.0
Wext [m] 20.0 20.0 20.0 26.0 24.0 26.0 22.7 30.0 32.0
Rpont [m] 20.0 20.0 20.0 22.0 22.0 23.0 25.5 25.0 25.0
H [m] 35.0 40.0 35.0 33.0 35.0 31.0 322 37.0 40.0
D [m] 25.0 30.0 25.0 23.0 25.0 21.0 222 27.0 30.0
Hpont [m] 5.0 5.0 8.0 6.0 6.0 8.0 7.6 8.0 8.0
Hull thickness [m] 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Heave plate thickness [m] 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
TCT [m] 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

5.3 Intact Stability

In DNV-0OS-C301 for the design of water stability and integrity has mentioned the
column stabilized floater requirement [81]:

e The area below righting curve should not be less than 30 percent in access to the
area below heeling curve for the same angle.

e For all degrees, righting curve should be positive.

e Metacentric height should not be less than 0.3 m.

5 Initial GM = 9.02
T T T T T
Righting/Heeling Moment
45 - e 4 | Transversal = 2.80
_,,** Equilibrium angle
.*7*"* - | Transversal = 4.78°
—k—GM
Wind Moment
@
max
0 I | I | | | I |
0 5 10 15 20 25 30 35 40 45

Inclination [deq]

Figure 5-6 intact stability of the structure
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The righting curve mainly depends on the restoring capabilities of the column stabilized
floating structure while heeling moment mainly depends on effect of wind on the floating
structure at some distance far from the rotation centre. It is mentioned that rotation centre
is the lowest out of the centre of the lateral resistance of the floating structure. The intact
stability of the proposed concrete floating structure of 10 MW wind turbine is shown in
Figure 5-6.

5.4 Summary of chapter

The environmental conditions used in this research has been explained. The main
geometry of the proposed floater has been presented here with the restrictions and
variables used to carry out this research. The feasible cases based on the parametric study
have been presented.

e The IEA 10 MW wind turbine was implemented. The cut out wind speed of 25
m/s and average wind speed of 11 m/s have been applied. The rotor has 178.3 m
diameter. The blades mass, nacelle mass and tower mass of 143-ton, 639 ton and
539 ton have been taken respectively.

e Three wave conditions operational, storm and centenary and three wind
conditions rated, cut out and typhoon have been adopted from ISSC spectrum.

e The water depth in this research has been set to 200 m to evaluate the static,
hydrodynamic, aerodynamic and coupled behaviour.

e The metacentric height is 9 m which is higher than the required 0.3 m from the
guidelines.
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6 Dynamic Evaluation of Concrete Floater based on
Parametric Model

In this chapter, hydrodynamic behaviour has been evaluated for the shortlisted cases
based on parametric study. The turbine used for these simulations is 10 MW IEA
reference wind turbine. The hub height above mean sea level is 129 m with rotor diameter
of 178.3 m. The proposed structures are examined under different sea conditions while
checking hydrodynamic behaviour in WAMIT and under different wind and wave
conditions in checking aerodynamic behaviour in FAST.

6.1 Hydrodynamic Analysis

The stability and motion analysis were performed to confirm the feasibility of the
geometry of the concrete semi-submersible floater.

6.1.1 EdtoolsX

The static stability and stiffness matrix of the proposed structure were calculated by using
the software EdtoolsX [82]. Also the input files for hydrodynamic analysis were also
generated by this tool. The preface of edtools is shown in Figure 6-1.

Edtoals
RO | &
Mode!  Load Arrangement

e R — : mat ‘ = e S TECHNOMAR

Report
Database

300 200 100 0 100 200 300 400 500 600 Compute Equilibrium

Mave x Update Loads
Delete Load
Add Load

Load Number
Density

Figure 6-1 EdtoolsX preface
6.1.2 WAMIT

The hydrodynamic behaviour of the FOWT was evaluated first using the WAMIT code.
WAMIT uses the potential theory to calculate the hydrodynamic pressure, motions of the

body and loads on floating bodies due to the wave incidence in the frequency domain
[79].

