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Summary

The offshore wind energy industry has been developing rapidly due to the increasing demand for
renewable energy. As a result, offshore wind turbines are increasing in mass and height and are
installed at larger water depths and further away from shore. Jack-up vessels can lift themselves
above the water, eliminating the influence of the waves on the vessel motions, but are limited by
water depth, soil conditions and crane capacity. A floating vessel on the other hand, is not limited
by this, but is sensitive to wave-induced motions. Heerema Marine Contractors (HMC) developed
a new installation method using a floating vessel, where the rotor nacelle assembly (RNA) of a wind
turbine is assembled on an assembly tower on deck and is installed in one lift. In this way the
number of critical lifts is changed to one lift, being it a challenging one.

The research objective is to gain a better understanding of the dynamic behaviour of a rotor na-
celle assembly, particularly due to the wind, focusing on the horizontal motions of the RNA, when
itis hanging in the crane above the tower. To examine the dynamic behaviour of the RNA, separate
models are made to assess the effect of the wind and waves individually. This is done to identify
which motions are due to the wind, and which motions are due to the waves. Finally, the wind and
waves are coupled to gain insight in the coupled response. Furthermore, a case study is performed
to prove its applicability for implementing and assessing the effect of using tugger lines on mitigat-
ing horizontal motions.

Model 1 j Wind only is performed in OrcaFlex using time domain simulations, in which the effect
of wind turbine blade pitch angle, length of the hoist wires and wind speed and wind direction on
the RNA response is examined. It is concluded that a 0 deg blade pitch and a short as possible pen-
dulum, result in the smallest motions. The main responses are a pendulum motion in the direction
of the wind and a slow yaw motion. Moreover, the RNA responses are significant and can limit the
operation. In Model 2 j Waves only, frequency domain analyses are performed in Liftdyn to ob-
serve the influence of wave conditions and crane configuration on the RNA response. It is shown
that head sea and crane pointing to port side yield the smallest motions, while the optimal crane tip
height depends on the wave peak period. The main response of the RNA due to waves is a sideward
pendulum (in the direction of the waves) coupled with vessel pitch motion. The magnitude of the
pendulum motion increases with wave peak period and is significantly larger than wind. In Model
3 i Wind & Waves the wind and waves are coupled, performed in OrcaFlex using time domain sim-
ulations. It is concluded that wave-induced motions are governing. For short wave peak periods,
the vessel pitch and crane tip responses are small and as a result, the RNA sideward pendulum mo-
tion as well. For long wave peak periods, the vessel pitch response is excited and thus the crane tip
motion is large. Therefore, the RNA sideward pendulum motion is large as well. For both short and
long wave peak periods, the horizontal motions have to be mitigated to install the RNA.

In the case study, constraints that represent tugger lines, are implemented to examine the effect
on the RNA motions and to assess if the model can be used for developing concepts to reduce the
motions. It is shown that providing stiffness in the horizontal plane helps to reduce the sideward
pendulum. However, a roll motion of the RNA is still excited. Hence, roll stiffness is added. For long
peak periods, the RNA motion has to follow the opposing motion of the crane tip. More research is
required to develop a concept that can follow the crane tip for short peak periods and oppose the
motion of the crane tip for long wave peak periods, to ultimately reduce the RNA response.
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Introduction

This chapter provides an introduction to the thesis topic that is focusing on modelling the response
of a rotor nacelle assembly (RNA) during lifting using a oating vessel and analysing the dynamic
behaviour. First, the current offshore wind industry and installation strategies are discussed in sec-
tions 1.1 and 1.2. Then, the problem is formulated in section 1.3 and a literature review is performed
in section 1.4 to look into the feasibility of using oating vessels to install wind turbine components
and how control of the load while lifting is established. Finally, based on this research, the research
objective and questions are established and the approach and outline are de ned in sections 1.5,
l.6and1.7.

1.1. Background

The offshore wind energy industry has been developing rapidly the last decades due to the ever
increasing demand for renewable energy. At the end of 2019, Europa has a total installed offshore
wind capacity of 22.0 GW, which has increased by seven times the past ten years, as can be seen in
Figure 1.1.

Figure 1.1: Annual offshore wind installations in Europe by country and cumulative capacity (Wind Europe, 2020)

With the increasing installed capacity of offshore wind, the level of technology also advances. This
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Figure 1.2: Offshore wind turbine components.

results in larger turbines with higher power capacity at larger hub heights. The average installed
turbine capacity has increased signi cantly the last few years, from 3 MW in 2015 to 7.8 MW in
2019 (Wind Europe, 2020). As a consequence of this turbine size increase, along with the increase
in turbine height, the foundation increases in size and mass. Furthermore, due to the growing off-
shore wind projects, these offshore wind farms tend to be located further from shore at larger water
depths, where higher and steadier wind speeds prevalil, increasing the WTG's size and mass as well.
This challenges the industry to design structures capable of withstanding the loads during its life-
time, while still having a cost-ef cient design.

1.2. Offshore wind turbine installation

A critical phase during the life cycle of an offshore wind turbine is the transport and installation,
which can be up to 20% of the capital expenditures (CapEx) with bottom-founded substructure
(Stehly et al., 2016). This is mainly due to the complex operation and harsh environmental offshore
conditions. Additionally, with the increasing size and mass of the structure that have to be placed
at larger water depths, this challenges the industry even more. It requires installation vessels with
larger crane capacity that are able to lift to higher heights. Therefore, a signi cant cost reduction can
be achieved for offshore wind energy by nding innovative solutions. Innovations can be sought in
two aspects of offshore installation, the lifting con guration and installation vessel and is discussed
in this section.

1.2.1. Lifting con guration

An offshore wind turbine consists of the following main components: nacelle, hub, blades, tower,
foundation and, in most designs, the transition piece. These are depicted in Figure 1.2. During
installation, these components have to be treated carefully to ensure the structural integrity. A broad
spectrum of installation methods exist in the industry to install the turbines that vary in the method
of transporting and lifting of the rotor and nacelle. Four methods are brie y described below.

The rst and most common method is lifting all components individually. This has the most num-
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ber of lifts to be performed, but the lifts are relatively easy. Furthermore, these components can be
stacked ef ciently on the deck of the installation or feeder vessel, as shown in Figure 1.3. The blades
can be installed in different orientations, horizontal and tilted.

The second method is the full rotor lift, where the three blades and hub are pre-assembled on-

shore. In this way the number of lifts is reduced and fewer components have to be assembled in
the harsh offshore environment, decreasing the installation time. However, this also makes the lift

more complicated and fewer components can be transported, as they take up more space, as shown
in Figure 1.4.

The third method is the bunny-ear con guration, where the nacelle, hub and two blades are pre-
assembled. The nacelle can then be placed on deck, with the two blades pointing upwards, resem-
bling a bunny's head. The third blade is installed in the nal lift. This method has not been used
over the last years j the last time was during the installation of the prototype of the Haliade 6 MW
turbine in 2013 (Fred. Olsen Windcarrier, 2013).

The nal method of installing WTG (Wind Turbine Generator) is new and is not considered yet to be
feasible for large wind projects. With this method a fully assembled WTG is installed, rotor, nacelle
and tower, in one lift, as shown in Figures 1.5 and 1.6. So far this method has only been used for a few
demonstration projects. It is not yet feasible because the workability of the operation is expected to
be low and not commercially attractive.

Figure 1.3: Bold Tern from Fred. Olsen Wind Carrier Figure 1.4: Victoria Matthias from MPI Offshore (jack-up
(jack-up vessel) with single components (Fred. Olsen vessel) with pre-assembled rotors on the main deck
Windcarrier). (Eurogate).

1.2.2. Installation vessel

Currently, a jack-up vessel is the most used vessel to install WTG. It is capable to lift itself out of
the sea by putting its legs on the sea bed, eliminating the in uence of the waves on the motion of
the vessel. This however, is time consuming when it has to move between the foundations. Fur-
thermore, it is susceptible to the environmental conditions when the ship is lifted or lowered, it is
limited by soil conditions and water depth (most vessels up to 40-50 m) and it has a limited deck
space. Therefore, a jack-up vessel may become less suitable for offshore wind projects in deeper
waters.

A oating vessel on the other hand, is not limited by water depth or soil conditions and can quickly
move from one foundation to another, showing its logistical exibility. Furthermore, oating vessels
can weather vane continuously in order to reduce the motion. Itis however, limited by its responses
due to wave-induced motions, which have to be minimised during lifting operations, since high ac-
curacy is required when installation wind turbine components, considering that these components
have fragile connection interfaces. Floating vessels use dynamic positioning (DP) or a mooring sys-
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tem for station keeping and stability.

Essentially, two oating vessel types exist that can be used in the offshore wind industry, a semi-
submersible and a monohull, shown in Figures 1.5 and 1.6, respectively. They both have different
hydrodynamic properties, in which the semi-submersible has better stability in waves, while the
monohull has an improved sailing speed. Therefore, the semi-submersible would need a feeder
system to bring wind turbine components from a feeder vessel when the wind farm is located further
offshore, while a monohull can optionally sail back and forth.

