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Summary

The wind industry has been rapidly evolving in recent years, moving from onshore to offshore
locations. For deep waters, floating wind turbines are more cost-effective than bottom-fixed ones,
and semi-submersible floating wind turbines are especially advantageous compared to other con-
cepts because of their relatively small draft and good towability for installation. This master
thesis focuses on preliminary design and analysis of a novel semi-submersible floating wind turbine
supported by a twin fish floater and positioned by a single-point mooring system. Hydrostatic
and hydrodynamic analysis are first carried out to select a floater with decent dynamic properties.
Then, a two-component mooring system is designed with a turret connected to the twin fish floater.
Dynamic analysis of the coupled wind turbine-floater-mooring system is performed under a few ex-
treme environmental conditions. Results identify the motion characteristics of the twin fish floater
with single point mooring and show that the extreme mooring line tensions satisfied the design
criteria. This study contributes to a better understanding of the proposed novel system under
wave conditions. In future, detailed structural analysis will be included in a more comprehensive
study to evaluate the feasibility of the concept.

Figure 2: Illustration proposed by thesis of novel twin fish floater concept.
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1 Introduction

In recent years, the effect of global warming has become more visible and led to larger impacts
on society, both economic and social [14].To reduce carbon emissions while fulfilling the increasing
energy demand, renewable energy is a good option[15]. Amongst all options, wind energy shows
good potential due to its low cost, reliability and zero-emissions during operation. Also, there has
been an increase in energy demand. It is expected that the energy demand will increase in the next
decades[16]. From 2011 to 2020, the capacity from offshore wind power worldwide increased from
approximately 3776 MW to 34 367 MW and it has potential for significant expansion [17]. Several
companies are seeing the potential for wind energy and are investing into this renewable energy
technology|[18].

Although onshore wind currently has greater turnover than offshore wind [19], there is an increase
in resistance towards use of onshore wind . There are several reasons for that, such as visual and
sound pollution for the populations in which wind turbines are erected [20]. Compared to onshore
wind, offshore wind has advantages such as: Stronger, and less turbulent wind at sea than at land
, unlimited construction area compared to placing wind turbines on land and easier transportation
of large wind turbines using ships instead of using roads [21].

There are many different offshore wind turbines in use.In general we can divide between fixed and
floating structures [21]. The fixed structures in use today are used for sea depths of about 50
metres. Some examples in commercial use are the monopile, jacket or tripod structure. For sea
depths of more than 50 metres, floating structures prove to be more cost efficient. For floating
wind turbines, we can distinguish between spar, semi-submersible and the TLP[22].

Figure 1.1: Different offshore structure foundations for wind turbines [1]
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Spar floaters is a gravity based structure requiring a large draft to stay stable. The necessary draft
requires that the structure is built on water depths of 100 metres or more. Also, transportation and
assembly of the spar floater requires good weather conditions. Tension leg platform (TLP) use
tendons to achieve stability, and limit the motions of the structure. However, there is a risk for a
coupling effect between the wind turbine and the tendons. Installation of TLP may also be difficult.
Semi-submersible is a waterplane area structure with great flexibility. The semisubmersible may
be used on both small and great water depths, and relies on ballasting to achieve stability. The
manufacturing and assembly is done at the dock before the structure is towed to site, ensuring
great quality and eliminating the need for barges and marine cranes. Semi-submersibles have been
built using different materials, such as steel, concrete or hybrid structures. From the reasoning
above, the semi-submersible structure proves to be a good option for further investigations[22].

S B

Figure 1.2: Spar floater [2] Figure 1.3: Pelastar TLP [3] Figure 1.4: WindFloat [4]

A mooring system is a traditional way of keeping the structure at place. A mooring system can be
constructed from a number of lines (chain,rope or a combination of both) with their upper ends
(fairlead) attached to the structure, while the lower end (anchor) is fastened to the sea bed [9] [11].
The typical type of mooring systems in use is catenary mooring lines in a spread mooring system
[23].It obtains the restoring force mainly by lifting and lowering the weight of the mooring line. In
a spread mooring system, several pre-tensioned anchor lines are arrayed around the structure to
keep it in position. The system requires significant length of anchor lines lying on the sea bed [9].

Many semi-submersible concepts have been proposed, the 5SMW CSC [23], WindFloat [4], Trifloater
[24] , ideol concept with a damping pool [25]. Most of these semi-submersible concepts are copied
from the oil industry and use a catenary system to take up large forces. For the existing mooring
systems used for semi-submersible structures, only spread mooring systems have been used. The
twin fish floater is a structure with biomimetic characteristics,taking up little forces since it will
rotate depending on loads inflicted on it. It will therefore reduce the number of mooring lines from
several to only one.

According to Karimirad et. al , the price of the generated electricity is dependent on several factors
such as design of support structure, installation, grid connection, operation and maintenance.The
costs for floating offshore wind turbines exceed their bottom-fixed counterparts, and researchers
are searching for opportunities for cost reduction[26].The feasibility of different floating concepts
need to be studied and innovate structure which may aid in maturing the offshore industry.
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However, significant analyses needs to be conducted for a novel structure. A coupled analysis is a
good methodology to determine the overall influences of environmental loads on the structure. In
a coupled analysis it is possible to study the influence of the mooring/riser system on the floater.
Several tools can be used, such as SIMO-RIFLEX, where SIMO computes the vessel motion, and
RIFLEX is used for modelling of the mooring system, and calculates forces and motions in the
mooring system. Together, the vessel motion from SIMO is included in the equations for the
mooring system [12].

As the wind energy industry is being foretold to become a "1 Trillion $§ industry" [27], further
investigations within cost effective wind turbine systems will encourage further use and growth of
the technology. Therefore in this thesis, a novel semisubmersible wind turbine system, is studied.
A single point mooring system is designed and a coupled analysis is conducted to properly asses
the structure’s responses.
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This thesis contains the following chapter sections:

Chapter 1: Introduction

Gives a background for the thesis, brief scope introduction and the structure of the thesis.
Chapter 2: Social perspective

Shows the social perspective and importance of investigating novel designs of offshore floating
structures.

Chapter 3: Theory

Presents the theoretical background of the thesis. Different classical literature and fundamental
hydrostatic and hydrodynamic theory is presented.

Chapter 4: Scope

Main research question with sub-questions and necessary limitations for the thesis.

Chapter 5: Case

Presents case, and data of the twin fish floater with used software and location with belonging
loads.

Chapter 6: Methodology

Methodology for modelling and analysis conducted in the thesis.

Chapter 7: Results

The results of the thesis is presented.

Chapter 8: Discussion

Discusses the results presented in the previous chapter. Shares the same structure as the result
chapter.

Chapter 9: Conclusion

Presentation of conclusions from the master thesis

Chapter 10: Recommendations

Presents fields which should be investigated further.

Chapter 11: References and Chapter 12: Appendix



2 Significance of the work

In recent years, the effect of global warming has become more visible and led to larger impacts on
society, both economic and social. Some consequences of global warming are more frequent and
intense droughts, storms, rising sea levels, melting glaciers and warming oceans have had effect
on people and the wildlife population of the world. The carbon emissions caused by humans and
industry are only amplifying the effects of global warming [14].

According to statistics, non-renewable energy sources such as fossile fuel make up more than 70
percent of the electricity generation in the OECD countries in 2018. The rest is adressed to
renewable energy sources [28]. From research, it is clear that the non-renewable energy sources
have had significant impact on the emission of CO; [14] , and thereby impacting global warming.
To reduce carbon emissions while fulfilling the increasing energy demand, renewable energy is a
good option. Amongst all options, wind energy shows good potential due to its low cost, reliability
and zero-emissions during operation. Also, there has been an increase in energy demand. It is
expected that the energy demand will increase in the next decades [16]. From 2011 to 2020, the
capacity from offshore wind power worldwide increased from approximately 3776 MW to 34 367
MW and it has potential for significant expansion [17].The potential for wind power is immense,
and large parts of the world have good prospects for increased use of wind power, as shown below
[5]. Increased use of wind power will generate more workplaces worldwide [16].

Global offshore wind growth to 2030

New installations Other @ China @ Europe
GW, offshore ® North America @ Asia ex China

/
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C}IQ ?0?[}5 2021e ?O??e 2023e 2024e 2025 2026e 20272 2028e 2029 2030e

* CAGR = Compound Annual Growth Rate
Source: GWEC Market Intelligence, June 2020

Figure 2.1: Predicted offshore wind growth to 2030 [5]
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Although onshore wind currently has greater turnover than offshore wind [19], there is an increase
in resistance towards use of onshore wind. There are several reasons for that, such as visual and
sound pollution for the populations in which wind turbines are erected [20]. Compared to onshore
wind, offshore wind has advantages such as: Stronger, and less turbulent wind at sea than at land
and unlimited construction area compared to placing wind turbines on land [22].

Norway is a country which relies on the sea. Regarding energy, Norway has mostly been related to
oil and gas, and water power [29]. Recently, Norway is focusing on new renewable energy sources
such as wind to reduce the reliability on oil and gas [30]. A report by Multiconsult mapped the
turnover of the renewable energy sources in Norway year 2019. Compared to 2018 the turnover
increased by about 30 percent in 2019. The turnover from sale to clients in Norway was 25.9 billion
NOK. Half of the amount was in onshore wind power. Offshore wind was the only sector which
experienced growth in export in 2019 of the renewable energy sources. Hydropower is the sector
which employs the most people, while offshore wind employs the second most people within the
renewable energy sector (17 percent) [19]. The government and companies are investing in offshore
wind power. The Hywind Tampen project by Snorre and Gullfaks platforms is the worlds first
renewable power for offshore oil and gas, while it is the largest wind farm in the world [31].

Locally, the companies in Agder is investigating the advantages with floating offshore wind in the
collaborative project, "Flytende Havvind". The unique gathering of companies in Agder offers great
opportunity, and may generate many new workplaces[30].

As stated by Karimirad et al: for every possible site for installation of offshore wind turbines and
depending to wave and wind characteristics, seabed properties and social conditions, the usage
of floating wind turbines at some water depth is indicated as the most appropriate mainly due
to cost related issues. The development of offshore wind turbines in deep waters requires further
investigation. The issues related to design configuration of the support structure,installation, grid
connection, operation and maintenance have significant effects on cost of produced electricity [26].

The costs for floating offshore wind turbines exceed their bottom-fixed counterparts, and researchers
are searching for opportunities for cost reduction. Good, and feasible floating wind turbines with
a cost effective design will potentially increase the use of the technology, and open for more work-
places.



3 Theory

This chapter introduces the theories used in the software and programs used in completing the
master thesis. Potential flow theory is used by both SIMA and HydroD to calculate dynamic
responses of the structure. For a parked wind turbine, airfoil aerodynamics can be applied to
calculate the overall wind forces on the turbine blades. When the turbine is operating, wind
turbine theory, and various corrections are used in RiFlex. Also, the sea environment, forces and
fundamental concepts within hydrostatics and hydrodynamics are presented.

The following assumptions are set for the theory presented in this chapter [32]:
1. The water is incompressible
2. Viscosity plays no role
3. Surface tension plays no role
4. The water surface is plane
5. The floating bodies are rigid

6. The sea bed is impermeable, therefore the velocity vertical component is zero.

3.1 Aerodynamics of wind turbine

3.1.1 Airfoil aerodynamics

In severe wind conditions , the wind turbine will stop working and the blades will be in a feathered
position. In such a case, aerodynamics for an operating wind turbine is no longer appropriate. It
is unreasonable to use blade element/ momentum theory. Instead, strip theory can provide a good
estimation for aerodynamic loads acting on a parked wind turbine.

An airfoil element (see below) will be exposed to a flow with a certain degree of attack. The forces
which will act on the blade is a lift force normal to the incoming wind direction, a drag force inclined
with inflow and a pitching moment pointing from positive lift force direction to inflow direction.

Several terms are necessary to know. The dashed line is the mean camber line, the position is
between the upper and lower surface of the airfoil. The black line is the chord line , and connects
the leading edge in the front and trailing end. Camber is the length between the mean camber
line and the chord while the thickness is the distance from the upper to the lower surface. Angle
of attack is the angle between inflow direction and chord line. The span of the blade is the total
length of the blade.

The lift force (La) is the force perpendicular to the wind direction , and a non dimensional lift



al

U i .URi\gersitetet
3.1. AERODYNAMICS OF WIND TURBINE cll i Agder
Figure 3.1: Airfoil element with loads [6]
coefficient defined as:
Lq
Cp=——-5— 3.1
L 0.5pau?AC (3.1)

Drag force (Da) is a parallell to the inflow direction, and similarly, the drag coefficient can be
expressed as:

D,

Cp=——
b 0.5paul2Ac

(3.2)

Pitch moment (Ma) is positively defined pointing from lift forces to drag force and pitch moment
coefficient is expressed as.

M,

Cy = ——2—
M 05pau2A,

(3.3)

For the above equations, p, is the air density , u; represents inflow speed , A, is the blade area and
c is chord length.