WAMIT can calculate the following:

Damping coefficient and added mass of the floating

Hydrostatic pressure

Wave exciting force

Hydrodynamic pressure and effect of flow velocity on the floating body
Drift force

Surface pressure
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The WAMIT simulation was performed with low order mesh as shown in Figure 6-2.

Figure 6-2 Low order mesh considered in the WAMIT code

6.1.3 Added mass, restoring force, Inertial mass, Natural period

In this section, comparison of the three cases have been done based on the added mass,
restoring force, inertial mass, natural period displaced volume, centre of gravity and
metacentric height in Table 6-1. The heave natural period is the critical one as it should
be around 20 sec but for this stage of parametric study, this natural period of heave is
considered as sufficient. In this table, added mass as shown in Figure 6-3, restoring force
and inertial force is lesser for SS-03 case as the weight or displacement of this case
smaller among three cases. This will help us to make our proposal economical.

Table 6-1 Added mass, restoring force, Inertial mass, Natural period

Added  Restoring Inertial Natural Displac-

Def;ee Case mass Force mass period  ement €6 GM

freedom " ap @i oo P Ton m  m

ge;;)e 25124 25259 10.08 11.15
22375 7534

Roll 30080700

(Ton m2) 4243190 2762880 25259 10.08 11.15

Pitch 30236500

(Ton.m?) 4237850 2763620 25259  10.08 11.15
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Figure 6-3 Heave added mass comparison

Nine feasible cases were considered in the parametric study which are fulfilling the
criteria of hydrostatic stability and natural periods.

Three cases were shortlisted to check the motion behaviour of the structure based on the
economy or less weight of the floater.

Table 6-1 presents the results of displacement, GM and natural periods for the cases
considered. The cost of the FOWT was considered as a linear function of the
displacement. In this case, our merit function was the based on minimizing the
displacement of the designed hull.

6.2 Response Amplitude Operators (RAOs)

Response Amplitude Operators are also known as transfer function are taken to check
the motion of the structure and its behaviour while floating. RAOs are dependent on the
direction of the wave from 0 to 180 degrees. When the wave propagates in the +ve x-axis
direction then this is 0-degree wave. In this section RAOs comparison for 3 cases will be
discussed for surge, heave and pitch degree of freedom.

6.2.1 Surge

The surge behaviour mostly depends on the mooring configuration. The objective of this
research is to not to design mooring lines, but mooring stiffness has been given while
calculating the hydrodynamic and aerodynamic calculations. The comparison of the 3
cases has been demonstrated in Figure 6-4. The surge natural period shows good response
as for all 3 structures as peak in surge motion is after 20 sec and motions are not high.
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Figure 6-4 Comparison of Surge RAOs
6.2.2 Heave

RAOs heave comparison of 3 cases can be seen in Figure 6-5. Here shape of RAOs for
heave just drops before the natural period. This is the special behaviour for semi-
submersible floaters as explained Faltinsen [83].
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Figure 6-5 Comparison of Heave RAOs

The heave response is not fully drop out, but it just approaches to zero and again rises,
the reason due to the availability of the pontoons in semi-submersibles. The sharp
difference in between the upper and lower position of the pontoon is the main reason
behind this phenomenon.

The maximum heave response is due to the reason when regular waves excite the floater
in heave around 1.75 times of the wave amplitude. For larger natural period, response
starts converging to 1.0 and longer waves floating structure will move as the amplitude
of the waves.
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6.2.3 Pitch

The maximum pitch response in Figure 6-6 is for wave heading to the structure at an
angle of 0 degree. The other wave heading angle shows lesser response. Out these 3 cases,
SS-03 shows lesser response at 4.5 degrees with the natural period of 24.5 sec. The other
2 cases shows relatively higher response of 6.3 degree.
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Figure 6-6 Comparison of Pitch RAOs

At anatural period of 6 sec, there is small peak in pitch RAOs, this is due to the excitation
of the waves with the structure. The wave length of 6 sec period wave will be:

_g71?
T oom

A=56m

5-1

This wave length is around the same length of the floater.