Figure 1.5: Saipem 7000 from Saipem S.p.A. Figure 1.6: Aegir from Heerema Marine Contractors
(semi-submersible) installing the Hywind, a oating wind (monohull) installing the DOT offshore wind turbine
turbine (Timperley, 2017). (HMC).

1.3. Problem formulation

With the perspective of the offshore wind energy market, where larger and heavier wind turbines
will be placed in deeper waters, oating vessels can play a fundamental role in installing these tur-
bines. By making use of the versatile properties of oating vessels and new installation methods, the
installation costs and ultimately the levelised cost of offshore wind can be reduced. This is where
Heerema Marine Contractors (HMC) comes into play.

HMC developed a new installation concept, by assembling the nacelle, hub and rotor blades of the
WTG on top of a assembly tower that is placed on the deck of the installation vessel. The tower of the
WTG is already installed on the foundation. By rst placing the nacelle on the assembly tower and
then installing the blades one by one, the relative motions between blade and assembly tower are
reduced as they are both xed to the vessel, making the lift signi cantly less complex. This requires
only one more lift to install the full WTG, on top of the lifts required for the tower, comparing to ve
lifts in case when the components are installed individually on the WTG tower. The lift of the rotor
nacelle assembly (RNA) is visualised in Figure 1.7.

With this method, the components can be transported individually and thus the blades can be
stacked on top of each other, resulting in ef cient use of space. These components can be brought
to the offshore site by using barges or the installation vessel itself. This installation method allows
for a quick and ef cient way to install WTG and can further bring down the cost of installing WTGs.

The RNA lift from the assembly tower to the WTG tower is a complex one. With next generation
WTG reaching rotor diameters of up to 220 m, the responses due to environmental conditions can
be signi cant. The crane tip is moving due to the wave-induced motions of the oating vessel,
while the wind is acting on the blades. These motions have to be controlled in order to install the
RNA without sustaining damage, in a short as possible time frame, while safety is maintained.

Before a clear problem and objective of the thesis can be de ned, important aspects that are related
to the installation of the RNA are described. Using this description, the scope and approach can be
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Figure 1.7: Lifting the RNA from the assembly tower on deck of the installation vessel to the already installed tower.

de ned as well.

The RNA that is hanging in the crane, will move due to wind and waves. The important motions of
the RNA when placing it on top of a tower are the RNA rigid body motions. These are translations in
X,y and z (surge, sway and heave) and rotations around x, y and z (pitch, roll and yaw). Some mo-
tions require more attention than others when installing the RNA. The magnitude of the maximum
allowed motion depends on the guide and bumper system that is used for the installation. This
system provides safe guidance of the RNA by constraining degrees of freedom, eliminating resid-
ual motions and providing bolt-hole alignment. Before the RNA is placed on top of the tower, the
motions of the RNA need to be monitored rst. During this monitoring phase, the RNA is hanging
approximately 2.5 m above the tower and as soon as the motions are within the prede ned limits,
the RNA is lowered onto the tower.

The motions in x and y determine the position of the RNA above the tower in the horizontal plane,
while the motionin  z determines the vertical position. The pitch and roll angle ensure that the RNA
is hanging horizontally suf ciently. Finally, the yaw angle determines the heading control of the
RNA and this control should be very accurate, as can be seen in Figure 1.8, where alignment of the
bolts and holes must be obtained.

Optimal control of the motions is essential during the installation of the RNA. Therefore, motion
compensation is required. For this purpose, different systems are used for compensation of motions
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in difference directions and are explained below.

A heave compensation system is used to control the heave motion of the load. The RNA will move in
z-direction, due to the wave-induced motions of the vessel. A heave compensation system is able to
control the winch of the hoist wire to pay in or pay out the wire to keep the load at a certain position.

The remaining motions (surge, sway, yaw, pitch and roll) are to be controlled, where a pendulum
motion in x or y also induces the RNA to pitch and roll, depending on what kind of motions are
excited by the vessel and wind.

Figure 1.8: Bolt-hole alignment of the nacelle and tower (Fred. Olsen Wind Carrier, 2017).

1.4. Literature review

Prior to performing this research, a literature study has been conducted to review the current knowl-
edge and research in the eld of offshore wind turbine installation with focus on blade installation
and installation by oating vessels. The ndings from this study are summarised below.

Floating vessels have great potential to be used to install turbines. However, the wave-induced mo-
tions of the suspended load can form a problem during lifting operations. Zhao et al. (2019) per-
formed a feasibility study on installing offshore wind turbine blades by oating vessels. In this study
both a semi-submersible and monohull's performance are compared to installations by jack-up ves-
sels and it was concluded that it is feasible to use oating vessels to install offshore wind turbines
blades, based on vessel performance. It is required however, that the dynamic positioning system
mitigates the slowly varying horizontal motions of the vessel due to waves. The feasibility of the
installation depends on site speci ¢ conditions and vessel parameters and a higher feasibility can
be obtained with vessels that respond to small wave frequencies. The semi-submersible has overall
better performance than the monohull, because its natural period is well above the upper limit of
typical wave periods, caused by the geometry and size of the vessel.

Zhao (2019) established a coupled method to simulate the response of a single blade in the mating
phase during installation using oating vessels due to wind and waves. Furthermore, the opera-
tional limits during this installation are assessed, taking into account both motion response and
structural integrity at the root of the blade. The author concluded that a monohull can install single
blades with a wave peak period of up to 7 s, while it is possible for a semi-submersible with a wave
peak period of 8 s. Furthermore, the aerodynamic damping of the blade due to its own motion is
important for the dynamic response of the blade.
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Almost all literature about the installation of wind turbine blades only focuses on single blade in-
stallation, not on the lifts of full rotor or bunny ear con guration. Even though the approach taken

to model the motions during single blade lifts can also be applied to the modelling of other lift-
ing con gurations, there is a big difference. First of all, the mass increases signi cantly with more
blades, the hub and nacelle attached, changing the dynamic behaviour of the load suspended from
the crane. Secondly, with more blades the aerodynamic loading increases, leading to different mo-
tions due to wind. Finally, when lifting a single blade, the blade is clamped at the centre of gravity
(cog), with the centroid of the aerodynamic loading distribution reasonably close to this position,
depending on the blade orientation. When lifting a full rotor, the hook is attached at the hub. Hence,
this creates large arms to the centroid of the lift and drag distribution of the blades, resulting in large
moments. These differences make the lift more complex and have to be accounted for.

Different approaches can be used to model the aerodynamic loading on the blades. The cross- ow
principle (Hoerner, 1985) can be used to determine this loading. Zhao (2019) used the cross- ow
principle, but also notes that even though this principle provides a good estimation of aerodynamic
loads, this is not the case for large yawed in ow angles, based on comparison with CFD analyses.
Gaunaa et al. (2014) proposed a simple engineering model that focuses on the rst-order aerody-
namic and aeroelastic behaviour of a single blade during installation using the cross- ow principle.
An improvement is made by Gaunaa et al. (2016) on this rst-order model by correcting the aerody-
namic loading for large blade pitch and yaw angles using CFD analysis. Kuijken (2015) looked into
the aerodynamic loading of single blade installation using a jack-up vessel in extreme wind condi-
tions (high wind speeds, large in ow angles). The main focus on the aforementioned studies is the
response of the blade due to wind only and thus is the method on how to determine the aerody-
namic loading more complex compared to studies where a coupled analysis from wind and waves
is performed, such as in Zhao (2019).

Tugger lines are used to control motions in the horizontal plane. They are attached between the
crane boom and the load that is suspended from the crane. The lines run on tugger winches and
these winches control the tension of the tugger line and thus can be used to control the motion
of the load. Pre-tension is applied to avoid slack lines. De Leeuw (2019) looked into using passive
control of tugger lines during single blade installation with a jack-up vessel and concluded that by
increasing the tugger line tension, the stiffness of the system increases and thus natural frequen-
cies as well, resulting in smaller motions of the blade root during the mating phase. The downside
however, is that the tugger winches need to be able to handle larger loads, requiring an expensive
tugger winch system. Furthermore, the attachment points of the tugger lines have in uence on the
dynamics of the system and increasing the restoring arm can lead to better motion control.

Controlling the motions of the load using tugger lines can also be done by active control. Ren et al.
(2018) developed a closed loop algorithm for single blade installation to reduce the motions by ac-
tively controlling the tension in the two tugger lines and it effectively reduces the motion of the
blade root in the wind direction during the alignment phase.

1.5. Research objective and questions

The objective of this research is to gain a better understanding of the dynamic behaviour of a ro-
tor nacelle assembly, particularly due to the wind, focusing on the horizontal motions of the RNA,
when it is hanging in the crane above the tower. In order to accomplish this research objective, the
following research questions are established:

1. How can the responses of a rotor nacelle assembly hanging in the crane of a oating vessel be
modelled accurately?
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2. What are the horizontal motions of a rotor nacelle assembly hanging in the crane due to wind
and due to waves?

3. What are critical parameters, in addition to environmental conditions, affecting the response
of arotor nacelle assembly hanging in the crane?

4. Forwhich environmental conditions does the response of a rotor nacelle assembly keep within
the workability limits?

5. Can the developed model be used to implement tugger line control to effectively reduce the
rotor nacelle assembly motions??