Lift coefficient, drag coefficient and pitch coefficient are expressed with respect to angle of attack.
When the inflow angle equals to zero, the aerodynamic forces are relatively small on the airfoil.
With an increasing angle of attack, all forces will increase. Lift forces will drop after the stall
angle.Drag coefficient will keep increasing with the angle of attack , as well as the speed. In
general, we will arrive at a peak value around 90 degrees [33].

3.1.2 Operating wind turbine aerodynamics

The main purpose of an onshore or offshore wind turbine, is extracting kinetic energy from the
wind to generate electricity.Even though the described principles and mechanisms are in general
the same, a floater has larger motions compared to an onshore fixed tower due to the flexibility of
the wind turbine and the combined effect of wind, wave and current. These motions can have a
large impact on the aerodynamics of the rotor and the blades.



al

U 1 A Universitetet
| i Agder

A

3.1. AERODYNAMICS OF WIND TURBINE

There are two general aerodynamic models for wind turbines; The Blade Element/Moment (BEM)
method used together with corrections for tip loss, hub loss, dynamic stall and dynamic wake.
Another way is the GDW — Generalized Dynamic Wake model which is an acceleration potential
method and originally developed for helicopters.

SIMA uses the BEM for aerodynamic calculations. However, since no analysis has been conducted
considering an operational wind turbine in this thesis, no further theory regarding an operational
wind turbine will be presented [33].



al

ij UiA i

A

3.2. SEA ENVIRONMENT AND RELEVANT TERMS

3.2 Sea environment and relevant terms

All offshore structures are exposed to waves in one way or another. Waves can be generated in
different ways, such as by wind, by a moving structure, astronomical forces or earthquakes [34].

The gravity and surface tensions works to level out the sea surface, but it also allows the waves to
propagate. Waves induced by winds are very irregular, but the superposition principle is used to
study the effect of a irregular wave by looking at it as a composition of many harmonic waves with
different amplitudes [34].

CREST

1 WAVELENGTH I
! ! WAVE HEIGHT

AMPLITUDE

STILL-WATER LINE ]

TROUGH

WATER

> DEPTH
DIRECTION OF WAVE PROPAGATION

SEA BED

Figure 3.2: Overview of technical terms for waves [7]

3.2.1 Wave height

The wave height is the vertical distance from the wave crest to the wave through on any wave.
On a sinusodial wave the wave height will be two times multiplied with the wave amplitude. The
significant wave height is the average of % of the waves.

3.2.2 Wave period

The wave period T is the time, usually defined in seconds, a wave uses to complete one cycle,
i.e from one wave crest to another. The term is important to understand natural periods and
resonance later in the theory chapter. Wave period is inversely proportional to wave frequency f.

T= (3.4)

1
f

The wave frequency f is defined as the number of waves that pass a fixed point in a given time [34].

10
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3.2. SEA ENVIRONMENT AND RELEVANT TERMS

3.2.3 Wave spectrum

Local waves, generated by wind is modelled by spectral density functions. There are several different
spectral density functions, such as the Pierson-Moskowitz spectrum, the JONSWAP spectrum or
the Ochi - Hubble spectrum.

The single peak spectras used to simulate North Sea environment, is the JONSWAP spectrum. In
1968 and in 1969 an extensive measurement program, called the Joint North Sea Wave Project was
carried out for 100 miles into the North Sea.The spectral formulation applies for fetch-limited or
coastal wind generated seas.

The Jonswap spectrum is a modified Pierson-Moskowitz spectrum. The PM spectrum is most
frequenctly used for developed seas. It has been derived for wave spectral formulations.

It is given by:

I b w 4)
Siai(w) = 5 Hiwpwesp ( i) (3.5)
While the JONSWAP spectrum is given by:
2
_075<w0w‘;p)
Sj(w) = A, Spar(w)ye (3.6)

Where Spys(w) is the Pierson-Moskovitz spectrum , w is the angular frequency , Hy is the significant
wave height, T}, is the spectral peak period , 7 is the non dimensional peak shape parameter, o is
the spectral width parameter with o, = 0.07 for w < wy, and w;, = 0.09 for w > w,. Finally, A, is
the normalizing factor [11].

6.0
S(w) ‘o |

404 - - -
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Figure 3.3: JONSWAP spectrum with variable peak shape parameter [8].
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3.3. HYDROSTATICS OF OFFSHORE STRUCTURES

3.3 Hydrostatics of Offshore Structures

In this section the hydrostatic theory for offshore floating structures is presented.

3.3.1 Hydrostatic Stability

The notion of stability is related to the position of equilibrium. If we consider any random structure,
a force or a moment exerted on it will lead to one of three possible scenarios [32]:

1. The structure will return to its initial equilibrium position, meaning that the structure is
stable.

2. The structure’s position will continuously change, meaning that the structure is unstable.

3. The structure remains in its changed position until a force or moment will act on it, forcing it
to return to the original position or change to a different position, meaning that the structure
is in neutral equilibrium.

The figure below shows several important characteristics which are necessary in describing the
hydrostatic characteristics for a floating body.

buoyancy buoyancy

K
weight weight

4

Figure 3.4: Parameters influencing the static stability of a structure [7]

The center of gravity,G, is defined as the point within the structure in which all mass may be
concentrated to a force vector in the negative z-direction. The center of bouyancy, denoted by B, is
the centre of volume for the submerged part of the structure, where bouyancy may be simplified to
a force vector in positive z direction. The metacentre,M, is defined as the point in which a vertical
line through a heeled centre of bouyancy crosses the vertical line for the original centre of buoyancy.
The metacentric height, GM, is the distance between the centre of gravity and the metacentre. A
larger metacentric height will give a higher righting moment in a heeled state. Rightning moment
refers to the rightning arm between G and B1. If this is poorly designed, the structure will capsize
[32].

12
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3.3. HYDROSTATICS OF OFFSHORE STRUCTURES

3.3.2 Archimedes principle

Archimedes principle states that a body lowered in fluid will be subjected to an upward force equal
to the weight of the fluid displaced. Archimedes principle can be derived from Pascal’s principle.

For a floating structure the following two rules are of importance:
1. Archimedes principle: Sum of all forces needs to be zero.
2. Stewin’s law: Sum of all moments need to be zero

For a floating body, two forces will always act: The buoyancy force acting upwards and the gravity
force acting downwards.If these forces are aligned in x and y direction the moments will be zero.

We therefore have the following formula:

pgV —gm =0 (3.7)

Where p is the density of water , g is the gravity acceleration and V is the displaced volume of the
structure. The right side is the bouyancy force, while the left side represents gravity force.

pgV = gm (3.8)

If a structure is floating freely, then the horizontal, vertical and rotational equilibrium has been
achieved. Horizontal equilibrium is not relevant until the mooring system is designed. Rotational
equilibrium is achieved when the center of buoyancy and center of gravity are located on the same
vertical line.

The centre of bouyancy is dependent of the submerged part of the structure . The center of
bouyancy only changes when draft,trim or heel occurs. Under the influence of a light heeling, the
vertical line will intersect with the center line of a structure in a point. The distance between the
center of gravity and the metacentre indicated by a point M, the metacentre. The higher GM value
is , the better is the initial stability of the structure.

The center of gravity and the center of buoyancy will not always remain on the same vertical line.
The new center of buoyancy which we get when the structure heels, will result in a new vertical line.
The distance, GZ, is the horizontal distance between these two lines. The greater the rightning
arm is , the better is the structure’s ability for stabilization [32].

3.3.3 GZ-curve

For a floating body which experiences a heel with an angle ¢ the stability moment can be calculated
in the following way as presented below:

Mg = pgVGZ (3.9)
M, = pgVGNysing (3.10)
pgV (GM + M Ny)sing (3.11)
Which leads to the GZ being equal to:
GZ = GNysing = (GM + M Ny)sing (3.12)

13



al

U 1 A Universitetet
| i Agder

A

3.3. HYDROSTATICS OF OFFSHORE STRUCTURES

G7Z is a good indication of the stability of the structure.

The GZ curve has several important characteristics useful in evaluation of the stability of a struc-
ture;

1. The slope at the origin

2. Range of stability

3. The maximum GZ value

4. Angle of deck immersion

5. Area under the stability curve

The slope at the origin or tangent to the GZ curve represents the metacentric height GM.The
range of stability is the range which the GZ curve has positive values. The negative values for
the GZ curve represents areas where the structure loses stability. If the angle has positive GZ
value, than the structure will return to its original state when moment is removed. For maximum
GZ value is the largest heeling moment the structure can resist. Angle of deck immersion
is represented on the GZ curve as an inflection point. Area under the stability curve up to
a certain angle represents the amount of energy in which the structure can absorb from wind, or
other external effects [32].

14
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3.4. LINEAR WAVE THEORY

3.4 Linear Wave theory

Linear wave theory, also known as airy wave theory, describes propagation of waves on the surface
of a fluid. Velocity potentials are used in the description of the theory, which are a result of a
derivation of a potential function.

The velocity potential is given by the following formula:

D, (z,2,t) = P(z) x sin(kt — wt) (3.13)

Several requirements need to be fulfilled, such as:
1. Laplace equation
2. Boundary condition for sea bed
3. Free surface dynamic condition
4. Free surface kinematic boundary condition

The velocity potential for each direction in the x,y,z axis are given by the following formulas:

0P,
= — 3.14
Vg 6:(: ( )
0P
0P,
=< 3.16
Uy Sz ( )
The continuity formula is given by the equation:
pu | 0Py
=0 3.17
ox? 022 (3.17)
The continuity equation in combination with Laplace equation results in:
820, 620, 520
V2P, = —° - <=0 3.18
Y a2 + dy? + 62z (3.18)

Since we assume that the particles on a fluid surface only moves in the x-z plane then v, will equal
2d, _
oy

zero and therefore

Boundary condition for the seabead states that the seadbed is assumed impermeable and that the
vertical flow velocities of the particles at the seabead are zero.

D,
55 =0 for z=—h (3.19)

15
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3.4. LINEAR WAVE THEORY

The free surface dynamic boundary condition states that a pressure p at the surface equals the
atmospheric pressure. Bernoulli equation can be simplified to the formula below if free surface
dynamic boundary condition is considered. For z = ( the equation will be zero.

0D,

P
- 2
5 +=4gz=C (3.20)

The final condition, which is the free surface kinematic boundary condition states that the particles
vertical velocity will equal the vertical velocity of that fluid surface is considered.

0d, ¢
— 21
0z ot (3.21)
This results in the Cauchy-Poisson condition given by the following formula for z=0.
5z 1620,
— 4+ -—-—=0 3.22
5t T (3.22)

The boundary conditions explained above are used in the boundary element method for calculating
hydrostatic and hydrodynamic issues [32].

16
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3.5. HYDRODYNAMIC LOADS

3.5 Hydrodynamic Loads

In general, the forces in which a floating body is exposed to can be divided into two sections:

Excitation loads Added mass
Damping and Restoring
forces and moments

Figure 3.5: Superposition of forces on a floating offshore structure [9].

1. Forces on a structure exposed to regular waves while being restrained. These forces are named
Froude-Krylov forces and diffraction forces and moments.

2. Forces on a structure in still water which is forced to oscillate. These forces are added mass,
damping and restoring forces.

For cases where Linear Wave Theory applies, the superposition principle is valid for obtaining the
total hydrodynamic forces on a structure.

3.5.1 Radiation and Diffraction

When multiply forces is acting on a body, the resulting force can be obtained using the superposition
principle. A structure is affected by passing waves and waves generated by the structure itself when
it oscillates. Radiation is related to the concepts added mass, damping and restoring loads. If we
imagine that the structure is forced to oscillate in still water, the radiating waves represents the
energy taken out of the system. The diffraction loads are from the passing waves affecting the
structure given that the structure is fixed.

3.5.2 Added mass and radiation damping

Added mass and damping is a result of a forced harmonic rigid body motion. The motion will
cause outgoing waves from the structure which results in pressure on the surface from the fluid
where the particles oscillate with different amplitudes. These forces and moments are calculated
by integrating over the defined surface. The pressure can be obtained from the velocity potential
and from the boundary method, a numerical calculation method often used for offshore structures.

Linear theory can describe wave induced motions and loads on semi-submersibles. The non-linear
effects are vital when studying severe sea states and for investigating the horizontal motions of a
moored structures. If we consider regular waves with an amplitude far from breaking, linear theory
will result in that the wave induced motions and load amplitudes are linearly proportional to the
wave amplitude. Therefore, to obtain the results for irregular waves, we use the superposition
principle as represented by the figure above [9].

17
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3.6 Motions and responses of floating structures

Below the relevant theory regarding the motions and responses of a floating offshore structure is
presented. The DOF’s for a floating structure,equation of motions and the natural periods are
presented.

3.6.1 6 DOF of a floating structure

For a offshore structure, there are six different motions. Semi-submersible structures have the
least vertical motions of the different structures, and therefore has large workability. The degrees
of freedom for a floating structure are the three rotational; pitch, yaw and roll and the three
translatory; heave, surge and sway [35].

AHeave 3
1

\:} Yaw 734

S
Roll 1 Uree i

Figure 3.6: The six DOF’s shown on the twin fish floater [7]

Table 3.1: Degrees of freedom with definition

Degree of freedom Definition

Surge Translation along longitudinal axis, x-axis.
Sway Translation along lateral axis, y-axis.
Heave Translation along the vertical axis, z-axis.
Roll Rotation along longitudinal axis, x-axis.
Pitch Rotation along lateral axis, y-axis.