It is possible to observe that the SS-03 case had a behavior markedly different from the
other 2 cases. This difference was probably due to the smaller displacement.

6.3 Spectral analyses

Spectral analyses were conducted for heave and pitch results obtained from WAMIT.
The sea conditions were considered as a wave spectrum, see [84], using the ISSC
formulation as:

5,5 = rexp (- 1)

=—expl|——
v f° f* 59
where f is the wave frequency, f, is the frequency of peak of the wave spectrum and the
other parameters can be written as follows.

A=0.1107H2f* 5-3
B = 0.4427f* 5-4
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f =1.25f, 5-5

The wave spectrum of different conditions on the Japanese coast are shown in Figure
6-7.
The power spectrum of motion response was calculated as:

Sii(f) = [RA0; (HI2Sy () 5-6

where ii is the i-index corresponding to DOF, 33 refers to heave and 55 refers to pitch
motion.
The variance of the motion response was estimated from the Oth moment m,, as:

5-7
my = fsii(f) af
The significant motion response was computed as 4,/m,.
120 :
Operational
Tp=9.0s
100 - H =2.5m
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Figure 6-7 Wave spectrums of different conditions on the Japanese coast

The spectral analyses were performed considering the RAO results presented before. The
sea conditions utilized the parameters as presented in Table 5-2.

The power spectrum of the response for the three cases for heave and pitch under
operational sea state using the ISSC spectrum for waves is shown in Figure 6-8 and
Figure 6-9, respectively. The results for storm and centenary conditions followed the
same methodology.

The results of spectral analysis are presented in Table 6-2. All the responses were
within permissible range. The significant height response for each DOF was calculated
and compared for all cases. SS-01 showed higher response values in heave and pitch as
compared to the 2 other cases. SS-02 also showed a higher response as compared to SS-
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03. In turn, SS-03 showed better response under operational, storm and centenary wave
condition mainly for the motion in the vertical plane as heave and pitch.
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Figure 6-8 Power spectrum of heave motion due to the operational condition
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Figure 6-9 Power spectrum of pitch motion due to the operational condition

Surge response was not presented; however, this DOF is greatly impacted by the
mooring lines. The mooring lines were not the goal of the present article, and the mooring
line design can be a goal for further studies, in which the whole system can be optimized.
The SS-03 case was selected as the “potential best hull” because it fulfilled the
restrictions adopted and presented the lowest displacement among the three cases
compared.
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Table 6-2 Significant motion response results of the spectral analysis

Wave Condition Case ID Heave Pitch
Response Response H
H [m] [deg]
SS-01
Operational SS-02
SS-03
SS-01
Storm SS-02
SS-03
SS-01
Centenary SS-02 3.90 6.60
SS-03 3.90

6.4 Aerodynamic Analysis

The SS-03 case was used in an OpenFAST analysis to verify the behavior of the
FOWT coupled with wind. The wind conditions are presented in Table 5-3.

The fully coupled analysis was performed by OpenFAST [85] by inputting the
hydrodynamic properties of the structure evaluated by WAMIT to the HydroDyn
submodules, as shown in Figure 6-10.

OpenFAST models the system coupling concerning the environmental conditions
(currents, waves and wind) and fully coupled dynamic response (nacelle, rotor, tower,
supporting platform and mooring system) under different loading conditions [80].