1.6. Scope and approach

With the research objective and questions being de ned for this thesis, the scope and approach of
this thesis is described below.

A critical phase before the RNA is being aligned with the tower, is the monitoring phase, where the
motions of the RNA are monitored and have to be within the prede ned limits. The focus of this
research is how the aerodynamic loading on the blades, hydrodynamic loading on the vessel and
the lifting con guration in uence the dynamics of the RNA suspended from the crane.

The motion of the RNA is evaluated when it is hanging 2.5 m above the tower. This vertical distance
is chosen, because it is large enough to taken into account the heave-induced motions of the RNA
due to vessel motions. Hence, the lift-off from the assembly tower and lifting it to hub height is not
considered in this research. The tower that is already installed is also subjected to wind and waves
and thus also moves. Properties of the installation vessel and WTG are provided by HMC and even
though the in uence of these properties on the dynamic behaviour of the RNA is examined, the
design is not reviewed and improvements are not made.

A fully coupled method is developed for numerical modelling and analysis of the RNA responses.
Using this model, time and frequency domain simulations are ran to identify the characteristics of
the dynamic RNA behaviour and based on this analysis, governing motions of the RNA are identi-
ed. Finally, a case study is performed to assess if the model can be used for implementation of
tugger line control.

1.7. Thesis outline

The approach that is taken during this research to answer the research questions stated above can
divided into three main steps: the input parameters, the model and the output of the model i the
responses of the RNA.

Inthe rst step the input parameters of the model are de ned, such as properties of the installation
vessel and WTG, environmental conditions and rigging con guration.

In the next step the models are built that simulate the RNA response due to wind and waves. This is
done in three different models, whichare Model 1 j Wind only , Model 2 | Waves only and Model 3 j
Wind & Waves. The reason that effect of wind and waves on the dynamics of the system is performed
separately is because it is essential to understand where motions of the RNA originate from, wind or
waves. Wind-induced motion of the RNA originates from the rotor blades and thus compensation
have to be applied directly on the RNA, while waves cause motions of the vessel and crane and in
turn the RNA that is suspended from the crane. Therefore, to compensate wave-induced motion,
motion compensation is not required directly on the RNA, but can also be applied in the crane
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boom or crane tip. In all three models, the environmental conditions are varied to assess the effect
of different wind and wave conditions on the response of the RNA to gain a better understanding on
the behaviour of the RNA.

Model 1 j Wind only is performed in OrcaFlex using time domain simulations, while Model 2 j
Waves only is performed in Liftdyn, which is in-house frequency domain tool. The coupled Model 3
i Wind & Waves is an extension of the rst model, where the vessel is added and is thus in OrcaFlex,
again with time domain simulations.

In addition to analysing the dynamic behaviour of the RNA, the in uence of parameters that affect
the RNA responses are examined as well, such as pitch angle of the blades, crane slew angle and
crane radius and heading of the vessel and RNA with respect to the wind or waves.

In the nal step a case study is performed in which tugger lines are used to constrain the motion
of the RNA. The tugger lines are used based on the analysis on what the governing motions are to
eliminate excessive responses. Again, environmental conditions are varied to evaluate the effect on
the RNA responses.

In Figure 1.9 the approach and steps that are taken during this research are visualised in a ow chart.

Figure 1.9: Flowchart of the approach during the thesis research.



System Overview

This chapter provides an overview of the complete installation of a rotor nacelle assembly. First, the
installation concept is described in more detail in section 2.1, consisting of the procedure that is
followed and the steps that need to be taken. Then, the WTG and installation vessel that are used
during this research are described in sections 2.2 and 2.3. Next, the equipment used during the
lifting operation is discussed in section 2.4, which also serves as input for the model.

2.1. The installation concept

Assembling an offshore wind farm is a complex logistic procedure. All WTG components have to be
brought to the offshore location and be installed under harsh environmental conditions. A number
of blades, towers and nacelles can be brought on deck of the installation vessel. From there, the
tower is installed rst on the foundation. Next, the nacelle is placed on top of the assembly tower,
that is xed to the vessel. Then, the blades can be stabbed horizontally in the hub and nally, the
complete RNA can be lifted from the assembly tower and installed on the WTG tower, as shown in
Figure 2.1.

A key advantage of this installation methodology is the controlled installation of the blades, which
has beenidenti ed as the most critical part of a WTG installation, due to the high precision required,
fragile components and sensitivity for motions due to the environment. By installing the blades on
to the assembly tower, which is xed to the vessel, there is good control over the blade motions,
because only small relative motions exist between the nacelle and blade.

2.2. Wind turbine

During this research, a turbine has to be chosen as input for the model. The selected WTG is the
General Electric Haliade-X 12 MW offshore wind turbine, belonging to the next-generation WTGs.
This direct-drive WTG has a rotor diameter of 220 m, resulting in blades of 107 m long. With these
blades a capacity factor of 63% can be reached.

The reason that this WTG is chosen is because the motions during lifting the RNA are expected to
be larger for larger turbines. Longer blades capture more wind and hence larger aerodynamic loads
are generated. Furthermore, with a hub height of 138 m, the wind speeds are also more extreme, as
the wind speed increases with height.

A result of the increasing hub height, is that the cranes of the installation vessels need to reach

10
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Figure 2.1: Lifting the RNA from the assembly tower to the WTG tower.

larger altitudes, which might form problems for these vessels. The offshore wind industry is rapidly
changing and the installation vessels need to be adapted accordingly i in both crane height and
capacity.

Turbine manufacturers are not eager to share detailed properties of the WTG blades, especially the
aerodynamic properties. Therefore, some assumptions and estimations have to be made to be able
to model the blade. Recently, NREL has released a new reference wind turbine, which serves as
a basic model for industry and researchers to help developing and designing the next-generation
WTGs (NREL, 2020). This open source model features a 15 MW WTG with a rotor diameter of 240 m
with detailed properties available to the public domain.

From this model, the aerodynamic properties of the blades are derived and used as input for the GE
WTG, by scaling down the rotor diameter to 220 m. The blade is divided into 200 segments and each
segment has geometrical properties, as listed below. The properties for all segments of the blade are
presented in Appendix A.

¢ Chord length: this is the length of the airfoil, which is de ned between the leading edge and
trailing edge.

« Aerodynamic twist: this de nes the twist of the airfoil with respect to the blade root. Because
the rotational speed at the tip is larger than at the root, the velocity triangle (the ratio between
rotational speed and incoming wind speed) changes at each blade segment. Therefore, by
twisting the airfoil at each segment, this allows for optimal aerodynamic loads during opera-
tion of the WTG.

* Thickness-to-chord ratio: this ratio de nes the between the maximum thickness of the airfoil
and the chord length.

« Aerodynamic centre: this de nes the location in the airfoil where the resulting lift, drag and
moment are applied.

« Airfoil: over the length of the blade, 8 different airfoils are de ned. Each airfoil contains data
for the C_-®, Cp-® and Cy -® curves, the lift, drag and moment coef cients versus angle of
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attack, respectively. This determines the coef cients for the lift, drag and moment generated
by each segment for each angle of attack and these coef cients are used to calculate aero-
dynamic loads. Each airfoil has a thickness-to-chord ratio and with the thickness-to-chord
ratio from each blade segment, interpolation is used between the two airfoils to determine
the correct aerodynamic properties.

The mass, centre of gravity (CoG) and radii of gyration of the nacelle, hub and blades is provided by
GE and thus no assumptions have to be made. The total mass of the RNA is 866 mT, consisting of
nacelle (495 mT), blades (30 mT) and hub (190 mT).

Finally, the lift points are also provided by the turbine manufacturer. These points are used to lift the
nacelle individually. Itis assumed that the same lift points can be used to lift the RNA. The difference
is that the CoG is shifted forward, due to the weight of the rotor and thus distribution of weight per
lift point is different. The locations of the CoG of the RNA and lift points are shown in Figure 2.2.
More properties of the nacelle, hub and rotor is provided in Appendix A.

The WTG to be installed is featured by a monopile substructure. The reason for this is because in
addition of properties of the NREL 15 MW reference turbine, they also provide initial dimensions for
a monopile substructure. Hence, these dimensions can be used in the analysis of the hub de ection
of the tower in Chapter 3.

Figure 2.2: Top and side view of the GE 12 MW RNA, showing CoGs, dimensions and lift points.

2.3. Installation vessel

Two types of oating vessels exist that are used in the offshore industry j monohulls and semi-
submersibles | and they have different properties, since their geometry differs considerably. A
monohull vessel is more sensitive to wave-induced motions, but has better sailing speed and can
thus sail back and forth to pick up WTG components, while a semi-submersible would need to lift
components on deck from a barge offshore.

In this research a monohull vessel is chosen, since this type of vessel will result in the largest mo-
tions of the RNA that is hanging in the crane due to waves and hence makes the modelling and
understanding the dynamic behaviour more relevant. In the vessel eet of HMC there is in addition

to three semi-submersible vessels, also one monohull vessel, Aegir and this vessel is used during
this research. Aegir is shown in Figure 2.3. This heavy lift vessel was originally built to install deep
water infrastructure, but is currently updated to adapt to the competitive and fast changing offshore
energy industry. An important feature of this 210 m vessel is the crane placed at the stern, port side
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Table 2.1: Stiffness and damping values used to model the DP system of the vessel.