Yaw Rotation along vertical acis, z-axis.

18
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3.6.2 Equation of motion

An equation of motion describes the motion of an object in relation to time. The foundation for
the equation of motion is Newton’s second law.

The simplified form of the equation is the following for frequency domain analysis:

(M + A)i + B+ Cx = Feyge (3.23)

M represents the mass of the structure, A equalts the added mass of the structure, B is the damping,
while C represents the hydrostatic restoring force.

If a structure has 6 DOFs the equation can be reformulated to the following:

6
> M + Aje)iik + Bjgn + Cjpmi] = Fje™ ™! (3.24)
k=1
For values of j = 1,2..5,6 [9].
3.6.3 Natural periods

Natural periods of a system with more than one DOF can be found by first estimating an answer
for the second order differential equation, which is a variant of Newtons’ second law for a spring
term.

Mi+ Kz =0 (3.25)

Here, we can guess:

x = Pcos(wt + @) (3.26)

Where @ is the eigenvectors, w is the angular frequency, ¢ is the time and ¢ is the phase of the
oscillation.

Through double differentiation of equation above and insertion of the guessed solution x from
Eq.3.26 an equation for natural periods emerge:

(K —w?M)p =0 (3.27)

K represents the stiffness matrix.
To solve this equation for the system when it is in motion the solution is when K — w?M) = 0 .

That means that the matrix is singular and the solution can be written as [9]:

det| K — w?*M| =0 (3.28)
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3.6.4 Response amplitude operators

Response amplitude operators are functions showing the effect of the sea on the floating structure.
Displacement RAOs define the response of the structure, for one particular degree of freedom, to a
period and wave direction.

For regular wave conditions the response amplitude operator, RAO, can be calculated by dividing
the response amplitude by the excitation amplitude of the structure.

(M + A)i+ Bt + Cx = Fege (3.29)

With 2 = ae™? and F.,. = Fy(.e™™?

Where a is the distance the floater has moved and (, is the wave amplitude. The figure shows an
example for surge.

Inserting for Fi.., x and its derivatives give:

(M + A)(—w?ae™?) + B(iwae™?) + C(ae™?) = Fylue™! (3.30)

Since the RAO is the motion divided by amplitude this will give [9]:

F
RAO =2 = 0 (3.31)

Co —w?*(M+A)+iwB+C

Figure 3.7: RAO shown for a arbitrary figure [modified after [10]
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3.7 Coupled analysis of floating wind turbine system

In this section the theory behind a coupled analysis is presented as well as relevant formulas. The
relevant standards and documents are explained briefly.

3.7.1 Coupled analysis

DNV GL had a joint industry project on coupled analysis of floating wind turbines. The aim was
to develop a recommended practise for floating offshore wind turbines to aid the industry to meet
the FOWT design requirements . Serve as a reference document between project stakeholders, to
agree and align the methods for the design and analysis of FOWTs, and serve as a guideline for
designers, suppliers, purchases and regulators [36].

The document covers general design requirements, environmental conditions, numerical modeling,
scale-model testing and validation, FOW'T controllers, and load case set-up and data analysis. It
is stated that the practice has several gaps, but that it should be read in combination with other
standards.

In general, a site-specific load analysis based on the design basis shall be performed, where aero-
elastic and hydrodynamic effects. The analysis can be performed for one or a few locations. Wind
loading is also essential for prediction of global motion response of floaters. Accurate modelling of
wind effects is of importance. For some floating systems, and load cases, the wind loads can be the
dominating excitation.

It is evident that the coupling effect between the force on the wind turbine and the motion of a
floater is important to consider, and this applies to all concepts. For a FOW'T, there is a strong
coupling effect between the floater motions and the turbine forces. The occuring coupling can be
explained as by that the motion of the floater will influence the aerodynamic inflow conditions to
the turbine and will introduce inertial loads on the wind turbine.

The forces on the turbine will influence the motions of the floater mainly through hydrodynamic
excitation and damping forces. The natural periods of the floater motion may be altered by the
wind turbine.Aerodynamics of the wind turbine can contribute to the floater stability with either
a positive or negative damping, but the influence depends on external conditions and the control
system.

For some installation types a coupling may occur between the station keeping system and the
floater: Wind and wave frequency motions of the floater will influence the forces in the mooring
system. Also, the motions of the station keeping system will excert forces on the floater, generally
as restoring forces, damping and excitation forces. Careful considerations need to be taken to
variations and environmental input parameters, suitable adjustment of calculation parameters for

the specified FOWTs [36] [37].

3.7.2 Equation of motion in time domain

From potential flow theory, the equation of motion for the time domain can be written in the
following way

(M + A)i + B+ Cx = Fege (3.32)
The frequently used method for solving the equation is the convolution integral. If considering the
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Figure 3.8: Principle of wave loads in frequency domain and time domain analysis [9].

radiation part of the problem (only the frequency dependent coefficients):

RF(t) = A(w)Z + B(w)z

(3.33)

Assuming that the right term varies sinusodially at one frequency only, equation can be written to

the frequency domain in the following way:

RF(w) = (—w2A(w) + iwB(w))ne(w)

We can use the following relations to rewrite the equation:
Aw) = Ao + a(w), Ao = Alw = 00)
B(w) = By + b(w), Boo = B(w =00) =0
The equation can therefore be rewritten into:

RF(w) = —w? Axona(w) + (iwa(w) + b(w))iwna (w)

Applying inverste Fourier transformation results in the following equation:

RE(t) = Awii(t) + /_ O:o h(t — 7)i(r)dr
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Physically, (h —7) = 0 for t < 0 . And causality imply that h(t — 7 = 0 for 7 > ¢ . The equation
3.38 can therefore be rewritten to the following:

RE(t) = Awii(t) + /0 "Bt = r)irdr (3.39)

Substituting equation into equation ,the equation of motion for time domain will be the following;:

(M + Aw)i + Ca + /O "h(t = Pi(r)dr = F (3.40)

where the retardation function h(7) is calculated through a transformation of the frequency depen-
dent added mass and potential damping

hr) = — /  (b(w) + iwa(w) ) dew (3.41)

21 J_oo
Using that the b(w) = b(—w) and a(w) = a(—w)

h(r) = 1 /Ooo(b(w)cos(wT) — wa(w)sin(wt))dw (3.42)

s

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

h(t) = i/ooo b(w)cos(wT)dw = 2 /Ooo wa(w)sin(wt)dw (3.43)

s

Basen on the function given above , the retardation function can be found either using frequency
dependent potential damping coefficients or added mass coefficients [38].

3.7.3 Solution Technique

The force vector F, from the equation .... can be found in the following way:

F= Fl + F2 + Fdrag + Fmooring + Fwind (3.44)

Using the panel method in HydroD, the first order wave excitation loads can be found. HydroD
solves the potential flow problem using WADAM solver. To find the second order wave loads F?
can also be obtained in HydroD by solving the quadratic transfer functions with a free surface
model. These wave loads are transformed into first order and second order transfer functions in
SIMO by importing the results. The forces from the mooring line are calculated by Riflex, and
added to the right side of the equation of motion at each time step.

The solution of equation of motion in time domain is based on an incremental process using the
dynamic time integration scheme according to Newmark g family methods. The Newton-Raphson
iteration is used to assure equilibrium between the internal and external forces [38].

23



ol

i UiA s

A

3.8. MOORING SYSTEM AND STATIONKEEPING

3.8 Mooring system and stationkeeping

In the section below the theory behind keeping an offshore structure at place and calculations for
catenary mooring system will be presented.

3.8.1 Mooring system

A floating offshore structure is kept at place, against wind, waves and current forces by using
mooring systems and thrusters [9]. We divide the different systems which keep a structure at
place, we mainly divide them into three: Active system, Passive system or a combined system.
The passive system refers to implementation of a mooring system. Active system uses thrusters to
keep the structure at place, while a combined system uses both thrusters and mooring system for
keeping the structure at place. For a floating offshore wind turbine, only mooring systems are used
to keep the structure at place [11].

A mooring system consists of a number of lines or cables which are attached to the structure at
different points. The low ends are anchored to the sea bed. For mooring lines, either chain, rope
or a combination of both can be implemented.

Inspired by offshore oil structures, a spread mooring system is often used for semi-submersible
wind turbine systems. The mooring system consists of pre-tensioned anchor lines that are arranged
around the structure to hold it in the desired place. A spread mooring system will give a offshore
structure a fixed heading, forcing the structure to take up great forces. Spread mooring systems
are used in applications requiring long service life, in any water depth and for any size of a vessel.

.Ancllor 1

Mooring Line
1

Fairlead 1

1200 1200

Floating body

Fairlead 2 Fairlead 3

Mooring Line Mooring Line

Figure 3.9: Illustration for a spread mooring system on a spar floater [7]
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3.8. MOORING SYSTEM AND STATIONKEEPING

A vessel which is single point moored can rotate freely with the environment, obtaining minimum
mooring loads. The lines can be made up of chain or rope. Usually a combination of different
elements are used to achieve heavy lines at the bottom and light line at water level. This is done
to achieve great stiffness as well as light lines.

Initial tension or pre-tension of the mooring lines are achieved by winches installed on the offshore
vessel. The mooring cables have an effective stiffness composed of both the elastic and geometric
stiffness.

In the design of a mooring system, the joint probability of extreme environmental conditions is
used as a basis for designing mooring system. Determining the long term statistics, the data of the
extreme condition on waves, wind and current the joint probabilities have to be considered.Both
the values of the extreme weather components and directions need to be determined. In the DNV
document it is stated that the most unfavourable load combination will be used as design criteria
of the mooring system.

A mooring element can have one of the following shapes presented [11]:
1. Taut mooring line
2. Catenary mooring line
3. Mooring line with a clump weight
4. Mooring line with a spring buoy

As stated before, for semi-submersible structures catenary mooring lines are used to keep the
structure at place. The figure below shows the most common different mooring lines today.
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3.8. MOORING SYSTEM AND STATIONKEEPING

F ¥
%_ -l'-l'-l'dl..._ﬁ",."..".." —

Fv

Figure 3.10: Different principles of catenary mooring lines [7] based on [11]
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3.8. MOORING SYSTEM AND STATIONKEEPING

3.8.2 Catenary mooring line

In this section the explanation provided by OM. Faltinsen in Sea Loads on Ships and Offshore
structures. The general formulas and derivation for the catenary mooring lines:

A

z

P
Water \ :
— plane
Anchor Seafloor

a4

—

Figure 3.11: General illustration of cable line with symbols [9]

We assume that the structure is moored at calm sea, and that the coordinate system is set as
defined in the figure: The vertical axis, z-axis is positive upwards while the horizontal axis is the x
- axis.

The mooring line is curved, with the anchor attached to the sea bed.

For chains, the bending stiffness is neglected. The elasticity of the mooring line is usually neglected,
but is accounted for in extreme conditions. Figure 3.12 presents an example of a mooring line
element and forces which are excerted on it.

F and D are the mean hydrodynamic forces per unit length, in normal and tangential direction. w
is the weight per unit length of line in water. A is the cross sectional area of the cable line. F is
the elastic modulus, while T is the line tension.

Correction forces are implemented for w; —pgA, and —pgA, — pAdz at the ends of the element;

dT — pgAdz = [wsing — F%]ds (3.45)
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3.8. MOORING SYSTEM AND STATIONKEEPING

T+dT-pgzA -pgAdz

P +dy

dz

Figure 3.12: Tllustration for an element of a mooring line [9]

14T
Tde — pgA.do = [wcosd + D;T]ds (3.46)
For non-linear equations we neglect F and D and assume that the line is inelastic and has a constant

weight distribution.

T =T — pgzA (3.47)
dT" = wsingds (3.48)
T'd¢ = wcospds (3.49)
dT" = wsingds (3.50)
T'dp = wcospds (3.51)
When dividing the two equations:
y :
ar” _ Smd)d(ﬁ in other words 7" = T cosgo (3.52)
T’ oS} cosp
By integrating the following is achieved:
T'd¢ = wcospds (3.53)
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3.8. MOORING SYSTEM AND STATIONKEEPING

1 /¢ T! T!
0 cosd)odez 0050

— S0 = — t —t 3.54
ST 6o cosl cosl [tang — tango) (3:54)
since dx = cospds
¢ cosd)o Técosd)o 1 1
—x9=— l t —log(——— +1t 3.55
v = [ (log—— +tano) — log(——— +tandn)) (359

dz = sin¢gds we find that:

1 [¢ '
57608(/)025’”0 o (3.56)
w Jao cos?0

Tycosd, 1 1
w  cosp  cosoy

(3.57)

¢p is the point of contact between cable line and sea bed.

¢o = 0 so we get that:

Ty = T'cosg (3.58)
Ty = Tcosoy (3.59)
We find that Tf) = Tx
The coordinate system selected xg = 0 and zg = —h for sg = 0.