To validate the OpenFAST model of SS-03, the RAOs from WAMIT were compared
with the RAOs from OpenFAST without wind condition. The comparison of RAOs for
heave and pitch are shown in Figure 6-11and Figure 6-12, respectively. The difference
between WAMIT and OpenFAST is due to the damping values that include the
aerodynamics components in OpenFAST. The difference was not large and the RAOs
showed a good agreement for this stage of the conceptual design. Further improvements

must be included in the next stage.
Externa Con!mon App|1e! Loa!s

Inflow Wind —

—> OpenFast

Waves &
Currents *

Mooring Loads

Figure 6-10 The correlation of hydrodynamics and aerodynamics
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Figure 6-12 Comparison of pitch RAOs of WAMIT and OpenFAST calculations

The motion time series obtained from OpenFAST was utilized to calculate the Hg
and H,,,,, values for heave and pitch for the combination of environmental conditions,

as shown in Table 6-3.
Table 6-3 Coupled dynamics results of OpenFAST analysis

Wave Wave Wave Peak Wind Heave Heave Pitch Pitch
Condition  Significant Period, T,  Condition = H,; [m] H,,,, [m] H, Hax

Height, Hg [deg] [deg]
Operational 25m 9.0s no wind 0.23 0.38 0.26 0.50
Operational 25m 9.0s 11 m/s 0.23 0.38 0.33 0.53
Operational 25m 9.0s 25 m/s 0.23 0.37 0.19 0.37
Storm 9.6 m 13.5s 41 m/s 3.21 4.34 3.80 5.06
Centenary 40m 16.1s 11 m/s 2.66 3.58 1.65 2.05
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The proposed FOWT showed good response in operational wave condition with no wind,
rated wind and cut-out wind speed. The platform also showed appropriate results for
storm wave with 41 m/s wind and centenary wave with rated wind speed.

For all DOF, the ratio between the motion high significant response and significant
height of the wave was lower than 1, which represented that the FOWT worked well to
reduce the wave energy. For operational condition, for example, the decrease of heave
motion was around 80%.

In summary, the main properties of the “best potential case” can be shown in Table
6-4. Detailed geometry can be described as follows and some considerations are
presented.

Table 6-4 Main properties of the proposed concrete FOWT

Parameter Value
Displacement 21,873 ton
CcG 10.8 m
CB 11.3m
D 252 m
GM 9.0
H 350 m

The distance from the central hexagonal column to the lower pontoons and outer
pontoons are 14 m and 25 m, respectively. The side of the hexagon is 9 m wide, lower
pontoons are 15 m wide, and outer pontoons are 20 m wide. The lower pontoons depth
is 8 m while the outer pontoon depth is 35 m, the same as the floater depth. The heave
plates are also mounted in between lower pontoons. The wall and slab thicknesses are
taken as 0.6 m. The overall weight of the platform is 20,41 1tons, including ballast.

A standard seawater ballast system approach was adopted to reduce the cost as well
as to ease the transportation and installation. Seawater of density 1,025 kg/m3 was taken
as ballast. Ballast was arranged in different pontoons to adjust the stability and to achieve
the required draft of the concrete semi-submersible floater. The total ballast weight is
3,692 tons.

6.5 Mooring Tension

To reduce the floating platform motions, the restoring force to counter the environmental
loadings has been provided through the mooring lines. Here in this research catenary type
mooring line have been used. In catenary mooring lines, part of lines has been rested on
the ocean bed. When the wave load is applied on the structure, the restoring force against
that load is generated. As the water depth increases the weight of the mooring line
increases and the vertical force from the mooring lines to the floating platform is also
increased.
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Figure 6-13 Mooring line arrangement

In this research the water depth used is 200 m which is comparatively higher than normal
floating structure. The mooring line arrangement can be seen in Figure 6-13. The
maximum tension forces are

Line 1: 7268 KN
Line 2: 1315 KN
Line 3: 1315 KN

These are the forces when wind turbine is operating under operational sea conditions
with rated wind speed of 11 m/s. As the surge motions in this case is at 11 m can be seen
in Figure 6-14. So, the mooring tension have been checked at 11 m of surge condition.