Stiffness Damping
Surge | 100  kN/m 2596 kN.s/m
Sway | 100  kN/m 2596 kN.s/m

Yaw | 3491 kNm/deg | 15.34¢10° kNm.s/deg

of the vessel, capable of lifting 4000 mT at 40 m radius.

Moreover, the vessel has a DP class 3 system that is used for station keeping. The class DP3 system of
the vessel is modelled as spring and dampers applied at the CoG of the vessel and provides stiffness
and damping in surge, sway and yaw and is used as stationkeeping of the vessel. The damping
value is chosen to be 50% of the critical damping for each DoF, using a vessel mass of 67.4 ¢10° mT,
including ballasting water. The values are presented in Table 2.1.

Additionally, roll viscous damping is also applied to the vessel at the CoG. The value depends on the
type of operation the vessel is carrying out. For critical installation work the allowable roll limit of
the vessel is smaller than for general construction work on the vessel. Since lifting and installing a
RNA is a complex lift, the allowable roll of the vessel is limited and as a result a recommended value
of 15.18¢10° kNm.s/deg is used.

An important note to make is that the current crane of Aegir is not capable of installing the GE 12
MW WTG, due to a lack of crane capacity and lifting height. In stead, a non-existing crane upgrade
is used by xing a Yy jib to the crane boom, extending its reach and lifting capacity considerably.

Figure 2.3: Aegir, a monohull oating vessel from HMC.

2.4. Installation equipment

Two essential features for this research are discussed, the WTG and installation vessel. However,
more equipment is necessary to install WTGs and that is discussed in this section, consisting of the
crane block, lift frame, hoist wires, slings. First, all equipment is explained and nally an overview
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Figure 2.4: The 1000 mT auxiliary crane block, indicating the hinge and swivel of the crane block.

is given with properties.

2.4.1. Crane block

From the main winch located in the crane on deck, hoist wires are connected to the crane block.
These hoist wires are part of the reeving system, meaning they run between sheaves and drums back
and forth. As a result, the crane block, which is suspended from the crane, is connected multiple
times to the same crane wire and thus increasing the stiffness. The reeving required for the lifting
operation depends on the weight that has to be lifted.

The crane block used during this research is shown in Figure 2.4, which is an auxiliary crane block

with a safe working load (SWL) of 1000 mT and mass of 50 mT. The crane block can be divided into
three bodies, the sheavehouse, stem and hook. The hoist wires are connected to the hoist points
in the sheavehouse, this is where the sheaves are located for reeving of the hoist wires. Below the
sheavehouse is the stem, which is connected to the sheavehouse with a hinge and can rotate freely
around X, as visualised in the drawing. Then, the hook is connected to the stem and the hook can

swivel freely in yaw around the stem. The prongs are located on the hook, this is where the slings

are hooked on and the slings connect the crane block with the load that is being lifted.

2.4.2. Lift frame

A lift frame is used between the crane block and RNA for a better distribution of the loads through
the slings. Furthermore, limitations exist for the angle at which the slings are connected to the
lift points on the nacelle. Depending on the turbine manufacturer, the lift points can deal with a
maximum amount of horizontal loads. If no lift frame would be used, the slings between the crane
block and nacelle must be signi cantly longer to have vertical slings connected to the lift points on
the nacelle.

The mass of the lift frame is 80 mT. The width and length of the lift frame match the width and length
between the lift points on the nacelle. The height of the lift frame is 1.0 m. The lift frame is rigidly
connected to the nacelle, to decrease the number of DoFs in the system.
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Figure 2.5: Rigging arrangement for installing the RNA using three slings from crane block to lift frame. The lift frame is
rigidly connected to the RNA. The nacelle is modelled as one body and the rotor as another body that is rigidly
connected to the nacelle

2.4.3. Slings

Three slings are used to connect the nacelle to the crane block, from each lift point on the lift frame,
which is located exactly above the lift points of the nacelle, to the prongs on the hook. Each sling of
the two lift points located at the back are connected to each side of the prong, while the sling of the
front lift point is connected to the middle of the hook. In reality, this sling would be two slings, with
each going to one prong. However, to simplify the model, this is modelled as one sling. As a result,
the stiffness of this sling is multiplied by 2. The slings in aft have an angle of 66 deg with respect to
the horizontal plane, while this angle of the front sling is 61 deg. As a result, the lengths of the slings
are around 8.0 m.

The mass of the slings is not taken into account in this research. The maximum mass of the rigging
arrangement can be approximated to be 3% of the mass that is lifted (HMC), assuming steel slings.
In practice, the percentage is much lower. By adding the mass of the slings, the complexity of the
system is increased, while the effect on the dynamics of the system is negligible. Therefore, the mass
of the slings is not considered.

The sling properties are as follows: Young's modulus E is 20 kN/mm 2, the diameter D is 160 mm,
resulting in E A /£40.2¢10° kN.

2.4.4. Hoist wires

The hoist wires connect the crane block to the crane boom. In reality the wires are connected to
main winches and runs via sheaves from the crane boom back to deck. As explained earlier, the
crane wires run multiple times between the winch and crane block. In the model, two crane wires
are modelled. For this type of lifting operation, a reeving of 2 x 4 is used. Hence, one crane wire
represents four crane wires in reality.

The hoist wire properties are as follows: Young's modulus E is 41.5 kN/mm 2, the diameter D is 72
mm, resulting in E AZ676¢10° kN, using the de ned reeving.



Theoretical Background

In this chapter the methods are explained how the motions of the RNA due to the wind and waves
can be determined. This includes aerodynamic and hydrodynamic theory to obtain the loads on
the blade, the vessel and WTG substructure and how from these loads, the motions are calculated in
sections 3.2 and 3.4. Furthermore, wind and wave conditions are explained in sections 3.1 and 3.3.
Moreover, the software used throughout this research is discussed in section 3.5. Finally, an analysis
is performed in section 3.6 regarding the de ection of the hub.

3.1. Wind conditions

This section discusses the wind climate that is used throughout this research, consisting of the wind
pro le and wind spectrum. The wind direction and wind speed determine the magnitude of the
aerodynamic load distribution of the blades. To model the response due to the wind, a wind eld
has to be generated.

The vertical variation, being the wind speed varying over height, gives a signi cant difference in the
magnitude of the wind speed at 10 m and at hub height. DNV (2010) provides different methods
to determine how the wind speed varies over height, assuming that the terrain conditions and at-
mospheric stability conditions are not complex. In this study the power law pro le is used and is
presented in Equation 3.1.

3 -

z ®
U(2) AU () = (3.1)

Where U (h) is the 10-minute mean wind speed at the reference height h of 10 m and ®is the power-
law exponent. This exponent depends on the terrain considered, which in this case is an open sea
with waves. According to DNV (2010), this value is 0.12.

As aresult of this wind pro le, with a wind speed of 10 m/s at 10 m height, at hub height a wind speed
of 13.7 m/s is experienced. Since the aerodynamic loading scales with the wind speed squared, this
yields a signi cant difference for the magnitude of the lift and drag depending on the height of the
blade. Time series of the wind speed at 10 m and 138 m are presented in Figure 3.1.

Furthermore, a wind spectrum has to be de ned in the model, which describes how the wind speed
uctuates around the mean wind speed. DNV (2010) recommends to use the Frgya wind spectrum,
as shown in Equations 3.2 and 3.3, for wind over water and is originally developed for neutral con-

16
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Figure 3.1: Time series of a mean wind speed of 10 m/s at 10 m and the resulting wind speed at 138 m height. A vertical
wind pro le is de ned using a power law pro le in the model with an exponent of 0.12.

ditions over water in the Norwegian Sea. In regimes where stability effects are of importance, it is
not advised to choose this wind spectrum.
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Where n A0.468 and U is the 1-hour mean wind speed at 10 m height. In Figure 3.2 the Frgya wind
spectrum is presented.

Gusts are characterised as brief increases in wind speed of less than 20 seconds and can occur as
part of natural uctuations around the mean wind speed at local positions in the wind eld. These
local maxima cannot be modelled in OrcaFlex, only a global increase in wind speed due to the wind
spectrum in the eld. Furthermore, the direction of the wind in the whole wind eld is the same i
at local scale the wind direction is the same as the global wind direction, which is given as input in
the model.

Figure 3.2: Frgya wind spectrum for a wind speed of 10 m/s at 10 m height.
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3.2. Aerodynamic theory

To understand the dynamic behaviour of the RNA due to the wind, some aerodynamic theory is
explained rst on how aerodynamic loads are generated. Note that only the wind on the rotor is
taken into account and not wind on the vessel, crane or nacelle. The aerodynamic loads on the
rotor are computed in OrcaFlex. First, some basic principles on lift and drag is explained.

3.2.1. Liftand drag

In Figure 3.3 an airfoil of a wind turbine blade is shown with an incoming wind ow with angle

of attack ®. Due to the air pressure difference between the top and bottom of the airfoil, lift is
generated and is always perpendicular to the incoming wind direction. The drag force is always
parallel to the incoming wind and de ned positive against the wind. Depending on the angle of
attack, the 2D lift and drag coef cients C; and Cy4 change and de ne the magnitude of the lift  I;
and drag load d; of a 2D airfoil, as determined in Equations 3.4 and 3.5. By integrating the load
distribution over the length of the blade, taking into account the width of each segment, the total

lift and drag force can be calculated. The moment at the root due to aerodynamic loading can be
determined by multiplying the load distribution with the distance to the root and integrating over

the length of the blade.