Tw _ 1+ sing

T, og p (3.60)

wxr 1,1+ sing oS
h— == — =t 3.61
sin Ty 2( oS} 1+ SinqS) ané ( )

wx 1,1+ sing cosp 1

h - = 3.62
os (TH) 2 coso 1+ sing  coso ( )
TH w
—sinh(=— .
—-sin (TH x) (3.63)
TH w
h=—[cosh(=—=z) — 1 3.64
2+ h = ~Lcosh(-a) ~ 1] (3.64)
Line tension is found by combining several equations.
T Aol (z 4 h) (3.65)
P9z cosh HTw(z .
T =Ty +wh+ (w+ pgA)z (3.66)

29



ol

U 1 A Universitetet
| i Agder

A

3.8. MOORING SYSTEM AND STATIONKEEPING

The vertical component T}, is found through the formula below:

dT., = d(T'sing) = dT"sing + T'cospde (3.67)

wsin’pds + weos’¢ds (3.68)

That gives T, = ws or T, = ws

For finding the minimum length L,,;, of the chain if gravity anchors are used; A gravity anchor
cannot be exposed to vertical forces from the anchor lines. If we consider intact mooring system
and a broken line situation:

Forces for a movable anchor, and how the forces can be moved to a platform. Movable anchors
can only take up a little of the vertical forces before the holding forces are reduced drastically. Vi
therefore have to limit the calculations to the cases where the chain is horizontal with the anchor.

Current and waves will give hydrodynamic forces on the anchor chain (anchor line). If the hydro-
dynamic forces are neglected, then it is assumed that the anchor line is in a vertical plane going
through the tangation point at the bottom and the fastening of the platform. Moments caused by
the stiffness of the anchor line , for a chain this is a valid assumption, and for a wire the bending
is large and therefore this can be accepted.

To find the minimum length of the cable lines we will have to use the following equations:

ls = asinh(g) (3.69)
x
h= a[cosh(a) —1] (3.70)
Ty
= — 3.71
a=- (3.71)
by combining the equations given above, we see that:
12 = h* + 2ha (3.72)

Hence, the maximum tension in the cable can be written as:

Thax =Ty + wh (3.73)

The necessary minimum cable length is therefore determined by the following formula:

Thax

Lnin = h(2 —1)2 (3.74)

w

The horizontal distance between the anchor and the fairlead position X is:

X=l-ls+x (3.75)
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3.8. MOORING SYSTEM AND STATIONKEEPING

The relation between X and Ty is:

w TH 1 hw
X=1l—-h/1 42—+ —cosh™*(1+ — .
1+ T + —-cos (1+ TH) (3.76)

When the chain is elastic, extensional stiffness EA needs to be taken into consideration. In this
case, the horizontal stiffness could be expressed using the following formula:

T? — (553
Ty = ——22075) (3.77)
2(wh — 545

Horizontal distance of the floating part of the elastic cable is given by the following:

T VT2 +T2+T, T
= Hppg X2 )+ =L, (3.78)

TE L Trw AE
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3.9 Contour Line Method

Design of offshore structures requires reliable calculations for loads and responses corresponding
to an exceedance probability. All sources of inherent randomness needs to be accounted for. For
linear problems this can be easily solved, but for non-linear issues this may be a complex and time
consuming issue. Environmental contour lines are used for obtaining proper estimates of long term
extremes utilizing a short term analysis. The long term joint distribution of mean wind speed at
10 meter height (U,), the significant wave height H, and the spectral peak period(7,) and the
sites shown in the article are acquired by fitting 10 years environmental hindcast data by using the
procedure described by Johanessen et al in a separate paper. The 50-year contour surfaces at five
different sites are presented for extreme response analysis

The article by Luan presents load effects corresponding to 50 year wind and wave conditions, with
the necessary theoretical background [39].

When wind and wave power are estimated separately, the marginal distributions for both are given.
Extreme conditions with combinations of U,, , Hs and T}, can be selected along the contour surface.
Long term distributions of wind and wave directions are not considered in the article. It is assumed
that the wind and wave are collinear and always have the same direction.

Marginal distribution of mean wind speed U,, The results indicate that 1-hour mean wind speed at
10m height ( U,, ) follows a two-parameter Weibull distributions. The probability density function
is given by the following:

Oy /U ay—1 u \ %u
fu, (u) = E(E) eﬂfp[ - (E) } (3.79)
oy, and G, denote the shape and scale parameters. f() refers to the probability density.

For the joint distribution of Hy and T, - If only wave data is to be considered a joint PDF of H
and T}, can be established:

frn,(ht) = fu (h) f1, 0, (th) (3.80)
The Lonowe model is used, which is a cross between Weibull and Log model.

For values where h < hy

s(h) = ———ex _— 3.81
Ju ( ) \/%ULHMh p( 2 OLHM ( )
But if h > hg the following formula applies:
o h _ o
Jus(l) = ()™M T eapl—(g )] (3.82)

The formulas below are used to calculate the necessary distributions for generating an environmental
contour line:

prre = ¢+ c2h (3.83)

0% re = di + daexp(dh) (3.84)
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agc = a1 + asu™ (385)
Brc = b1 + byu (3.86)
e o u—u(h),,
i1, = Tyl ) = T3+ O (3.87)
T,(h) = e1 + exh® (3.88)
u(h) = f1+ foh'* (3.89)
vr, (h) = k1 + kaexp(hks) (3.90)
16 o
14 HUw=32m/s // ?
12 /
) 10 //
E E 4 5%
»
3 T 6
4
2
O - n 9 9 9 9 9 9 5 -
2 4 6 8 101214 16 18 20
Tp[s]
(a) 3D contour line (b) 2D contour line

Figure 3.13: Environmental Contour lines
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4 Scope

The wind industry has had a tremendous growth in the last few decades, and the demand is
increasing. Installation of new wind turbines has currently been moving away from onshore to
offshore wind as well as moving from shallow to deep sea.

The costs for floating offshore wind turbines exceed their bottom-fixed counterparts, and researchers
are searching for opportunities for cost reduction. These floating offshore wind turbines are assem-
bled before they are towed to location, removing the need for complicated installations done at sea,
and heavy machinery. The semi-submersible designs are preferred due to the flexibility regarding
sea depth at installation site. However, several questions arise in how the system will behave, and
investigations of feasibility of a novel design is extensive. For the existing semi-submersible designs
investigated, spread mooring systems are used in keeping the structure at place. By rather design-
ing structures with a single point mooring system , then the cost related to the mooring system
will be significantly reduced.

Hence, a novel semi-submersible floater supporting the 5SMW wind turbine has been proposed in
this thesis. The structure is moored with a single point mooring system. The aim is to design a
system with good static and dynamic responses. The entire structure with floater, wind turbine,
and mooring system needs to be included in the analysis conducted to study the coupling effect
between the different parts of the system.

4.1 Research Question(s)

The main research question for this thesis is therefore:
How can the twin fish wind turbine system be designed?
With the following subquestions to aid in answering the main question:
1. What are the dynamic characteristics of the system under influence of environmental loads?

2. How can the mooring system of the twin fish wind turbine system be designed to keep the
structure at place?

The first research question is related to investigate the dynamic characteristics of the entire system
together. The global movement of the structure is investigated for different conditions.

The second research question is related to designing a mooring system for the twin fish. The main
goal is designing a single point mooring system, which is different from the usual spread mooring
system used for the semi-submersible structures.
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4.2 Limitations

Since this is a study of a novel concept, it was difficult selecting limitations in the project, since
there was no clear idea of possible difficulties which can arise with the design. The preliminary
design of the model was conducted in a pre-project in the fall of 2020, and the work presented here
is a continuation and further optimization of the final model presented in that work. When I use
the term optimization it is not a properly correct optimization since the process does not involve
theories within design of experiments to select the variables; the design procedure was based on
iterations. However, the selections were conducted considering reasonable, practical values, and
were thoroughly studied.

Several limitations have been set to answer the research question properly in the given time. The
environmental loads investigated are for the ULS case, for a return period of 50 years. The external
loads applied were found using a environmental contour line for a given location presented in a
separate research article. Some values for parked condition were presented in a table, and a case
with minimal loads also has been included for comparison. Current loads are not included in the
analysis. Since the analysis conducted in this thesis is for a ULS state, then I am considering a
parked wind turbine condition, and therefore the wind forces can be neglected. Operational loads
are not investigated in the thesis.

For the mooring system, a few design variables were set before any analysis were conducted. These
were that it is generally more popular to use a chain system in shallow water, while a combination
of chain and wire system is used in deep waters. Also, the mooring system needs to fulfill several
design requirements, given in a design standard.

The design of the wind turbine is not conducted, further references is given to the design require-
ments for the wind turbine presented in a separate standard [8]. Economic considerations have not
been made in the thesis, except for reasonable material choice.

The structural calculations of the hull and support structure has not been done. Detailed design
of the support system has also not been conducted. Fatigue considerations have not been done.

Finally, no economic considerations have been made in this thesis.
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5 Case and Materials

In this chapter the twin fish floater concept will be presented with size, parameters, and the complete
models for each program. The wind turbine, loading conditions and model in SIMO-RIFLEX is
also presented as well as limitations and assumptions set for each analysis and procedure.

5.1 Preliminary twin fish model data

In the preproject the main goal for the preliminary design was to fulfil the following two basic
requirements:

1. The floater must have sufficient buoyancy to supporting wind turbine tower.

2. The floater must ensure sufficient restoring force to keep the hydrostatic stability of the
floating wind turbine.

The twin fish floater is a novel concept proposed with biomimetic characteristics, with two fish
shaped structures connected by a support structure for a wind turbine. The preliminary model
design was established in a preproject conducted the Fall of 2020 [40], based on a original twin
fish with given measurements. The size of the twin fish was scaled, and shifted to achieve good
hydrostatic and hydrodynamic results. In the preproject - thesis, the novel design was compared
to two other semi-submersible concepts, the V-semi [26] and the 5SMW CSC [23], showing good
results. The final characteristics of the twin fish floater is presented below.

Table 5.1: Characteristics of the twin fish floater.

Characteristics Symbol Value
Depth [m] Fy 19.997
Length [m] Lp 76
Width [m] W 7.197

Plate width[m] Py 15
Support length[m)] St 9
Support width[m] Sw 6.5

Fin length[m] Fr, 17.1

Plate height [m] Su 1.75
Support height [m)] T 3

Freeboard [m] Wy 3.3

Displaced volume [m?] \Y 8001.50
Shift of fish [m] Ly 15
Distance between fish [m]  2* Lg 30
COG of the floater [m] - (9.69,0,-10.58)
COB of the floater [m)] - (10.19,0,-7.33)
COG of the system [m] - (10.17,0,-5.25)
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Figure 5.1: Overview of the twin fish floater with parameters
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Figure 5.2: Side view of the twin fish floater with parameters
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5.2 NREL offshore 5-MW baseline wind turbine

To support concept studies to assess new offshore wind technology, specifications for a representa-
tive wind turbine was presented in two reports by Jonkmann et al [41] [42]. The wind turbine is
a conventional, three-bladed upwind variable-speed variable blade-pitch-to-feather-controlled tur-
bine. The design was created by obtaining broad design specifications from turbine producers,
emphasizing REpower 5MW machine. The detailed information which was missing was filled in by
a composite of publicly available data from projects such as the DOWEC, RECOFF, and Wind-
PACT.

The tower properties are dependent on the support structure to carry the rotor-nacelle assem-
bly.The type of support structure will also depend on installation site, where the properties of the
installation site will depend on water depth, soil type and wind and wave severity. In the report
by Jonkman the properties of the tower is given according to a land based version of the NREL
5MW baseline wind turbine [41]. But in the second report, the data for a tower mounted on a spar
floater is given [42]. This has been used for the tower in the thesis.

The table on the next page is an overview of the qualities for the 5MW wind turbine presented by
Jonkmann et. al.

(a) Wind turbine in GeniE (b) Wind turbine in SIMA

Figure 5.3: Models of the wind turbine
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Table 5.2: Main characteristics of the 5MW wind turbine.

Description NREL 5MW
General information

Rating S5MW

Configuration Upwind, 3 blades
Control Collective pitch
Drivetrain Multiple stage gearbox

Rated wind speed 11.4 m/s
Cut-in,Cut-out wind speed 3m/s, 25 m/s
Cut-in, Rated rotor speed 6.9 rpm , 12.1 rpm
Rated tip speed 80 m/s
Maximum thrust 750 kN
Geometry information

Rotor, Hub diameter 126 m , 3 m
Hub height 90 m

Tower height 87.6 m
Overhang,Shaft tilt 5m, 5°
Pre-cone -2.5°

Mass

Rotor mass 110t

Nacelle mass 240t

Tower mass 347.5t

Total mass 697.5t

Overall COG

(-0.2m,0m,64.0m)
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5.3 Parameters natural period study

For optimization of the natural period, the structure needs to be lowered, without compromizing
the stability of the structure or the hydrodynamic qualities. The following values were first selected,
but based on these results more iterations needed to be done. The next variables were selected
after the below were run in HydroD.