2C(;senerated with AeroElasticSE FAST driver

0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 6-14 Surge motions for Operational Sea states with rated wind speed

Although this mooring tension is big but as compared to the cable stayed bridge, this is
not so large. In Toyota Arrows Bridge as shown in Figure 6-15, which is located in
between Tomei expressway and Tokai expressway, the bridge is a 4-span continuous PC
/ steel composite cable-stayed bridge, with a bridge length of 820 m (maximum span:
235 m) and a total width of 43.8 m with an integrated upper- and lower-line structure (8
lanes). It is one of the largest bridges on the road and the largest span in the world as a
cable-stayed web bridge [86].
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Figure 6-15 Toyota Arrows Bridge completed photo [90]

Since this bridge is a one-sided cable-stayed bridge with a total width of 43.8 m, a
maximum tension of about 20000 KN acts on the cable-stayed cable anchorage on the
main girder side when the design load is applied (one anchorage).

In comparison to this cable stayed bridge, which is functional since 2006, the tension
force is lesser and can be accommodated with care.

6.6 Summary of chapter

Based on hydrodynamic behavior, SS-03 has been finalized on the less
displacement or less weight of the floater.

SS-03 has lesser added mass, restoring force and inertial mass as compared to the
other cases. This is due to the fact this case was finalized based on less weight.
The natural heave period is 15 sec, which is smaller and will be modified in the
next round of optimization study. The heave motions are not fully zero, but it just
near to zero around 8 sec and again rises, the reason due to the availability of the
pontoons in semi-submersibles. The abrupt difference in the upper and lower
pontoon position was the major cause of this phenomenon.

At 6 sec natural period, pitch RAOs has a small peak, the reason is structure was
synchronized with the excitation of the waves. The wavelength will be 56 m for
of'a 6 sec period wave.

The significant height response was calculated and compared for 3 cases. SS-01
had bigger response values in pitch and heave in comparison to other cases. SS-
02 also had a larger response value than SS-03. On the other hand, SS-03 had
good response for storm, centenary and operational wave condition.

RAOs had a good agreement for current level. There is a small difference between
OpenFAST and WAMIT and this is due to the difference in damping values that
is different for aerodynamics components.

The proposed floater had good reaction under operational wave condition with
rated wind, no wind and cut-out wind speed. The floater also had good results for
storm wave ¢ conditions with 41 m/s wind and centenary wave conditions with
rated wind speed.
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For the water depth of 200 m, the maximum mooring tension in 1 mooring line is
7268 KN.

The final was selected as it has lower coupled motion response and the lower
displacement under various environmental conditions.
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7 Model Test

In this chapter, model test of the shortlisted case has been explained in the wave tank.
The 1:60 scale were conducted to evaluate the hydrodynamic response of the proposed
structure under different heave plates position. The structure response was checked under
regular waves, irregular waves and transient waves. The free decay test for different
heave plate position have been explained.

The model test case has been shortlisted based on the restrictions already explained in
Chapter 5. These restrictions are :

e Metacentric height should be greater than 1.0.

e Heave natural period of the floater must be greater than 20.0 sec.
e Pitch natural period of the floater must be greater than 23 sec.

e Tilt angle must be less than 7 degrees.

Based on these conditions, SS-07 case has been shortlisted for model test as shown in
Table 7-1. As this case is fulfilling the requirements as well as restoring moment is also
in appropriate range.

Table 7-1 Selection of the case for Model test

Heave Pitch Restoring
Case Mass GM Natural Natural Moment
1D [ton] CG [m] [m] Period [s] Period [s] [ton-m]
SS-01 27303 8.65 15.00 14.4 18.0 35739
SS-02 25124 10.08 11.15 16.0 22.0 24446
SS-03 21732 10.80 9.00 15.0 24.0 17068
SS-04 24653 9.28 12.30 16.7 20.0 26462
SS-05 25126 9.38 12.00 16.0 20.0 26311
SS-06 20810 10.59 6.19 21.0 29.0 11241
SS-07 27142 13.83 8.23 19.5 23.0 19493
SS-08 32432 7.54 14.76 19.0 19.0 41773
SS-09 43549 5.92 19.70 18.0 16.0 74866