1
li AECy, S ¥air Vo e (34)

1
di /Cqy, El/mvozci (3.5)

Where i is a subscript representing the blade segment, % is the air density, Vg is the incoming wind
speed and c is the chord length of the airfoil.

Figure 3.3: Incoming wind ow with an angle of attack on a cross-section of a wind turbine blade.

The aerodynamic loads of a WTG in operation or at standstill differs signi cantly. This is because
for an operating WTG, there is an additional incoming wind velocity component, the wind speed
experiences by the airfoil, because the blades are rotating. Because the rotational speed experiences
by the blade segment increases when going from root to blade, the blades are twisted to still have
optimal angle of attack. This has been accounted for in the model. The lift and drag distribution

of the blade during standstill is presented in Figure 3.4 for varying pitch angles of the blade. The
differences in magnitude of the load distribution is due to the aerodynamic twist at each segment
and the chord length. The pitch of the blade can be changed during operation to control the power
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output of the turbine and signi cantly in uences the magnitude of the lift and drag generated by

the blades. It effectively changes the local angle of attack at each segment, changing the C; and Cq
values. The in uence of the blade pitch angle can clearly be seeninthe gure, not only in magnitude

of the load, but also the distribution. Hence, it is important to look into the response of the blades

for different pitch angles.

Figure 3.4: Lift and drag distribution over the length of the blade for varying blade pitch angles.

3.2.2. Cross- ow principle

Hoerner (1985) presented a method to determine drag forces with lines that have an inclination with
respect to the incoming air ow, the cross- ow principle. This principle states that for incoming
wind on a 2D structure, the spanwise velocity component of the wind can be neglected, resulting in

a very practical method to determine aerodynamic forces on a segment. For a straight, horizontal
single blade, this means that both the lift and drag scale with cos 2y, with p being the in ow angle
of the wind. Prebend of the blades, which accounts for the de ection at the tip during operation, is
not considered in this research and are thus assumed to be straight.

As discussed in the literature review in section 1.4, the validity of the cross- ow principle is ques-
tioned for large in ow angles. Studies are performed regarding this subject, in which is concluded
that corrections can be applied, based on CFD analyses for single blade installation. However, this is
an assumptions that has to be made, as in OrcaFlex the calculation of the aerodynamic loads cannot
be changed.

Itis important to note that the effect of the cross- ow principle differs depending on the orientation

of the blade. If only wind is considered in the horizontal plane, X and Y, so only wind velocity
componentsin global X and Y, this means that the wind direction has no in uence in case of blades
that are completely vertical, e.g. pointing upwards or downwards, because there is no spanwise ow
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over the blade, which would be neglected according to the cross- ow principle. This is shown in
Figure 3.5. Note that for varying wind directions, the angle of attack on the blade differs and thus
according to the airfoil data, the forces change as well.

For a horizontal blade on the other hand, as shown in Figure 3.6, the resultant aerodynamic forces
differs signi cantly per wind direction. If the wind comes blows towards the global X direction, no
velocity would be neglected. However, if the wind direction is towards global Y, allwind ows inthe
spanwise direction of the blade and hence no aerodynamic force is generated.

Each blade is divided into 200 of segments, resulting in each segment having a 0.535 m width and
at each segment the loads are determined. These are then summed together to obtain the total
aerodynamic forces and moments in and around X, y and z.

Figure 3.5: For a vertically orientated blade, the cross- ow Figure 3.6: For a horizontally orientated blade, the
principle does not neglect a wind component for a certain cross- ow principle has effect on the magnitude of the
wind direction. aerodynamic loads, depending on the wind direction.

3.3. Wave conditions

This section describes the wave climate that is used throughout this research. Basically, two types

of waves exist, regular and irregular waves. Regular waves have a constant wave height and period
and form perfect oscillations. This is referred to as Airy waves. A real sea state consists of irregular
random waves. These can be modelled as a summation of sinusoidal linear wave components.

The JONSWAP spectrum, as shown in Equation 3.6, is a spectrum that describes wind seas very well
(DNV, 2010) and is used as spectrum to model the waves.

: (VRS |
®g2 . 57 f
S;(f) &£ fiSexp j = —  °P 3.6
J()161/ﬁ P|4fm (3.6)
Wy oH .
b/Eexp i — —ij 3.7
plz%z fml (3.7)
1/2007- f.f
3 UL * Tm
Valk 0.09; fEfpy (38)

Where ® is a data item and is 0.00987, g is the gravitational acceleration, fp AE% is the peak fre-
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guency, ° is the peak enhancement factor, which is determined using Equation 3.9.

8
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Moreover, wave spreading is used to simulate a more realistic sea state. A monohull vessel is sus-
ceptible to roll and if the waves are all perfect head waves for the vessel, the roll motion of the vessel

is not excited, hence simulating a non-realistic response of a load hanging in the crane. Spreading

of the waves is modelled by using a directional spreading spectrum  Sp, which is expressed in Equa-
tion 3.10. During this research a spreading exponent of n A2 is used, which is a typical value. The
direction range %/“ Hi Hp - %“ is discretised into a number of wave directions, which is setto 11
wave directions.

n Ya Ya
So (W) AK(n)cos™ (Ki Hp) for | 2 Hikp 5 (3.10)
i (5
K(n) Ap— 3.11
(n) p—1/4 AL (3.11)

Where n is the spreading exponent, p is the wave direction, p, is the principle wave direction and
K(n) is a normalising constant.

Finally, the total spectrum of the waves is thus a combination of the wave frequency spectrum S
and directional spectrum Sp.

S(f, ) ASy(f, 1) ¢Spu 3.12)

Wheeler stretching is used to predict the wave particle velocity and acceleration above the mean
water level. This is required, because the kinematics of particles that are above the water are not
known and thus a theory is necessary to stretch the theory of the water particle kinematics.

3.4. Hydrodynamics

In addition of the response of the RNA due to the wind, it will also move due to wave-induced mo-
tion of the vessel. Moreover, the monopile is subjected to waves and thus the monopile and tower
are excited by waves as well. To understand the behaviour of the vessel and substructure, some hy-
drodynamic theory is explained that is used in this research. The theory that is explained in this
section is also used in both OrcaFlex and Liftdyn.

Wave loads on offshore structures can essentially be divided into two categories: one for structures
with relatively small cross-section and the other for large volume structures. For the former, free
surface effects are not as dominant as the oscillatory drag due to separation, leading to the Morison
equation. This can thus be applied for slender structures, such as the wind turbine's foundation.
Diffraction and radiation forces are prevailing when a large volume structure is considered i the
installation vessel. In this case, the potential ow theory is more accurate, since it takes free-surface
effects into account. The hydrodynamic loads on the vessel and monopile are explained in more
detail in this section.



3.4. Hydrodynamics 22

3.4.1. Hydrodynamic loads on the vessel

Linear theory is able to describe the wave-induced motion and loads on the installation vessel. In
this theory it is assumed that the waves are regular, with small wave steepness and not breaking.
Furthermore, the wave-induced motion and load amplitudes on the vessel due to these waves are
linearly proportional to the wave elevation. Non-linear effects also exist, but they are of greater
importance in non-linear sea states.

On the sea the vessel is subjected to incident waves with an irregular nature. According to Faltinsen
(1990), the response due to irregular waves can be obtained by superimposing the response due to
linear waves.

Essentially, the loads can be divided into two categories | diffraction and radiation forces, as illus-
trated in Figure 3.7. Diffraction forces are the forces on the vessel when the vessel is xed, while
it is subjected to incident regular waves. Even though the vessel is stationary, the wave eld will
be affected due to its presence of the vessel. These hydrodynamic loads can be referred to as wave
excitation loads.

The radiation forces on the other hand, are the forces on the vessel that occur when the vessel is
forced to oscillate at the wave frequency in its six degrees of freedom, while there are no waves. The
generated hydrodynamic loads can be described as added mass, damping and restoring terms.

Figure 3.7: Superposition of wave excitation, added mass, damping and restoring loads (Faltinsen, 1990).

3.4.2. Hydrodynamic loads on the monopile

The Morison equation, described by Morison et al. (1950), can be used for slender structures, which
yields the resultant force per unit length for a xed vertical pile in an oscillatory ow. It is valid
when the wave length is larger than ve timer the diameter, e.g. ., E 5D (DNV, 2010). The Morison
equation is an ideal approach for calculating the hydrodynamic loads on a monopile exposed to
regular linear waves. Itis a superposition of two separate phenomena at a given value of  z:

» Adrag force caused by the ow velocity.

» An inertial force caused by the horizontal acceleration of the wave particles, consisting of a
hydrodynamic mass force and the Froude-Krylov force.