Table 5.3: Characteristics of the studied cases.
Case number

Characteristics 1 2 3 4 5
Lowered [m)] 0.5 1.0 1.5 2.0 2.5
Freeboard [m] 2.8 2.3 1.8 1.3 0.8
Displaced mass [tonne] 8284.27 8381.20 8451.19 8493.44 8506.45
ZOB of the floater [m] -7.5 -8 -8.5 -9.0 -9.5
ZOG of the system [m]  -5.85 -6.42 -6.97 -7.50 -8.0

Displaced volume [m3] 8082.21 8176.78 8245.06 8286.28 8298.97

The freeboard is defined as the distance from the water level to the top of the structure above
water.

The requirements set in cooperation with the supervisors which need to be fulfilled so that the
results can be considered reasonable is defined in the following table:

Table 5.4: Restrictions for characteristics of the floater.

Characteristics Value
Natural period

Heave [s] 20-30

Roll [s] 20-40

Pitch [s] 20-40

Metacentric height
GMT [m] > 0.5
GML [m] >0.5

The regular natural periods for semi-submersible structures are between 20-30 seconds. Too large
values will result in bad responses. The GMT and GML requirements are given in a standard as a
requirement for stability.
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5.4 Damping of the structure

The irregular frequencies which might appear in the responses of the structure, is removed by
introducing a internal lid within the two fish hulls in the structure. Two different internal lids have
been tested, one created in HydroMesh and one in Multisurf.

For the moonpool between the two fish hulls a plate was created and meshed. Most of the damping
was introduced through this lid to counteract the effect of the moonpool, but damping was also
added to the structure through the crtical damping matrix for roll and yaw. Several sensitivity

analysis were conducted in HydroD to find the best suitable damping values, and combination of
these values, for the twin fish floater.

Table 5.5: Values for moonpool damping and critical damping studied.
Characteristics Value [%]
Damping moonpool

0 to 200; 25 value step

200 to 400;50 value step
Damping roll

2 to 10; 2 value step
Damping yaw

1 to 9; 2 value step

The internal lids from both the programs and the damping lid for the moonpool is shown in the
figures below.

The function with the internal lid is creating a cover for the internal surface in the fish hulls. Two
were created in different programs, Multisurf and HydroMesh, to assess reliability of the modelling

The edges of the damping lid for the moonpool follows the shape of the twin fish floater.
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Figure 5.4: Illustrations of the twin fish floater with internal lid and damping lid
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5.5 Mooring system data

The mooring system designed in this master thesis is a single point catenary mooring line, as an
opposite to most semi-submersible wind turbine systems which use a spread mooring system.

A spread mooring system allows for little movement in any directions, while the single point mooring
system will allow for the structure to adjust itself to the loads in which the structure is exposed
to. This will result in fewer loads on the mooring line compared to in a spread mooring system. A
single point mooring system will also result in reduced cost due to significantly less material.
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Figure 5.5: Illustration of the twin fish floater with a single point mooring system.

The black points represent the anchor for the mooring lines, while the grey points symbolize the
fairlead of the mooring line. The fairlead is not located at the structure for the twin fish in this
thesis since no structural analysis have been made on the support structure designed for the twin

fish.

5.5.1 Fairlead and anchor position

A challenge was determining where the fairlead should be located for the entire system. Main idea
was that the location of the fairlead should be at center of the support system (the connecting
plate) between the two twin fish hulls. But, since there has not been any structural calculations on
the plate connecting the two hulls, then a fictious point was used for the fairlead located at a site
off the model. The anchors final position will be at the seabed, but this could be modelled in two
different ways in SIMA (Simo-Riflex).

The position of the fairlead was changed during the analysis. the fairlead was finally designed as a
turret in Sima to allow for rotations. Stiff beams connect the supernodes.

5.5.2 Mooring line data

The data for the mooring line is a result from several meetings and iterations done. The data could
easily have been put in the result chapter since it answers a part of the reseach question. But, after
discussion with my supervisors it was decided to place it here.

The mooring system presented consists of two materials, polyester rope and chain. The data is
presented below:
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5.5. MOORING SYSTEM DATA

Table 5.6: Characteristics of the mooring line types used for the single point mooring system.

Material Diameter [mm] MBL [kN] Stiffness [kN]
Polyester rope 130 4620 87780
Chain R3 80 4421 526018

The following overall data is provided for the mooring system.The data selected was chosen in
cooperation with the supervisors to ensure reliable and standard mooring system. The data below
shows the values for the different cross sections used in the mooring system.

Table 5.7: Characteristics of the three segments for the mooring line.

Segment number

Characteristics 1 2 3
Cross section properties

Mass coefficient [kg/m] 11.34 8000 128
External area [ m?] 0.00822 15 0.01631
Internal area| m?] 0 0 0
Gyration radius [m] 0 0 0
Temperature [C] 20 20 20
Stiffness properties

Cross section type bar bar bar
Axial stiffness [N] 8.778e+07  1.0e+13 5.2602e+08
Hydrodynamic coefficients

CQx [ Ns?/m?] 20.93 1700 46.4
CQy [ Ns?/m?] 106.6 1500 98.4
CAx [ kg/m] 1.36 11000 3.34
CAy [ kg/m] 13.61 9000 16.71
CLx [ Ns/m?| 0 0 0

CLy [ Ns/m?] 0 0 0
Capacity parameters

Tension capacity [N] 1.5e+06 1.5e+06 1.5e+06
Maximum curvature[l/m] 0.3 0.3 0.3

Table 5.8: The final length of each mooring line segment.

Segment number|[-] Length[m|  Number of elements[-] =~ Element length[m]
1 80 10 8
2 ) 1 )
3 1 1 1

The mooring system consists of a polyester rope and a R3 chain. The segments are solid, and
therefore have no internal area. Segment number 1 is the polyester rope while segment 3 is the R3
chain. Segment number 2 is a buoyancy element. The length of each segment is not decided and is
designed in the thesis.
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5.6. LOCATION AND ENVIRONMENTAL LOADS

5.6 Location and Environmental Loads

The location and environmental data is from a location presented in a Research paper by Lin Li
et al. The location selected is Norway 5 which is located in the North Sea. Therefore it is possible
to use the JONSWAP spectrum as the wave spectrum.
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Figure 5.6: Different principles of catenary mooring lines

The location depth selected is for a depth of 100 m, and the data for the environmental wave and
wind loads are extracted from the following document "Joint environmental data at five european
offshore sites for design of combined wind and wave energy". For designing combined renewable
energy concepts, it is important to choose sites with both wind and wave energy resources are
substantial. These facilities need to be designed in ultimate limit state based on load effects
corresponding to 50 years wind an wave conditions, requiriring a long term joint probabilistic
model for wind and wave parameters at potential sites.
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Figure 5.7: The environmental contour lines for Norway 5.
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5.6. LOCATION AND ENVIRONMENTAL LOADS

The joint distribution are estimated by fitting analytical distributions to the hindcast data following
a procedure suggested by (Johannessen et al. 2001). The long term joint distributions can be used
to estimate the wind and wave power and assess fatigue issues.

Contour surfaces are established for combined wind and wave parameter. The design points on the
50 year contour surface is established for wind and wave. It is used to estimate long term extreme
response by applying short extreme sea states. 1 hour case was used as input and a 2D contour
line was created for a U, of 31.2 m/s . Each point on the 2D contour line has a value for H, and
T,. The values are presented in the methodology chapter after explanation of extraction.

According to a standard, the loads needs to be considered in several directions, so waves for 180
degrees and 150 degrees were selected.

Table 5.9: The load conditions run in this thesis.
Characteristics Direction [deg] Hg[m] Tp [s]

Contour line 180 var* var*
Contour line 150 var* var*
Parked condition 180 15.6 14.5
Parked condition 150 15.6 14.5
Parked condition 180 13.4 13.1
Parked condition 150 134 13.1
Low condition 180 1 10
Low condition 150 1 10
Low condition 180 2 10
Low condition 150 2 10

var* stands for the cases where the environmental data is from a 2D contour line.
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5.7 SIMA model data for coupled analysis

In the section below all the data input to the SIMA model is presented. Several models were created
in SIMA (SIMO-RIFLEX) due to the complexity of the model. The design of the mooring system
and the coupled analysis was conducted using SIMA.

5.7.1 Coordinate system

The coordinate system varies throughout the thesis. Originally, the coordinate system is placed as
the figure below, at the centre of gravity of the structure, but in z-direction the zero point is the
mean water line. The same coordinate system is used in HydroD, GeniE and MOJSLOAD before
it is imported into SIMA (SIMO-Riflex). However, in SIMA the center of gravity is defined at a
different location, determined by a line constructed for the mooring system.

Since we have an upwind wind turbine, the waves need to be directed against the turbine as shown
in the figure.

Waves

IN

Figure 5.8: Illustration of the twin fish system in Sima with coordinate system and load direction.

5.7.2 Models

The wind turbine is located at the center of the plate connecting the twin fish hull.The fairlead
point is always defined as a slave node to the location of the twin fish hull. The fairlead position
may either be put on the support structure as decided or the fairlead can be put on the sea surface
and can be connected by a rigid imaginary beam. In this thesis, the fairlead position is defined in
front of the twin fish wind turbine system.

The anchor position is defined as a fixed supernode, and it can either be modelled at the sea surface
or at the sea bed. In SIMA, the mooring line is first set as a rigid straight line, and the fairlead
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5.7. SIMA MODEL DATA FOR COUPLED ANALYSIS

and anchor are the endpoints of the line. Then the anchor is moved to its fixed position. When the
process is done is SIMA, the anchor position is carefully adjusted when doing the dynamic analysis.
If we had fixed the anchor at the sea surface will allow that the L,, equals the distance between
these points. This has not been done in this thesis.

Several different models were made for the SIMO-RIFLEX coupled analysis. Since there has not
been a concept like this before, the modelling was demanding and time consuming, and a stepwise

procedure for the models was made to ensure correct modelling. 4 different models were made in
SIMA:

1. A dumnmy body with the mooring system.

2. A model which only includes the twin fish body imported from the wamit result files, with a
stiffness added in surge.

3. A model with the twin fish body imported from the wamit result files, with a stiffness added
in surge, and with the complete wind turbine.

4. A model with the model data imported from the wamit result files, the complete wind turbine,
and the mooring line.

Since model 2 does not include the wind turbine or mooring lines, then the data imported from
wamit result files does not need to be modified. For model number 3 and 4, the imported data from
wamit result files includes the mass and data for the wind turbine as well. A procedure written by
Chenyu Luan and Marit Kvittem is explained in the methodology chapter of how one can remove
the data for the wind turbine from the imported wamit result files so that the mass of the wind
turbine will not be accounted for twice.

Figure 5.9: The model of the twin fish floater system in Simo-Riflex.
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6 Methodology

This chapter describes the methodology applied in the master thesis, from data gathering,
theoretical studies, sensitivity analysis, construction of models and variable selection. Procedures
for modelling in sima for coupled analysis is also presented.

6.1 Research

In the introductory phase of the thesis period, a lot of time was devoted to research regarding the
necessary theoretical background, as well as good procedures for coupled analysis of a wind turbine.
A pre-project was written to acquire a good foundation for basic hydrostatic and hydrodynamic
theory. Research within extraction of environmental data and theoretical background behind the
calculations in SIMA (SIMO-RIFLEX) was also conducted.

6.2 Software

Several programs were used throughout the thesis period. This chapter describes the various

software used to complete the master thesis.

A short overview of software and use is given in the table below.

Program Type of program Area of use
GeniE Modeling and analysis Us.ed for detailed mod-
elling
Used for simple mesh in
HydroMesh  Subprogram for HydroD HydroD
HydroD Hydl."ostatlc ‘ and hydrody- Hydros.tatlc anc.l hydro-
namic analysis dynamic analysis
ualzati i
Postresp Postprocessor for HydroD Vizua z.a tion and post
processing
H i h; - H i h; -
Mojsload ydl'"ostatlc ‘and ydrody ydl‘rostatlc, . ydrf)dy
namic analysis namic and verification
f SIMA. Mod-
. . Sl’lbprogran@ of 5 O(.i Modeling, static and
Simo-Riflex eling, static and dynamic . .
. dynamic analysis
analysis
Excel Multifunctional program Postprosessing of re-
based on spreadsheets sults
Matlab Multifunctional program Sensitivity analysis and

postprosessing
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6.2.1 GeniE

GeniE, provided by DNV GL, is a program used for concept based finite-element modelling and
analysis. Genik has been used to detail model the structures; creating panel models and mass
models of the twin fish. Meshing was conducted in GeniE, generating panel models and mass
models for further analysis. In this study T1.FEM and T4.FEM files were exported, the number
referencing the superstructure used.

To create the T1.FEM file a mesh smaller than 4 meters was used, meshing the area beneath the
water line. The T4.FEM includes the complete mass of the structure, the mass necessary to balance
the displacement. A mesh density of 0.5 meters was used for the mass model.

6.2.2 HydroD

HydroD, developed by DNV-GL, is used for advanced hydrostatic and hydrodynamic analysis for
fixed and floating offshore structures. The WADAM runs are conducted for every single test case to
get hydrostatic qualities, RAOs, added mass and damping, as well as drift forces for the structure.