7.1 Experimental setup

7.1.1 Scaled model

A reduced scaled model has been constructed which was similar to the prototype at a
scale of 1:60 to check the proposed floater response under waves. The original model
dimensions are shown in Figure 7-1 and Table 7-2. The scale model is shown in Figure
7-2.
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Table 7-2 Main dimension and variables for the case used in model test

Dimensions [m]

Rext: 36.0
Rint: 9.7
Wext: 22.7
Rpont: 255
Draft: 22.2
Depth: 32.2
Hpont: 7.6
Hhp: 5.3
Hull thickness: 0.6
HP thickness: 0.6
Tower Connection Thickness: 5.0

T—

220

Figure 7-2 Model dimensions used in the experiment at the scale of 1:60
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The experiments were conducted at the towing tank of the
University of Tokyo, Japan. The length of towing tank is 85 Ul ot
m, width is 3.5 m and depth are 2.4 m as shown in Figure

7-3. The floating model was placed 50 m away from the
wave generator setup.

Acrylic made deck was installed to attach the spring
mooring lines and keep the targets in position which was
utilized for motion capturing tools. Six degree of freedom
(6DOF) floater motions have been computed using
Qualisys® which is an optical motion capturing system. It
consists of four cameras and 6 targets which are attached on
the surface of model deck.

85.00m

L=

7.1.2 Wave conditions u‘[ 4=180deg
The irregular and regular wave conditions in full scale
which was carried out during the model test are presented | >
in

b 4

Table 7-3 and Table 7-4.

Table 7-3 Irregular wave conditions in full scale

2 ¢
.. . W.ave Wave Peak Lov
Condition Significant .
g Period, T,
Height, Hg W=3.50m

Operational 2.5m (4.17cm) 9.0s(1.165s) Fi 7-3 Towing tank
igure 7-3 Towing tan

Storm 6.0m (10cm) 13.5s(1.74 ) dimensions
Centenary 3.4 m(5.56cm) 16.15s(2.085s)

7.1.3 Model test conditions

The experiment was done on three different models. The type of models was based on the heave
plates orientation as mentioned in Figure 7-4. In part a, there is no heave plates between the
lower pontoons. In part b, only horizontal heave plates have been installed between the lower
pontoons. In part ¢, both horizontal as well as vertical heave plates have been installed between
the lower pontoons.

(a) (b) (©)

Figure 7-4 Types of models based on heave plates orientation
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Table 7-4 Regular wave conditions in full scale

Range of
Condition Regular Wave Height, H Wave

Period, T,
1.0 m (1.67 cm) 5.05(0.65 s)
1.0 m (1.67 cm) 10.0 s (1.29 s)
0.87 m (1.45 cm) 15.0s(1.945)

0.87m, 1.75m, 3.5m

D 17.0s(2.195s)

(1.45cm, 2.90 cm, 5.81 cm)

0.87m, 1.75m, 3.5m
E 20.0 s (2.58 s)
(1.45cm, 2.90 cm, 5.81 cm)

0.87m, 1.75m, 3.5m
F 25.05(3.235)
(1.45cm, 2.90 cm, 5.81 cm)

0.87m, 1.75m, 3.5m
G 30.0s(3.87 s)
(1.45cm, 2.90 cm, 5.81 cm)

7.2 Data Analysis

For data analysis, full heave plate case has been shortlisted to check behaviour of floater
against the operational sea stats which has significant wave height of 2.5 m and peak
wave period of 9.0 sec. This operational wave has most of the energy in between 0.5 Hz
to 2.5 Hz can be seen in Figure 7-5
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Figure 7-5 Wave Signal and Spectral Response of the Floater
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Figure 7-6 Motion Signal and Spectral Response of the Floater