The hydrodynamic mass force is the force required to accelerate the water following the motion of
the structure, while the Froude-Krylov force is the force due to the pressure gradient of the outer
ow. The Morison equation is expressed in Equation 3.13 in case of a cylindrical structure, as this is
relevant for the case considered during this literature review.
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Where %zis the density of the uid, D is the diameter, u and u are the horizontal velocity and accel-
eration of the particle at the midpoint of the strip and Cm (£Cn A1) and Cp are the added mass
and drag coef cients. Generally, the added mass and drag coef cient are around 2.0 and 1.0, re-
spectively. The exact values are determined empirically and depend on several parameters, such as
the Reynolds number, the surface roughness of the structure and the Keulegan-Carpenter number.
More information on how to obtain these parameters can be found in DNV (2010).

Note that, when considering the Morison equation as a function of time, that the drag and inertia
term are 90 deg out of phase of each other due to the phase shift between the wave particle velocity
and acceleration. Depending on the diameter of the structure, the inertia or drag term is dominant.
This depends on the ratio of the diameter D over the wavelength , of the incident wave. As ex-
plained earlier, the inertia term is due to the presence of a structure in a wave eld. If the size of the
structure is small compared to the incoming wave (small D/, ), the inertia term is dominant. With
increasing diameter while having the same incoming wave, the drag term will be prevailing.

As a result of the structure exposed to waves, it will be put in motion, creating a relative velocity be-
tween the wave particles and the structure. Hence, the hydrodynamic loads will be slightly larger or
smaller, depending whether the structure oscillates forwards or backwards. This can be accounted
for by using relative velocities and accelerations. Also, the current velocity can be added in this way.
The derivation of relative velocity formulation of the Morison equation is shown in DNV (2010).

3.5. Modelling of RNA and vessel response in software

This section describes the approaches used to model the responses of the vessel and RNA. This is
explained for time domain simulations in OrcaFlex and frequency domain analyses in Liftdyn.

3.5.1. OrcaFlex | Time domain

Time domain analyses are required to model the RNA response due to wind. Even though a fre-
guency domain analysis allows for a quick method to look into the dynamic behaviour of the system,
this method cannot be used when examining how the blades generate aerodynamic forces from the
wind for different wind directions and blade pitch angles. Furthermore, in the coupled model of
wind and waves, frequency domain analyses cannot be performed as well.

RNA

In OrcaFlex, the aerodynamic loads on the blades due to the wind are computed as explained in
section 3.2. The blade is divided into a number of segments and at each segment, the load is de-
termined, using the geometrical blade properties, lift, drag and moment coef cients. The relative
velocity between the wind speed and the velocity of the blade is taken into account.

Vessel
The motion of the vessel due to waves in OrcaFlex is de ned using load RAOs, representing the load
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(forces and moments) on the vessel. The amplitude of the RAO is the magnitude of the force for
surge, sway and heave, and moment for roll, pitch and yaw. Furthermore, the RAO de nes a phase,
which describes the motion of the vessel with the incoming waves. From the loads that act on the
vessel, the motion can be derived using the vessel's mass and inertia and possible any other external
loads from the equation of motion.

The load RAOSs are imported from WAMIT, which is a diffraction analysis software that determines

the forces and moments in the frequency domain. Therefore, the load RAOs are frequency depen-
dent and are determined for frequencies between 0.025 and 2.0 rad/s, with steps of 0.025 rad/s.
Moreover, this analysis is performed for all wave directions, from 0 to 345 deg with steps of 15 deg.
OrcaFlex linearly interpolates between wave directions and frequencies to obtain the forces and
moments of incoming waves.

Solving equation of motion
OrcaFlex solves the equation of motion in the time domain as follows:

M(p,a)AC(p,v)AK(p) £F(p,v,t) (3.15)

Where M(p,a) is the system inertia load, C(p,v) is the system damping load, K(p) is the system
stiffness load, F(p,v,t) is the external load, p, v and a are the position, velocity and acceleration
vectors, respectively and nally the simulation time is  t.

At each time step, the forces and moments acting on each body are determined. Those forces and
moments in the system used are weight, buoyancy, aerodynamic and hydrodynamic loading and
contact forces with other objects. Then, the equations of motion, from Newton's second law, are
formed for each body in the system.

OrcaFlex offers two different methods to solve solutions for time domain simulations at each time
step, explicit and implicit domain integration. Explicit time domain integration is conditionally sta-
ble, meaning that the time step must be small compared to the smallest natural node period, to
obtain stability. In this case, OrcaFlex determines the time step and results in robust simulations.
As a consequence, the computation time can be long. With implicit time domain integration how-
ever, the integration scheme is unconditionally stable for linear systems and thus stability is easier
achieved. Hence, computation time is also faster. The latter is also the reason that an implicit time
domain integration scheme is chosen in this research.

3.5.2. Liftdyn | Frequency domain

Liftdyn is used in Model 2 | Waves only to examine the wave-induced motions of the RNA. Itis an
in-house frequency domain tool developed by HMC in Matlab, allowing for a quick and ef cient
way to check the dynamics of the model.

In Liftdyn the equations of motion is as shown in Equation 3.16. This is a single matrix equation,
consisting of n bodies with 6 n equations of motion. The mass, damping and stiffness matrix are all
de ned with respect to the CoG of the body. The force vector F contains the forces applied on the
CoG of the rigid bodies. The unknown motion vector X contains the 6 DoF motion of each body.
The same hydrodynamic database is used as in OrcaFlex from which the added mass and damping
values and hydrostatic properties are derived.

(MAAQ ) eX( ,dir)AB( )ex (! ,dir)ACeX(! ,dir) &F( ,dir) (3.16)

The equation of motion is a 2nd order linear differential equation and since they are linear, they can
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be solved in the frequency domain. By assuming that the force and motion vector are harmonic with
wave frequency ! , one can rewrite the equation to Equation 3.17, resulting in a simple matrix-vector
equation. This equation can be solved for each wave frequency and direction to nd the complex
motion vector X, which contains the amplitude and phase difference of each motion.

A Bi 1 AMAA( ) X (! dir ) &F( dir) (3.17)

In Liftdyn the signi cant response  Xg is determined as shown in Equation 3.18. It yields the signi -
cant double amplitude of the response.
S > -
Xs(! ,dir) A£4¢ [RAO(dir,! )]?¢Spec(! ,! p)d! (3.18)
0

Where RAO is depending on the wave direction dir and frequency ! , Spea is the wave spectrum
and ! j is the peak wave frequency.

3.6. Analysis of tower de ection at hub height

During the installation, the RNA has to be placed on top of the already installed tower. The tower is
subjected to the same environmental conditions as the vessel and RNA | the monopile is exposed
to waves, while the wind is applying a load on the tower. To assess the response of the tower and
monopile de ection due to wind and waves, a modal analysis is performed rstto determine natural
periods of the structure.

The tower and monopile are assumed to be one body and is divided into a number of nodes. These
nodes can de ect individually in different mode shapes. It is assumed that the monopile is xed at
the mud line and cannot de ect. As a result, the monopile and tower can be modelled as a beam
with a clamped and free end. In reality, the monopile can still de ect in the seabed, depending on
the soil type and the embedded length of the monopile. However, it is expected that neglecting the
de ection in the sea bed does not have a signi cant in uence on the de ection at the hub.

The mode shape of a clamped beam is as presented in Equation 3.19.

° nYa ’
' (z) £1lj cos —z (3.19)
2L
Where ' (z) is the amplitude of the mode shape, depending on the position  z along the structure
(seabed to hub height), n /1,2, 3... representing the mode shape, L is the length of the whole struc-
ture.

In this analysis the de ection at the hub height is most relevant, hence only the rst mode shape is
considered, e.g. n A1, since this mode shape yields the largest amplitude at the top of the structure.
Then, according to Rayleigh's method, the natural frequency f, can be determined as shown in
Equation 3.20.
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Where E1(z) is the stiffness of the structure, ' ,, is the second derivative of the mode shape with
respect to z and m(z) is the mass per unit length of the structure. The numerator and denominator
in the square root are referred to the generalized stiffness GK and mass GM of the structure.
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The damping of the structure has to be estimated from the critical damping, which can be calculated
as shown in Equation 3.21 using the generalized mass and stiffness as determined earlier. Then, a
percentage of the critical damping has to be chosen, which is typically 1% or 2%.

| O

Since no structural data of the tower is available of the GE 12 MW turbine, some derivations are
made from the NREL 15 MW reference turbine, which has a hub height of 150 m and monopile
diameter of 10 m. The data is scaled down to match the 138 m hub height of the turbine used in
this research. Even though this would not match exactly, it is a safe assumption to make, as it is
about the order of magnitude of the stiffness and mass per unit length. The results are presented in
Table 3.1.

Table 3.1: Results modal analysis of the rst mode shape of the monopile and tower.

Parameter Value

GM 1.75¢0° kgtn

G Dcritical 1.3010°  kgdn/s
GK 2.4200° kgdm/s?
fn 0.592 Hz

Th 1.69 S

From the table can be seen that the natural period of the tower and monopile is 1.69 s. This is well
below the frequency range of wind and waves. Nevertheless, the response of the structure due to
the environment should be examined.