Either .FEM files or .GDF may be used as panel model and internal surface model. Also, for mass
models, either a .FEM file, a mass matrix or an evenly distributed mass may be used to conduct
the analysis. The WADAM.LIS file contains most of the results, so the document is thoroughly
inspected after each run. The results in the WAMIT files were extracted using Postresp,Matlab or
Mojsload. The wizards in HydroD are of good aid for including the necessary data for conducting
a hydrostatic or hydrodynamic analysis.

WADAM uses Morisons equation and first and second order 3D potential theory. The incident wave
potentials may be defined by Airy/Linear wave theory, analyses are performed in both frequency
and time domain approach.

The additional program, Postresp, was used for easily visualizing the results and extracting results
for postprocessing. Hydromesh is a subprogram of HydroD and can be used for simplified mesh for
creating a surface mesh for free surface damping and other relevant purposes.

HydroD can generate various results, such as hydrostatic data, inertia properties, righting moments,
wind heeling moments, GZ-curves and still water sectional loads. The results can also be verified
against relevant rules and regulations.

6.2.3 Mojsload

Mojsload is a program developed by my external supervisor, and has been used in both extracting
results and for verification of results by comparing calculations in MQOjsload with calculations in
HydroD. The theory behind Mojsload is based on linear wave theory, and uses Morisons equation
and first and second order 3D potential theory.

Mojsload can be used in context with WAMIT , or with HydroD for obtaining results.The control
results were run in wamit and mojsload for verification of the results. Mojsload generates several
files, among them different .gdf files, information files and all results in excel files for easy read and
postprocessing.

6.2.4 SIMO-Riflex

Sima is a program which offers a complete solution for simulation and analysis of marine operations
and floating systems.
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Sima consists of several subprograms, among them SIMO and Riflex which has been used in this
thesis. SIMO is a time domain simulation program developed by MARINTEK for multi body
system while Riflex is a non linear FEM program developed by MARINTEK for static and dynamic
analysis of slender marine structures. SIMO — Riflex is a state of the art tool for dynamic response
analysis of moored offshore structures [43] [44].

6.2.5 MATLAB

Matlab is a multi functional program developed by Mathworks .It is a programming and numeric
computation program used by millions to analyze data, develop algorithms and create models.

Matlab is used for extraction of results for environmental contour line (see section...), and for
postprosessing results from HydroD and SIMA using simple scripts. It was also used in vizualization
of the .gdf files to ensure good quality meshing from HydroD.

6.2.6 Excel

Microsoft Office Excel is a program developed by Microsoft based on spreadsheets. The program
has a lot of inbuilt formulae and may also be used for visualization of data in the form of numerous
diagrams.

Excel has been used for plotting results, extracting results in mojsload and for comparing results
throughout the thesis period.
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6.3. CALCULATION OF DISPLACEMENT

6.3 Calculation of Displacement

The displacement calculation is based on Archimedes law, where the total mass of the structure
necessary to balance out the displacement is calculated.

The calculation was done by hand, but there is a deviation between values in GeniE and values in
HydroD. The calculation was therefore used as a preliminary indication of how much the mass of
the structure needs to be to balance the displacement. To obtain best possible balance between
the displacement mass, and the mass of the structure, some iteration was necessary.

6.4 Mesh size calculation

The mesh size necessary to get proper results is dependent on the wave length. Since the natural
period is expected to be about 20 seconds, one can use the following formula to obtain the necessary
size of the mesh to get good results:

1 1
lmesh < —=A

143/27 76

A preliminary assumption is that the wave periods considered to be between 3s to 30s.

A (6.1)

Therefore the largest mesh size is:

1 1 ¢T3,
lmesh,maz < m)\m”m = mg 2::_”1 =2.0m (62)

An iteration process was conducted, and finally two different panel models were used for the thesis:
One generated by MOJSLOAD and one from GeniE with a mesh of 1.5 meters. The .gdf file has
a larger mesh, but the mesh is more even.

For the mass model a mesh of 0.5 m was used.

Although they all proved to get good results, the .gdf generated by MOJSLOAD was used for the
panel model since the meshing was even on both fish.

6.5 Design of the twin fish

The continued design process was based on the final design achieved in the pre-project. The further
optimization regarding the hydrodynamic results while achieving good hydrostatic results was a
stepwise process. For the optimization regarding the natural period and to study the moonpool
resonance effect, the following programs were used: HydroD,GeniE and Mojsload. The subprogram
HydroMesh for HydroD was used for creating the necessary mesh.

The procedure for optimization is connected to the idea that lowering the structure further, and
reducing the water plane area will lead to better heave natural period. However, this may cause
difficulty since lowering the structure further will be detrimental for the stability of the structure.
To investigate whether it is possible to achieve better heave natural period, the structure was
lowered with an amount and the characteristics were obtained and studied carefully.

The panel model was lowered in HydroD, and mass was defined using the distributed function in
HydroD before it was run in HydroD. After investigating several values, an interval was established
in which detailed mass models were created which balances the different displacements for each
version.
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6.6. FREE SURFACE DAMPING
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Figure 6.1: Flow chart for optimization for natural period

Another challenge which arose are worse values for RAOs when the structure is lowered further
below, since lowering the structure is detrimental to the hydrodynamic responses.

The static results are presented in the result chapter. For the dynamic results a comparison between
the raos will be presented, between the "final" twin fish floater and the optimized version.

6.6 Free surface damping

PRE PROCESSING INTERNAL SURFACE BOUNDARY DAMPING EVALUATION

Run several
cases in HydroD

} Verify results in }
E—
MOJSLOAD

|

I
Figure 6.2: Flow chart for irregular frequency and damping

For removal of irregular frequency effects the procedure suggested by DNV GL by using the ad-
ditional program HydroMesh in HydroD for generating a fixed lid for the internal surface of the
structure was conducted.

A symmetrical internal lid was create for the fish hull in HydroMesh. The fixed lid was included as a
separate hydromodel. No mass model was included for the panel model. Then, a multibody model
was created, including the model for the twin fish, and the fixed lid. Hydrostatic and hydrodynamic
analyses were rerun with the new multibody model.

To counteract the effect caused by the moonpool, a damping lid with a mesh was created. The
damping lid was created in HydroMesh for the exposed area between the fish with a squared
geometry.Then, the mesh was exported as a .FEM file into a Hydro model in HydroD before a
multi-body model was created for an analysis run. The damping value was defined in the multi-
body model as a percentage. Only the hydromodel with the panel model for the twin fish includes
a mass model.

Several damping values were defined and run in HydroD to find the values which generate reasonable
hydrodynamic results.
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6.7 Extraction of environmental data

The environmental data used in this thesis was extracted using environmental contour lines, a
methodology which is reasonable for getting realistic environmental loads on the structure.

The data selected was calculated in matlab scripts and further used in SIMA. Also, the environ-
mental data for parked wind turbine condition was presented in the article for site 14.

Table 6.1: Parameters used for calculating the 2D contour line

Parameters Value
Marginal distribution of U,

Qy 2.029
Bu 9.409
Marginal distribution of H

ho 5.0
WLHM 0.871
OLHM 0.506
oM 1.433
By 2.547
Conditional distribution of T, given H;

c1 1.886
Ca 0.365
c3 0.312
di 0.001
do 0.105
ds -0.264
Marginal U,

Qy 2.029
Bu 9.409
Conditional H; for given U,

ai 2.136
as 0.013
as 1.709
b1 1.816
ba 0.024
bs 1.787
Conditional T}, for given U, and H;,

0 -0.255
0% 1.0

€1 8.0

€9 1.938
es3 0.486
Nil 2.5

fa 3.001
f3 0.745
k1 -0.001
ko 0.316
ks -0.145
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6.7. EXTRACTION OF ENVIRONMENTAL DATA

The environmental contour line generated for this thesis is presented below. It applies for a U,, =
31.2 m/s to have a reliable value for the ULS. Also, if using a the contour line for a U, of 33.6
m/s will only generate a point instead of a contour line since it cuts through the 3D contour line
at the top.
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Figure 6.4: 2d Contour Line calculated for the thesis.
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6.8 Design of the mooring system

In this thesis the focus was the mooring line tension and the movements in the transverse direction.
The mooring line was modelled and based on the results from the analysis, several iterations were
made before the results were deemed to be reasonable.

The mooring system design is complex and the standard requirements need to be fulfilled.In the
standard it is set that the mooring tension multiplied with safety factors should be significantly less
than the mooring line capacity. This applies to collinear direction (180 degrees) and non-collinear
(150 degrees) [45].

The static results should reveal little movement in transverse direction due to sufficient stiffness
in the mooring, while the global motions displays that the motions in the transverse directions are
satisfactory.

6.9 Modelling in SIMA and Coupled analysis

The coupled analysis was conducted in SIMO-RIFLEX, where the twin fish floater, nacelle and
hub are modelled as bodies in SIMO , while the mooring system, tower and blades are modelled as
RIFLEX elements. The figure demonstrates how the coupled modelling was conducted.

Structural Model

Blades: beam elements,
cross sections with two
symmetry planes

External load model

= Blades: turbulent wind, BEM
sectional forces, including
tower shadow effect, control
operations

Tower: beam elements,
axisymmetric cross-sections

Hub and Nacelle: quadratic
aerodynamic drag coefficients

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

Hull: hydrodynamic forces
(1sY/2nd order potential,
Morison)

Tendons: beam elements, constant
axisymmetric cross-section

Tendons: hydrodynamic
forces (Morison’s equation,
wave kinematics at initial
position)

Anchors: fixed in translation, free in
rotation

Figure 6.5: Modelling data for a coupled analysis of a floating wind turbine [modified [12]]

The procedure for the analysis is demonstrated in the figure below.
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PRE PROCESSING SIMULATIONS POST PROCESSING DATA ANALYSIS SENSITIVITY ANALYSIS RESULTS
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Figure 6.6: Flow chart for the coupled analysis and mooring line design

6.9.1 Buoyancy compensating forces

A short document by Marit Irene Kvitten and Chenyu Luan propose a method introducing buoyancy
compensating forces in coupled SIMO-RIFLEX analysis.

Simo-Riflex is used for coupled analysis of platforms where we have a rigid simo body with flexible
riflex elements. Restoring matrix and force transfer functions are imported into SIMO through
Wadam or wamit result files generated by pressure panel analysis.

A basic assumption in Simo is that the Simo body without the weight of the Riflex-elements, is
neutrally buoyant. In reality, it is the Simo body with the weight of the riflex elements which is
neutrally bouyant. In Simo the assumption is that the effects of gravity and buoyancy is included in
the equation of motion is taken into account in the restoring matrix. This is not the case for Riflex,
where gravity and buoyancy is included as nodal forces. This inconsistency between the programs
is the reason as to why one needs to define a compensating force in the centre of buoyancy.

This is a good method for modelling when the mooring line weight is applied symmetrically , and
is much smaller than the platform weight.

In the case of a floating wind turbine, the platform will not be symmetrically loaded with the
weight of the flexible elements ( in other words when the centre of gravity and centre of buoyancy
of the platform, without the riflex elements - do not have the same coordinates). Using the method
for the bouyancy compensating force will create force on the body of the structure.

The proposed method eliminates the issue with an moment on the Simo body, attempting to only
have real forces in the model. An upwards specified force at the buoyancy center of the hull to
represents the bouyancy and a downwards specified force represents the gravity. However, this is
already included in the restoring matrix which is obtained from Wadam or Wamit. In order to not
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6.9. MODELLING IN SIMA AND COUPLED ANALYSIS

count the restoring effect twice , this part of the restoring coefficients must be subtracted from the
original restoring matrix.

The points presented below will be counted as a general approach to modelling of floating wind
turbines in coupled Simo-Riflex:

1. Calculate mass, inertia and mass distribution (mass matrix) for the floating wind turbine
platform with and without the wind turbine.

2. Do hydrodynamic panel method analysis in Wadam or Wamit with input describing the whole
system of platform and wind turbine.

3. Import output from Wadam/Wamit to Simo.

4. In Simo*sys.dat file, change the following to describe the platform without the wind turbine
and mooring lines:

(a) Mass and inertia

G and B. The restoring forces can also be calculated by Wadam or Wamit by specifying
the gravity centre and bouyancy centre at the same point.

C(4,4)" = C(4,4)™ ™ _ po\ 2, + mgz, (6.3)
C(5,5)"% = C(4,4)"%™ — pg\z, +mgz, (6.4)
C(4,6)"Y = C(4,6)"%™ 4 pgVxy, + mga, (6.5)
C(5,6)" = C(5,6)“ %™ + pgVy, + mgy, (6.6)
T B=G+W
- AB=W
OB
oG CcOB
1 W G l W
(a) Forces acting on the neutrally buoyant (b) Simo interpretation where B=G.

model.

Figure 6.7: The buoyancy compensating forces [13].
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7 Results

This chapter presents results obtained in the master thesis period. The section is divided into four
main pieces, and are presented in the same way as provided in the figure in the introduction of the
report.

7.1 Design of the twin fish floater

The section below shows the results from the design of the twin fish floater system regarding the
natural period.