The signal for both wave response and motion response have been cut from 150 sec to
390 sec to check the spectral response for the same range of signal as shown in Figure
7-5 and Figure 7-6. All 6 DOF (surge, sway, heave, roll, pitch and yaw) time series and
spectral density has been presented in Figure 7-6.
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Figure 7-7 Wave Spectrums of Different Conditions on The Japanese Coast
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In Figure 7-7, wave spectrum of different sea conditions has been presented for the coast
of Japan. As only operational case has been verified in this data analysis, so from here
we can observe that the operational wave has the energy in between 5 sec to 13 sec. So
in this section the experimental data also checked in this range. The RAOs for Irregular
conditions have been calculated by using following equation:

0.5
RAO(O)) — <SResp(w)>

Swave (w)

FHP-Model
—— Analytical Model
0.9

Surge [m/m]
e © © ©°o o @©
[} - [3,] o ~ L=

e
LX)

0.1

Wave Period [s]

Figure 7-8 Comparison of RAOs between Experiment and Analysis for Surge
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Figure 7-9 Comparison of RAOs between Experiment and Analysis for Heave
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Figure 7-10 Comparison of RAOs between Experiment and Analysis for Pitch

The comparison of surge, heave and pitch transfer function between model test and
analysis have been presented in Figure 7-8, Figure 7-9 and Figure 7-10. This comparison
has been done for operational wave conditions in between 5 sec to 13 sec.

7.3 Comparison of Heave Plate behavior under Operational and
Storm Conditions

7.3.1 Heave Comparison

In this section, RAOs comparison of 3 different models i.e. full heave plate model,
middle heave plate model and without heave plate model have been done under
operational sea conditions and storm sea conditions.

45
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41 MHP WAMIT N
—WHP WAMIT
| ——FHP test i
35 ——MHP test
3l WHP test ,
25- B
2 | -
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0 el ==
0 5 Wave Period [s] 10 15

Figure 7-11 RAOs Heave Comparison for Operational conditions

Figure 7-11, Heave RAOs comparison have been done under operational conditions. In
this figure WAMIT results for full heave plate (FHP), middle heave plate (MHP) and
without heave plate (WHP) have been compared with the respective model test results.
The is good agreement between model teat results and WAMIT results for FHP and MHP
but there is a difference in between simulation and model test results for WHP. The
period is same for both simulation and model test but motions in model test are larger.
When there is no heave plates in between lower pontoons, waves starts galloping in
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vertical direction so in experiment without heave plates, motions are higher as WAMIT
couldn’t simulate very well this behaviour. Under operational conditions, proposed
model with any of FHP, MHP and WHP is fulfilling the requirements.

In Figure 7-12, comparison of heave RAOs under storm conditions have been done. Here,
there is good agreement between simulation and model test for all the cases. But for here,
period is different for FHP, MHP and WHP. The period for WHP is 14 sec and this period
is in between the ocean waves period of Ssec to 20sec. On the other hand, both for MHP
and FHP, the period is beyond 20 sec. So, the model with middle heave plates is suitable
for storm conditions.

25 T T
——FHP WAMIT
MHP WAMIT
— WHP WAMIT
2 - ——FHP test
——MHP test
WHP test

Heave [m/m)]
)

-
T

0 5 Wave Pericd [s]m 15 20 25

Figure 7-12 RAOs Heave Comparison for Storm conditions

7.3.2 Pitch Comparison

In this section, pitch motion under operational and storm conditions have been presented

in Figure 7-13 and Figure 7-14. Under operational conditions, pitch motions for all the
cases are less than 0.5 degrees and under storm condition, pitch motions are less than 2
degrees for the period of 20 sec.

From pitch motions comparison, model with MHP is suitable based on the period and
motions.