In the analysis only the waves are accounted for, not the wind. There are two reasons to not consider
thewind j the wind is always generating a load distribution in the same direction, meaning that the
structure is not expected to oscillate back and forth due to wind only. It will oscillate due to changes

of wind speed and thus magnitude of the load, but these are amplitude differences are assumed to

be small. For waves on the other hand, the waves travel is circular trajectories and as a result, the
load distribution due to waves does change direction over each wave period and thus excites an
oscillation of the structure. Second, the dominant frequency range of the wind is well below C0.05
Hz, which is signi cantly further away from the natural frequency of the structure compared to the
wave dominant frequency range. Therefore, the excitation due to waves is expected to be larger than
the wind and thus only the waves are considered in the analysis of the response of the tower.

To determine the hydrodynamic loading on the monopile, the Morison equation is used, which is
explained in section 3.4. This is valid since the monopile can be considered to be a slender structure.

In Figure 3.8 the signi cant responses of the tower at hub height are shown. The responses are de-
ned as Signi cant Double Amplitude (SDA), which is equalto 4  &td(X). The signi cant responses
are computed for peak periods varying between 4 and 12 s, while the signi cant wave height is var-
ied for 1.0 and 2.0 m. This is done to better evaluate the hub de ection for different environmental
conditions. Furthermore, 1% critical damping is used. From the results can be derived that for
waves with Hgs /£2.0 and T, A4.0 s, that the tower's signi cant response is 0.20 m. For higher peak
periods, the response decreases, because it moves further away from the natural period of 1.7 s.
From these observations is concluded that the tower hub de ection is not taken into account in this
research.
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Figure 3.8: Signi cant response as SDA of the fore-aft de ection of the tower at hub height for different Tp,HsA1.0and
2.0 m and damping as 1% of the critical damping of the structure.



Model 1 | Wind Only

This chapter deals with the rst model that is built to run time domain simulations in OrcaFlex for
the wind only case. The purpose of rst looking into the motions of the RNA due to the wind only,

is to understand the dynamic behaviour of the system due to wind by identifying what motions are
excited by the wind and how these motions can be reduced as much as possible. Since the motions
of the wind act directly on the RNA, these motions have to be controlled at the RNA as well if the
motions have to be reduced.

First, an overview of the model is presented in section 4.1, followed by a modal analysis in sec-
tion 4.2. Then, the results are shown and discussed in section 4.3, in which parameters are identi ed
that cause excitation by the wind. Finally, conclusions are drawn and explained in section 4.4.

4.1. Model overview

For the wind only case, a model is built in OrcaFlex to run time domain simulations. An overview of
the model that is used is shown in Figure 4.1, consisting of two bodies j the RNA and lift frame are
modelled as one 6 degrees of freedom (DoF) rigid body and the crane block as another rigid body
with 8 DoFs, as a result of the swivel and hinge. The reason that the lift frame is modelled rigidly
connected to the RNA is to simplify the problem, otherwise the model would extend to a 20 DoF
system, making the model more complex, without changing the dynamic behaviour of the system
signi cantly, as the vertical slings between the lift frame and RNA are only 1.0 m.

The lift frame is connected to the crane block by three slings coupling the motion of the crane block
and the RNA. Hence, this model can basically be seen as a double pendulum.

The hoist wires connected the crane block to the hoist points on the crane boom. In this case,
the vessel and crane are not of importance  only the position of the crane tip and thus an Earth
xed point is used to x the hoist wires onto. The length of the double pendulum is an important
parameter for the dynamic behaviour of the system, as this in uences the period of a pendulum
oscillation and thus is subject to change to get a better response. A shorter pendulum has a shorter
pendulum swinging period, while a longer pendulum needs more time to oscillate back and forth.
A crane can boom up or down and since the RNA is hanging at a xed height, this lowers or raises
the location of the crane tip, effectively changing the pendulum length. Therefore, the height of
the crane tip is a parameter that is considered to be important in this analysis. The hoist wires are
modelled as two wires to provide a small stiffness in yaw rotation.

A WTG can change the pitch angle of the blades for optimal power production. By changing the

28
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pitch angle, the orientation of the blade with respect to the wind changes and thus the lift and drag
coef cients change. As aresult, the lift and drag forces generated by the blades also change and thus
the dynamics of the system. Therefore, the in uence of the blade pitch angle on the responses of
the RNA due to the wind is examined in this analysis.

The global coordinate system is also de ned in Figure 4.1, where Z /A0 m is de ned at the water
line. The RNA is hanging 2.5 m above the tower, which is at a height of 138 m. Hence, the bottom of
the nacelle is at Z A£140.5 m. The de nition of the incoming wind directions is shown in Figure 4.2

Figure 4.1: Overview of Model 1 j Wind only .

4.2. Mode shapes

To understand the dynamic behaviour of the RNA subjected to wind, a modal analysis is performed
to identify eigenmodes and natural periods. If the RNA or pendulum is excited at a natural period,
the motions can quickly become too large and thus the environmental excitation frequency and
eigenmodes should be examined, which is done in this section.

The most relevant motions of the RNA suspended from the crane are pendulum motions and yaw-
ing (rotation around Z) of the RNA. These modes should be obtained and compared with the wind
frequency range to see if these frequencies are close. If so, the pendulum length can be changed to
change the natural frequency as well. An overview with four pendulum modes is presented in Ta-
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Figure 4.2: De nition of the wind direction with respect to the global coordinate system.

Figure 4.3: De nition of 0 deg (left) and 90 deg (right) pitch angle of the blades. For 90 deg pitch, the leading edge of the
blade is at the front and the trailing edge is downwind.

ble 4.1, where a distinction is made between in phase and in anti-phase swinging of the crane block
and RNA and forward or sideward swinging of the pendulum. Moreover, three different crane tip

heights are used. Normally, there is no difference in forward or sideward swinging, as the pendulum
is identical in both directions, however, in this case this is not true, because two hoist wires are used.
Hence, the dynamic behaviour in both directions is different.

4.3. Results

In this section the results from Model 1 j Wind only are presented and discussed. First, analyses

regarding the pitch angle of the blade is performed and thereafter the in uence of the pendulum
length on the dynamic behaviour is evaluated.

4.3.1. Blade pitch angle

Before determining which blade pitch angle is preferred during installation of the RNA, the forces
and moments that are generated due to the wind for different conditions must be understood. As
already explained in section 3.2, the load distribution and magnitude strongly depends on the wind
direction and blade pitch angle, in uenced by the cross- ow principle. First, the nacelle is xed at

a position to gain a better understanding of the static forces and moments for different conditions.
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Table 4.1: Overview of four mode shapes and their natural periods of the RNA hanging below an Earth- xed point. The
pendulum length represents the vertical distance between the crane tip and RNA CoG. The length of the hoist wire is
varied to see the effect on the natural periods. In phase of the crane block and RNA means that both bodies are swinging
to the same side, while in anti-phase means that they are swinging in opposite sides. Sideward pendulum is de ned as

swinging in Y -direction, while a forward pendulum isin  X-direction.

Crane Pendu-
tip lum Crane block and RNA
height length

In phase In phase In anti-phase  In anti-phase

sideward forward sideward forward

pendulum pendulum pendulum pendulum
200m 53.8m 17.1s 16.8s 104s 6.25s
190m 43.8m 149s 139s 9.15s 591s
180m 33.8m 13.7s 11.9s 7.19s 4.63s

Then, the RNA is hanging below the crane block, which is hanging below an Earth- xed point to
examine the dynamics of the system.

Static RNA

In this case the RNA is at a xed position as where it would normally hang, but without crane block
and slings. The wind direction is varied from -180 to 180 deg with steps of 15 deg, while the pitch
angle of the blades is varied between 0 and 90 deg with steps of 15 deg. The effect on varying these
two parameters on the aerodynamic forces and moments are analysed.

First, the loads on each blade is examined to identify the contribution of each blade to the total
aerodynamic load. The results of this analysis are presented in Appendix B, providing forces and
moments at the root of each blade in all directions for each blade for blade pitch angles of 0 and 90
deg and varying wind direction. Blade pitch angles between -90 and 90 deg are analysed, but are
not all presented.

Next, the exact same analysis is performed, but in this case for all three blades xed to the hub,
as presented in Appendix C. Using the analysis of aerodynamic loads on each individual blade,
the forces and moments acting at the RNA CoG are obtained and evaluated to see how each blade
contributed to the total force and moment.

From the analyses is concluded that both 0 and 90 deg give promising results. In Figure 4.4 the
same results are presented, but only for 0 and 90 deg to clearly identify differences between them.
Furthermore, in Appendix C an uniform wind speed of 10 m/s is used, while in Figure 4.4 a vertical
wind pro le is used, as explained earlier. As a result, larger forces and moments are present. The
forces and moments are reaction forces and moments and are de ned in the global axis system.

The most important differences between 0 and 90 deg blade pitch arethe GX and GY forceand GZ
moment. For a 0 deg wind direction and 0 deg pitch, the wind is hitting the rotor perpendicular to

the chord of the blade, thus creating large drag forces. For 90 deg pitch this is not the case. For the
results of the GY force, the wind hits the blade perpendicular for 8§ 90 deg wind direction and 90 deg
pitch, creating large drag forces in Y -direction.