7.1.1 Hydrostatic results

Table 7.1: Hydrostatic results for all 5 cases of the twin fish floater.
Case number

Characteristics Symbol 1 2 3 4 5
Displacement mass [tonnes] A 8284.27 8381.2 8451.19 8493.44 8506.45
Displacement volume [m?] \Y 8082.21 8176.78 8245.06 8286.28 8298.97
Waterplane area [m?] WPA 106.76  109.91  53.38 1.24
Radius of gyration

Roll [m)] T44 25.86 25.77 25.77 25.86 26.55
Pitch [m] 55 29.76 29.69 29.69 29.76 32.01
Yaw [m] T66 25.2291612  25.24 25.24 25.23 27.19
Centre of buoyancy

Longitudinal [m] XOB 10.17 10.17 10.17 10.17 10.17
Vertical [m] ZOB -7.5 -8 -8.5 -9.0 -9.5
Metacentric height

Transverse [m] GMT 4.12 2.79 0.87 -1.71 -6.33
Longitudinal [m)] GML 5.57 3.76 1.44 -1.47 -6.33
Natural Period

Heave [s] Th3 13.29 16.47 20.37 27.50 -
Roll [s] Tha 28.44 37.55 68.41 - -
Pitch [s] Ths 27.92 34.94 56.69 - -

The table above shows the static results for the cases presented in the Case and Materials chapter.
The results were not promising, and therefore several other cases needed to be run between the
two most promising values. The places marked with a — are unreasonable data and has therefore
not been included further.
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7.1. DESIGN OF THE TWIN FISH FLOATER

Table 7.2: New cases run after premliminary analyses.

Case number

Characteristics 1 2 3 4
Lowered [m] -1.00 -1.15 -1.25 -1.50
Freeboard [m] 2.30 2.15 2.05 1.80

Displaced mass [kg]  8284.27 8381.20 8451.19 8493.44
ZOB of the floater [m]  -8.00 -8.15 -8.25 -8.50
ZOG of the system [m]  -6.42 -6.57 -6.67 -7.50
Displaced volume[m?]  8082.21 8176.78 8245.06 8286.28

From further iterations several more cases were investigated which fulfilled the set requirements
given in the case and materials chapter. The cases tested were between case 2 and case 3 from
table 7.1 The cases were eliminated based on too high or too low values for the natural period and
GMT,GML. Lowering the structure -1.25 meters showed the most promising results.

Table 7.3: Best hydrostatic results, case 3.

Characteristics Symbol Case 3
Displacement mass [tonnes] A 8418.91
Displacement volume [m?] \Y% 8213.57
Waterplane area [m?] WPA 136.46
Radius of gyration

Roll [m] T44 25.73
Pitch [m] 55 29.66
Yaw [m] 66 25.24
Centre of buoyancy

Longitudinal [m)] XOB 10.33
Vertical [m)] Z0OB -8.34
Metacentric height

Transverse [m] GMT 2.10
Longitudinal [m)] GML 2.87
Natural Period

Heave [s] Ths3 18.15
Roll [s] Ty 43.6
Pitch [s] Tus 40.11

This is also the only model with a positive GZ value, which indicates stability, and has therefore
been used in further analysis in the thesis.
7.1.2 Hydrodynamic Results

Below the results for the -1.25 m structure is shown. A best balanced mass model is used for the
analysis. It is compared to a more even panel model and a more balanced mass model. Selected
RAOs are shown below with the two different panel models and mass models shown.

The figure above shows the relevant translational RAOs for the structure. The figure below shows
the relevant rotational RAOs for the structure.

The figure above shows a selection for the added mass values. Below the potential damping values
are shown for some selected motions.
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Figure 7.1: Selected translational RAOs for model.Beam sea: 90 deg ; Head sea: 180 deg.
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Figure 7.2: Selected rotational RAOs for model. Beam sea: 90 deg ; Head sea:180 deg.
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Figure 7.3: Selected added mass values for model. Beam sea: 90 deg ; Head sea:180 deg.
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Figure 7.4: Selected potential damping values for model. Beam sea: 90 deg ; Head sea:180 deg.
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7.2. MOONPOOL DAMPING

7.2 Moonpool damping

The results in this section shows the results from the sensitivity analysis for the free surface damp-
ing, and for roll and yaw damping. Finally, the results for the damping with the most promising
responses are shown. Altough significantly more values were tested for the damping in the moon-
pool, only a few selected are shown to display clear figures.

7.2.1 Roll damping
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5 10 15 20 25 30 35 40 45 50
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Figure 7.5: Results from the sensitivity study on Sway RAO for twin fish model for 90 degree
direction.
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Figure 7.6: Results from the sensitivity study on Roll RAO for the twin fish model for 90 degree
direction.
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7.2. MOONPOOL DAMPING

7.2.2 Damping introduced in HydroD

The RAOs below show the RAOs for the structure,when the internal lid was introduced to .
Introducing an internal lid in the twin fish hull had no difference on the RAOs, added mass and
damping.The values for the different damping are shown in the case chapter, and the results are
presented below:

15

10

Heave Beam Sea [m/m]
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Figure 7.7: Results from the sensitivity study on Heave RAO at 90 degrees when introducing
moonpool damping.
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Figure 7.8: Results from the sensitivity study on Heave RAO at 180 degrees when introducing
moonpool damping.

63



'ﬂ

A

- - Universitetet
7.2. MOONPOOL DAMPING | UiA i

10 :
—0%
--------- 50%
————— 100%
8- | 150%
T ~+=200%
g
3 o I
n
el
&
o 4 v |
$b ‘|
=] ¥
2 ¥
L
2 - -
0 | | | | 1
5 10 15 20 25 30 35 40 45 50

Figure 7.9: Results from the sensitivity study on Surge RAO at 180 degrees when introducing
moonpool damping.
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Figure 7.10: Results from the sensitivity study on Sway RAO at 180 degrees when introducing
moonpool damping.
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Figure 7.11: Results from the sensitivity study on Pitch RAO at 180 degrees when introducing
moonpool damping.
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Figure 7.12: Results from the sensitivity study on Roll RAO at 90 degrees when introducing
moonpool damping.
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Figure 7.13: Results from the sensitivity study on Yaw RAO at 90 degrees when introducing
moonpool damping.
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Figure 7.14: Results from the sensitivity study on added mass [A11] when introducing moonpool
damping.
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Figure 7.15: Results from the sensitivity study on added mass [A33] when introducing moonpool
damping.
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Figure 7.16: Results from the sensitivity study on added mass [A55] when introducing moonpool

damping.
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Figure 7.17: Results from the sensitivity study on potential damping [B11] when introducing
moonpool damping.
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Figure 7.18: Results from the sensitivity study on potential damping [B33] when introducing
moonpool damping.
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Figure 7.19: Results from the sensitivity study on potential damping [B55] when introducing
moonpool damping.
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7.2.3 Best results after damping sensitivity study

From the sensitivity analysis for damping, some values were selected which resulted in a significant
improvement of the responses of the structure. A damping values of 150 percent and 6 percent roll
damping resulted in the best option. The figures below show the final responses of the twin fish
floater including damping. These responses were later imported into Sima for the coupled analysis.
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Figure 7.20: Selected translational RAOs for the twin fish floater after introducing moonpool

damping and roll critical damping.
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Figure 7.21: Selected rotational RAOs for the twin fish floater after introducing moonpool damping
and roll critical damping.
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Figure 7.22: Selected added mass values for the twin fish floater after introducing moonpool damp-

ing and roll critical damping.
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Figure 7.23: Selected potential damping values for the twin fish floater after introducing moonpool

damping and roll critical damping.
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7.3 Coupled analysis

Below the results for the coupled analysis will be presented. The process of designing a good and
correct system with analysis that go through was time consuming and consisted of several models
that were constructed. The results below are for the complete model: floater, wind turbine and
mooring system. Several conditions were run as presented in Case and Materials , but only a few
selected values of them are presented.

7.3.1 Global motions of the structure

The figures below are for the condition from the environmental contour line with the highest H
value which is 15.48m while T}, is 36.07s for two different wave directions, 180 degrees and 150
degrees. The results are presented for a time period of 600s
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Figure 7.24: Surge translation for the twin fish floater at two wave directions (Collinear - 180 deg,
Non-collinear - 150 deg).
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Figure 7.27: Roll rotation for the twin fish floater at two wave directions (Collinear - 180 deg,

Non-collinear - 150 deg).
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Figure 7.29: Yaw rotations for the twin fish for a collinear wave direction (180 degrees).
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Figure 7.30: Yaw rotations for the twin fish for a non-collinear wave direction (150 degrees).
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7.3.2 Global motions for different wave seed numbers
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Figure 7.31: Surge translation for twin fish floater at wave seed number 15 and 85.
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7.4 Design of mooring system

In this section the design of the mooring system will be presented. Several iterations were made
to get the preliminary data for the mooring system. Therefore the data presented in the Case and
Materials chapter can also be considered as results. Only the detailed results for the final mooring
line is presented.

7.4.1 Fairlead and turret

The design of the turret structure was conducted to allow for rotation of the structure when
influenced by environmental loads. The final turret structure consisted of free supernodes connected
by stiff beam elements. The sketch below demonstrates the design of the turret structure.

Imaginary Line *
g Yy R /
- /

7 VI 8

* . .
+ Mooring Line

N

~
L]

SEA BED =~ ..
Figure 7.33: Sketch of the turret construction with supernodes and connecting dummy beams.
A line was created connecting supernode 7 and 8, which was later used to define a slender system

connection for the twin fish body. The mooring line is attached at supernode 2, while it is anchored
at supernode 7.Supernode 7 is fixed, but allows for rotation in all directions.

7.4.2 Static tension of line

We divide between the static line tension, and the dynamic line tension.

The static tension of the line is given in the following table. In the result file from sima (stamod.res),
the static tension is given according to each element of the mooring line. The models presented are
the two different models, 3 and 4, presented in the Methodology chapter.

Table 7.4: Static mooring tension for selected cases.
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Cases

Node [-] Case 1 [kN] [(lj{?\?]e 1 (150d.) Case 2 180[kN] S(iSSGOd.)[kN]
74 359.0 363.0 358.8 357.8
75 359.2 363.2 359.0 358.0
76 359.4 363.4 359.3 358.3
7 359.6 363.6 359.5 358.5
78 359.9 363.9 359.7 358.7
79 360.1 364.1 360.0 359.0
80 360.3 364.3 360.2 359.2
81 360.6 364.6 360.4 359.4
82 360.8 364.8 360.6 359.6
83 361.0 365 360.9 359.9
84 180.3 184.4 180.2 186.1
85 0.08 6.38 0.36 21.5

The numbering of the nodes are from the anchor end (supernode 9) to the fairlead (supernode 2).
The static line tension for the different parts of the mooring line is presented above for the highest
H, value in the 2D contour line generated for the thesis. Two different models are displayed, the
complete model including the wind turbine (WT) which is the case 1 and the complete model
excluding the wind turbine (WOWT) case 2. The results for loads in wave headings 180 deg and
150 deg are shown.

7.4.3 Transverse location

Table 7.5: Final position of body after static analysis.

Condition Hgm)| Tp[s] X-coordinate [m]
2D Contour Line 15.48 36.08 -100.2
2D Contour Line Non-Collinear 15.48 36.08 -100.2
2D Contour Line 8.274 19.58 -102.6
2D Contour Line Non-Collinear 8.274 19.58 -102.6

The data is from the 2D contour line and includes one parked condition and one condition with low
values. The transverse location of the mooring in static analysis is of importance. The body was
defined according to the line shown in the figure on the previous page (line 6) between supernode
7 and 8. The location of supernode 7 corresponds to point (0.0.0) for the coordinate system of the
model. Since point 7 is defined at -101 m in x-coordinate, then the x-coordinate should not move
significantly far from that location.

7.4.4 Dynamic mooring tension

The graph shows the mooring tension for the highest value for Hy is 15.48 m while the T}, is 36.08
s for collinear and non-collinear case.
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Figure 7.34: Mooring line tension for two wave directions: Collinear - 180 deg, Non-collinear - 150
deg.

7.4.5 Weibull fitting
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Figure 7.35: The cumulative probability for the maximum tension values for random wave seed
numbers.
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Figure 7.36: The probability for the maximum tension values for random wave seed numbers.
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Figure 7.37: The probability plot for the maximum tension values for random wave seed numbers.
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8 Discussion

In this chapter the discussion regarding the steps and procedures conducted to design the novel
semi-submersible floater,conducting the coupled analysis and designing the mooring system.

8.1 Design of the twin fish floater

The twin fish floater designed is based on a model designed in a pre-project fall of 2020. The
designed showed feasibility, but the natural periods of the structure would result in bad responses.

8.1.1 Hydrostatic responses

From the pre-project, a reasonable model was selected and analyzed. However, the natural period
were low and was a indication of a structure with responses that were not ideal. Therefore, as
stated in the pre-project, the structure’s water plane area needed to be reduced to achieve better
natural periods.

Several cases were tested. The preliminary tests were lowering the structure with 0.5 meters between
each case, please see the case and materials chapter. However, it was evident that the ideal model
was located between lowering the structure 1 - 1.5 meter. A further iteration was conducted in the
given area, the cases are presented in the result chapter. From these, the case which resulted in
a lowering of 1.25 meter gave the most optimal results from the cases tested. A further lowering
beyond 1.25 would result in too high natural periods for a semi-submersible structure , as well as
significantly lower GMT and GML values.