FHP WAMIT J
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Figure 7-13 RAOs Pitch Comparison for Operational Conditions
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Figure 7-14 RAOs Pitch Comparison for Storm Conditions

7.3.3 Surge Comparison

Surge motions and period are also within permissible limit under storm and operational
conditions for all the cases as shown in Figure 7-15 and Figure 7-16.
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Figure 7-15 RAOs Surge Comparison for Operational Conditions
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Figure 7-16 RAOs Surge Comparison for Storm Conditions
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7.4 Summary of chapter

e The case for model test has been finalized based on the restrictions which heave
and pitch natural period, metacentric height and tilt angle.

e The 3 different model tests have been done to check the effect of heave plate on
floater response and to check the floater natural period is either inside the wave
period range or away from that.

e Upon comparison, middle heave plate (MHP) has been finalised based on the
evaluation of model test and simulations results. As MHP is accomplishing the
conditions for operational and storm sea states.
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8 Conclusions

Floating offshore wind turbine has been developed in last decades especially in Europe.
Now the researchers are focussing on proposing the support structures made up of
concrete other than steel. The reasons are reduced carbon emission, reduced cost and
quite common construction skills for concrete structures.

Therefore, this study aims to propose a concrete multi-column floater for 10 MW floating
offshore wind turbine. The mooring connection fatigue behaviour and structure stresses
of the barge floating structure has been evaluated by the finite element tool COM3. The
structure has been proposed in 3 rounds. The geometric and structural design of the 1%
proposal has been done based on the static loading. The 2" proposal has been presented
based on parametric study. The behaviour in waves of the structure was confirmed by
numerical calculations using WAMIT and OpenFAST codes. At the end model test has
been done to validate the added mass, damping and hydrodynamic calculations.

8.1 Summary of the Chapters

Following conclusion have been drawn from this research:

e In Ist round under static load conditions, 5 m tower connection thickness was
considered to compensate the 10 MW WTG loadings and vibrations.

e 50 cm slab thickness is decided which is larger than necessary slab thickness.
The concrete cover is considered as 70 mm. Minimum area of steel governed due
to larger concrete section.

e The minimum required thickness of wall for shear is 270 mm.

e Out of 700 mm wall thickness, 160 mm is compression one and rest is tension
zone. To accommodate the applied hydrostatic loads, minimum 100 mm
compression zone is required as per DNVGL guidelines.

e In 2" stage, after assessing hydrodynamic analysis, SS-03 demonstrates good
response in pitch and heave for different wave. In the coupled aerodynamic
analysis, SS-03 also demonstrates good response for various groupings of wind
conditions and sea states.

e The final floater was selected based on the smallest displacement and smallest
significant heigh motion response under the environmental conditions
considered.

e In 3" stage, proposed concrete floater model test for 10 MW wind turbine was
finalized based on the Restoring moment and restrictions of heave and pitch
natural period.

e In hydrodynamic behaver evaluation, SS-07 demonstrate better response in
heave and pitch as compared to the other shortlisted cases. In coupled
aerodynamic evaluation, SS-07 showed the better response under different sea
conditions and wind conditions.

8.2 Conclusions
e Depth of lower pontoons, Hpont, found to be critical. By increasing the depth of

lower pontoons, the natural period of the proposed floater increased.
e Depth to width ratio should be 0.5.
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Middle heave plate (MHP) has been proposed based on the comparison of
simulations and model test results. As MHP is fulfilling the requirements for
operational and storm sea conditions.

According to ACI 224.1R-07, the crack width is 0.129 mm. In DNVGL, crack
width opening for splash zone is 0.2 mm which is greater than calculated crack
width.

Based on the objective of this research, the final conclusion is the proposed structure
shows good response and fulfilled the restrictions adopted during this research. The
structure is good under hydrodynamic and aerodynamic loadings and can be utilized
for structural design for future research.

8.3 Future Recommendations

Following future recommendations have been proposed for this research:

It was presented that the data analysis for the model test are undergoing to
validate the hydrodynamic responses as well as to calculate the corrected added
mass and damping. It is necessary to validate the model test results with the
reduced scale model with corrected added mass and damping.

From the model test after verification of heave plates behaviour, it is necessary
to finalize the proposal based on heave plates configurations.

It is necessary to propose the Connection design (Tower to floater connection
and Fairleads connection) and concrete structural design.

The behaviour of the proposed floater under coupled dynamic loadings by using
Finite Element tool is compulsory to check the durability of concrete structure
and Fatigue performance.
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