Although the ideal would be to achieve a structure with all the natural periods for a value of 20 -
30 seconds, the design shows feasibility with achieving the values presented.

A structure with an elliptical support was also tested as an attempt of achieving better natural
periods through a small waterplane area. However, the heave natural period was not improved.
Also, the roll natural period became significantly higher. This is an indication that the elliptical
support structure is unfit to use. However, a definite answer is not possible to give since only a
single design with elliptical support structure is tested. Due to lack of time and other priorities
with the thesis this was not investigated further.

8.1.2 Dynamic Results

In the result chapter, only the dynamic results for the final design was shown, which was for the
structure which was lowered 1.25 meters more than the original floater from the preproject.

A challenge with the design of a structure with better heave natural periods was that the lowering
the structure proved to be detrimental to the dynamic behaviour of the structure. While lowering
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the structure resulted in better heave natural period, the amplitudes of the RAOs increased sig-
nificantly which is detrimental to the structure’s responses. It was therefore a challenge ensuring
that the requirements for the natural periods were fulfilled while the responses are not neglected.

But, from the preproject period a challenge regarding the potential damping of the structure was
discovered, where the potential damping values were significantly higher than for the 5 MW CSC |
and the V - shaped semi-submersible. This was an indication of a an amplification effect caused by
the moonpool of the structure. This challenge is related to the issue with worse dynamic behaviour,
but the solution and further investigation of the issue was conducted. If the results were improved
by introducing a damping lid to the structure, then the main cause of the detrimental responses
will be removed.

8.1.3 Verification of results

The results from HydroD were compared to the results generated by MOJSLOAD. In the beginning,
several issues were discovered in MOJSLOAD, which later proved to be an error in the algorithm,
which was later corrected.

The results for the bodies used for damping sensitivity analysis can not be verified in MOJSLOAD
since these models are multibody models and MOJSLOAD is not able to recognize these separate
bodies. If the results from the damping sensitivity analysis were to be verified then WAMIT needed
to be used with a different procedure for creating the internal surface and the mesh of the moonpool,
as described in the WAMIT manual in the section on damping.
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8.2 Free surface damping

In this section the discussion regarding removal of irregular frequencies through implementing a
internal surface in the fish hulls and the sensitivity analysis for damping for the moonpool is
discussed below.

8.2.1 Irregular frequency removal

The irregular frequency is removed from the dynamic responses through introducing internal surface
lids within the fish hulls. The reason is that the internal lid functions as a war of removing numerical
errors caused by the computer program. A comparison of the results for the removal of the irregular
frequency compared to the results before were not presented as the procedure had no effect on the
results, indicating no numerical errors in the presented responses of the structure.

8.2.2 Damping introduced in HydroD

Several sensitivity studies were carried out for the structure as the pre-project indicated a piston
effect caused by the moonpool between the fish, and it showed detrimental values compared to the
5MW-CSC and the V-semi.

The damping introduced in HydroD is related to the moonpool between the two fish hull. A
plate without mass was created for the area, and meshed in the subprogram Hydromesh. The
procedure proved to be difficult as Hydromesh could not register the exact area between the fish
hulls. Therefore another panel model was modelled in GeniE in which the moonpool area would
be easier to detect in HydroMesh. The new model included plates which cut through the necessary
area.

The mesh of the moonpool area was studied carefully, and the conclusion is that it suits the area
well and follows the contour of the twin fish, and therefore will give reliable results.

A wide range of values were tested for damping - ranging from 0 to 400 percent. The hydrodynamic
values were significantly improved when damping was introduced, which is displayed in the result
chapter for the RAOs, added mass and potential damping values. The main features were that with
increasing damping percentages introduced into the damping lid, the hydrodynamic characteristics
have smaller amplitudes.It was evident that introducing more than 150 percent damping would
result in that the values for RAOs would become worse again, while the added mass and potential
damping amplitude values continued to decrease.

From the theory presented, values more than 1 ( = 100 percent) will result in numerical incorrectness
and therefore are unvalid in the given area presented. However, the values for damping were
still significantly larger than what was reasonable for a feasible structure,and this needed to be
investigated further byt introducing damping values of more than 100 percent. For the continued
modelling in Sima (SIMO-Riflex) the responses of the structure with 150 percent damping was
imported in.

Including the sensitivity analysis conducted for the damping lid in the moonpool area, a critical
damping matrix was introduced for the twin fish floater due to the high roll and yaw RAOs. The
values investigated for yaw and roll damping are within reasonable selection of damping for other
floaters.

From the sensitivity analysis for yaw, it proved that it did not have any effect on any of the six
motions of the structure. However, the sensitivity analysis for roll damping indicated a coupling
effect between roll, yaw and sway. When higher values of roll was introduced, the values for roll,swat
and yaw decreased in all of these DOFs. Introducing some damping for roll resulted in decreased
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values for all of these motions, butt not any decrease for the added mass values or the potential
damping values.

8.2.3 Final results from HydroD

Introducing some damping to the structure had a significant effect on the responses of the structure,
improving them greatly. The most reasonable results from the sensitivity analysis is achieved after
introducing 150 percent damping, and 6 percent roll damping. For roll damping the value could
be less and still achieve good responses.

From the results presented in the result chapter, the values for the RAOs were still significantly
large, and this needed to be studied further. But, this is also an indication that the model is
not feasible since these large amplitudes around the natural periods could be detrimental to the
structure.
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8.3 Design of mooring system

Below the discussion for the design of the mooring system will be presented. The design of the
mooring system and the coupled analysis for the structure are intertwined as the design of the
mooring system could not be conducted without using the model created for the coupling analysis.

8.3.1 Different models

The goal with the design of the mooring line was designing a single point mooring system, instead
of a spread mooring system which is currently most used for semi-submersible structures. A spread
mooring system will keep the structure at a fixed heading since it will withhold the structure
from several directions, and will therefore take up significantly large forces. A single-point mooring
system consists of one mooring line, attached at the sea bed by an anchor, and attached at the floater
using a fairlead. The single-point mooring system will allow the structure to rotate depending on
the direction of the environmental loads.

Different mooring line designs were created based on the fundamental data presented in the case
and materials chapter. The span of the lengths of the mooring system span between 95 - 125
meters, while the movement of the structure and the tension of the mooring line determined if
changes had to be made on the mooring system. The static tension of the line had to not exceed
a certain value for the mooring line to be considered as a good design.

There are several design objectives connected to the design of the mooring system. The mooring
line capacity is one of them, where the analysis conducted in Sima (SIMO-Riflex) verify that the
tension of the mooring does not exceed the capacity of the mooring line. Another factor which is of
great importance is the global or local motions of the system, ensuring that the motion responses
are sufficient. Codes and standards related to design of mooring system need to be fulfilled.

Some of the design objectives which have been irrelevant to investigate in this thesis are concrete
mooring equipment and installation requirements, necessary clearances and offset. If all consider-
ations would have been taken into account, then it would be difficult answering the set research
question within the given time.

The final model shows good tension data, while the structure is kept at place at reasonable values.

8.3.2 Tension of line

The tension of the line is presented both as static tension and as dynamic tension, in the time do-
main. For the static line tension, the table presented demonstrates the forces on the two most dis-
tinct models from the Simo-Riflex analysis; the complete model without the wind turbine (WOWT)
and complete model with the wind turbine (WT) at two different wave directions, 180 and 150 de-
grees.

The nodes listed are the nodes in which the mooring line has been divided into. From the result
chapter, the complete data for the mooring system is given, and it displays that the mooring
system is divided into three segments - which are again divided into smaller elements. In total the
mooring system consists of 12 nodes for which the static tension is given. The maximum tension
for a collinear case is 360.8 kN while the lowest value given is 0.08 kN. The static tension of the
non-collinear case presents similar values, although a little larger than for a collinear load direction.

It is worth mentioning that that the wind turbine characteristics have been accounted for in both
models, since it’s characteristics is included in the imported files from HydroD, the model with
the wind turbine is more correct since the wind turbine elements are modelled as slender elements
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(Riflex) in SIMA. The tension values do not differ greatly from the two models, but the difference
is more evident for the non-collinear cases.

8.3.3 Dynamic mooring line tension

The figure presented in the results displays the mooring tension in time domain for the highest value
of Hy which is 15.48m with a T}, of 36.08s. It shows that the mooring tension varies significantly
throughout the studied time period with a maximum value of about 2000 kN. The direction of the
loads also influence the tension of the mooring line.

Also, the maximum tension for a parked condition where H, equals 15.4 m and 7, ... is plotted for
randomized selection of seed waves, from the value of 1 to 103.

The mean value was subtracted from the maximum tension value before it was plotted to a weibull
distribution. There is a good correspondence between the values and the distribution. This is
shown in the CDF and the probability plot.

8.3.4 Transverse motion

In the thesis, the transverse motion relevant for the mooring system, is the motion in x - direction,
the surge motion of the structure. Both the transverse location of the entire system in the static
analysis, and the dynamic movement in surge is presented in the paper, the dynamic movement
will be discussed in the Coupled Analysis section of the Discussion chapter.

As stated in the theory chapter, the main function of a mooring system is keeping the structure at
place in transverse movement. The challenge with a single point mooring system is that it is only
attached at a single point compared to a spread system. A spread system keeps the structure at
place at multiple directions - taking up larger forces than a single point mooring system. A spread
mooring system restrains the structure from moving in multiple directions.

The original position of the structure is at -101m. From the table presented in the result chapter,
the static analysis demonstrate that the location of the body does not change significantly more
than the original position. The cases presented is for the lowest and higest Hg value provided from
the 2D contour line created for a U,, value of 31.2 m/s.

86



;l

i UiA s

A

8.4. COUPLED ANALYSIS

8.4 Coupled analysis

8.4.1 Global motions of the structure

The global motions presented in the results chapter were for the 2D contour lines generated for the
thesis. The highest H, case was selected, 15.48 m with a 7}, of 36.07 s. The linear and collinear
motions are shown for the case. The surge translation shows that there are significant movements,
but the motions of the structure share the same characteristics for both collinear and non-collinear
direction. The same applies for heave translational motion.

However, the sway translation shows significantly larger motions for non-collinear than collinear.
The same applies for the roll motion, where the collinear loads have significantly less than for the
non-collinear case. From the graph it appear as if the rotation of roll is increasing as time passes.
The pitch rotation has smaller amplitudes for the non-collinear loads compared to collinear loads.

Finally , for yaw rotation it is a clear drop the first seconds, before the values increase. For the
non-collinear load condition, the maximum value throughout the time period studied is about 4.6
degrees, even though the inflicted load has an angle of 30 degrees compared to the structure. This
may indicate that the structure does not have the desired characteristic, that it aligns itself with
the direction of the loads. There is some resistance in the structure towards aligning itself according
to the loads, which may result in larger loads on the mooring line than expected.

8.4.2 Effect of wave seed on global motions

In the results, an example with two different wave seeds for the same case is displayed. It is evident
that the seed wave number has an effect on the motions, but the motions share many of the same
characteristics. It is still important to include the results for a more reliable consideration of the
load effects.

87



9 Conclusion

In this master thesis, the twin fish floater has been designed with better hydrodynamic character-
istics. Then, a coupled analysis was conducted for the structure including a design of a single point
mooring system to keep the structure at place.

The research questions defined in this thesis were the following:
How can the twin fish floater wind turbine system be designed?
With the subquestions:
1. What are the dynamic characteristics of the system under influence of environmental loads?

2. How can the mooring system of the twin fish wind turbine system be designed to keep the
structure at place?

The dynamic characteristics of the twin fish floater under influence of environmental loads was
assessed by conducting a coupled analysis. The final model displayed significant displacements.
The direction of the environmental loads also greatly influences the motion responses, both the
translational and the rotational. The significant differences was displayed in roll motion where the
non-collinear loads resulted in clear displacements which appears to increase when time passes.
The Yaw rotation displayed that even though the direction of the structure is changed, the floater
has some difficulties aligning itself to the load directions. The translational movement in sway
shows large differences between the collinear and non-collinear loading, resulting in significant
displacements.

The twin fish floater was designed with a single point mooring system using a catenary mooring
line. A turret was designed and used as the fairlead to allow the structure to rotate in accordance
with the existing load directions. The supernodes making up the turret was connected by beam
elements.The anchor is fixed, but allows for rotations. The mooring line is divided into three
distinct segments, a R3 chain, a Polyester rope and a buoy.

The tension in the mooring line are well below the capacity, and the movement in translational
direction is sufficient. Weibull fitting was conducted and it showed good fitting.
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10 Suggestions for further work

In this thesis a design of a novel semi-submersible concept has been conducted.A single point
mooring system was designed for the twin fish floater.Although the results show some feasibility,
there are several challenges that have appeared which should be considered if any progress should
be made with the design:

o A detailed structural design of the connecting structure with the wind turbine support.

e Several more fish shapes should be studied since the current fish shape experiences great
displacements, such as in roll.

o Investigate the structure’s responses during operational conditions.
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A Appendix 1

o .stask files from SIMA /SIMO-Riflex
e Preproject thesis

e Models from HydroD

e Project plan

e Meeting Documentation

o A3 Poster
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