The yaw moment is important to keep the heading of the RNA the same while lifting, thus it is de-
sired to keep the yaw moment as small as possible. For 0 deg pitch, the yaw moment does not
change that much when varying wind direction and is also very small. Furthermore, a positive
change in wind direction, results in a negative yaw reaction moment. This means that the yaw
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moments actually tries to restore the yaw angle to 0 again. However, for the 90 deg pitch case, a
positive wind direction change, results in a positive yaw moment as well and thus the nacelle yaws
even more increasing the wind ow angle. Hence, this is unstable situation for wind directions be-
tween -15 and +15 deg. For wind directions beyond these angles, the yaw moment decreases again.
Moreover, the curve is very steep compared to 0 deg pitch, which makes the situation even worse.

Figure 4.4: Static forces and moments (aerodynamic and gravity loads) at CoG of RNA for a wind speed of 10 m/s at 10 m
with a vertical wind pro le. The wind directions varies from -180 to 180 deg and for 0 and 90 deg blade pitch angle.

Dynamic RNA

Time domain simulations are performed to evaluate the dynamic behaviour of the RNA that is hang-
ing below an Earth- xed point with a crane block. The crane tip is at 185.0 m. Due to the two hoist
wires, very little yaw stiffness in yaw direction is present in the system. From simulations is observed
that the RNA is rotating in yaw with an amplitude of 500 deg, only then the hoist wires are able to
yaw back the RNA. This yields meaningless results and thus a constraint is added to provide yaw
stiffness that tries to keep the heading of the RNA within limits.

In Figure 4.5 1 h time series, without a 1000 s transient phase, are presented of the motion of the
RNA in X, Y and yaw. A value of 5 kNm/deg is used as yaw stiffness and applied at the RNA CoG.
One can observe that the amplitude of the yaw motion of the 90 deg pitch case is signi cantly larger
than the 0 deg pitch case. This is because even though both yaw moments in the static case for 0
deg wind direction (Figure 4.4) are similar, a small deviation from this wind direction (due to a yaw
response) results in a large change in yaw moment for 90 deg pitch. Therefore, the yaw will oscillate
signi cantly more than with O deg pitch. Moreover, the slope of the 90 deg pitch curve between
-15 and 15 deg wind direction is approximately 25 kNm/deg and thus the applied yaw stiffness of 5
kNm/deg is not suf cient to solve the instability in yaw motion.

As a result of these large yaw amplitudes, the motionin X and Y are also affected and are larger than
for 0 deg pitch. Note that the response in X is larger than in Y, that is because a wind direction of

0 deg is towards X-direction and hence the RNA is more excited in  X. This can also be observed in
the magnitudes of the GX and GY force for this wind direction in Figure 4.4.
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Figure 4.5: 1 h time series of the motion of the CoG RNAin X, Y and yaw for a wind speed of 10 m/s at 10 m, wind
direction of 90 deg, Frgya wind spectrum, RNA yaw stiffness of 5 kNm/deg and with the crane tip at 185 m. This is
simulated for both 0 and 90 deg blade pitch angle to evaluate the dynamic response in both cases.

The steep increment in yaw moment at 0 deg wind direction is only an issue for that wind direction.
Therefore, in Figure 4.7, the same time series are presented, but with a wind direction of 90 deg (in

Y -direction). As a result of this wind direction change, the RNA motion is excited in Y -direction,
which can be seen in the magnitude of the responsesin X and Y. Furthermore, the amplitude of
the yaw motion of the 90 deg blade pitch is reduced compared to the 0 deg wind direction case. This
can again be derived from the static aerodynamic loads i the change of yaw momentaround a wind
direction of 90 deg is less steep and thus the yaw moment uctuates less, resulting in smaller yaw
motions. Nevertheless, the magnitude of the yaw moment is larger than for the 0 deg blade pitch
case and as a result still has a larger yaw motion response.

Conclusion

From this analysis can be concluded that a blade pitch angle of O deg yields the most favourable re-

sults compared to 90 deg blade pitch angle. More yaw stiffness is required to keep constrain the yaw
motion in case of a 90 deg blade pitch angle, which is not favourable. Therefore, it is decided that

blade pitch angle of 0 deg is chosen in further research. Note that the same analyses are performed
for pitch angles between -90 and 90 deg, but only 0 and 90 deg are shown here.

4.3.2. Pendulum length

With the obtained blade pitch angle, the next step is to determine the effect of the pendulum length
on the dynamic behaviour of the RNA subjected to wind. Then, the magnitude of the response due
to wind only can be determined and a decision have to be made to include the response due to
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Figure 4.6: 1 h time series of the motion of the CoG RNAin X, Y and yaw for a wind speed of 10 m/s at 10 m, wind
direction of 90 deg, Frgya wind spectrum, RNA yaw stiffness of 5 kNm/deg and with the crane tip at 185 m. This is
simulated for both 0 and 90 deg blade pitch angle to evaluate the dynamic response in both cases.

wind, when also looking to the response due to waves. This is important, because the motions due
to wind have to be controlled directly on the load, while for waves this can be compensated in the
crane. Generally, the pendulum length is based on the wave frequencies, as the pendulum periods
are often in the wave frequency range. Nevertheless, the excitation due to wind is examined.

Again time domain simulations are performed in OrcaFlex with a wind speed of 10 m/s at 10 m,
Frgya wind spectrum, 0 deg blade pitch angle, RNA yaw stiffness of 5 kNm/deg. The varying pa-

rameters are the wind direction (0, 90, 180, 270) deg and crane tip height (200,195,190,185,180) m,

which results in pendulum lengths ranging between 34 and 54 m.
PSD analysis

In Table 4.1 an overview is provided with the natural periods of the pendulum eigenmodes of the
system for different pendulum lengths. It is important to understand at which frequencies the mo-
tions are oscillating and whether this is at an eigenmode or not. For this purpose, a power spectral
density (PSD) is performed, which describes the distribution of the energy of the RNA motion into
frequency components. PSD plots are made from time domain simulations, in this case 3 h to get
more con dent results.

An estimation of a single pendulum swinging period can be obtained according to Equation 4.1.
From this can be derived that a longer pendulum results in a longer swinging period. Since the
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Figure 4.7: 1 h time series of the motion of the CoG RNAin X, Y and yaw for a wind speed of 10 m/s at 10 m, wind
direction of 90 deg, Frgya wind spectrum, RNA yaw stiffness of 5 kNm/deg and with the crane tip at 185 m. This is
simulated for both 0 and 90 deg blade pitch angle to evaluate the dynamic response in both cases.

wind spectrum is dominant in the low frequency range, this means that a longer pendulum is more
excited by the wind than a shorter pendulum. Therefore, the response of the RNA with a crane tip
height of 200 m should be larger compared to the response of a lower crane tip height.

S
L
Th Ya2Yat . (4.1

In Figures 4.8 and 4.9 PSD plots are presented for 0 and 90 deg wind direction and 200, 190 and 180
m crane tip height for the RNA motions in X, Y and yaw. When looking rst at 0 deg wind direc-
tion, one can observe that motion in ~ X-direction is larger than in Y, due to the wind coming from
X. Furthermore, the RNA is oscillating at its own natural frequencies, as derived in Table 4.1. The
peaks shift to higher frequencies for smaller crane tip height, because the natural periods decrease
accordingly. The small peak at the low frequency in X is due to a yaw eigen period of around 125 s,
which originates from the added yaw rotational stiffness of the RNA. Moreover, the response for a
longer pendulumis largerin  X. In Y the pendulum length does not have an effect on the response,
as the motion in Y is not really excited.

Next, the PSD plots for the 90 deg wind direction are analysed and as a result of this wind direction,
the RNA response is excited in Y -direction, which can be seen when looking at the magnitude of
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the spectral density. The peaksin Y are again at the natural frequencies of the system. The response
in X is again excited at natural frequencies of the pendulum and also of the yaw eigen period. The
reason that yaw affects the response in X, butnotin Y, is because the RNA does not rotate exactly
around the CoG, but with a slight offset. Therefore, when yawing the RNA, it also movesin  X.

Figure 4.8: PSD plots of RNA at CoG for motionin X,Y and Figure 4.9: PSD plots of RNA at CoG for motionin X, Y and

yaw for a wind speed of 10 m/s at 10 m, a wind direction of0 ~ Yaw for awind speed of 10 m/s at 10 m, a wind direction of

deg and blade pitch angle of 0 deg. Three different crane tip 90 deg and blade pitch angle of 0 deg. Three different crane
heights are used. tip heights are used.

4.3.3. RNA responses

With the de ned blade pitch angle of 0 deg, and the analysis regarding the effect of the pendulum
length on the response, the next step is to get a clear overview of the response for different wind
speeds and wind directions. This is done by showing station keeping plots of the RNA response
in the horizontal plane, e.g. in X and Y, which are derived from 1 h time series by drawing a line
around the maximum amplitudes. For the simulations, this was in a form of an ellipse. The station
keeping plots allow for a quick method to analyse and compare in which direction the RNA moves
and with what amplitude for varying wind conditions. Finally, signi cant responses are compared.

In all simulations a yaw stiffness of 15 kNm/deg is applied to the RNA to x the heading.

Effect wind speed on RNA response

First, the wind speed is varied between 4 m/s and 12 m/s to observe how the response differs with
increasing wind speed. In this case the wind direction is set to 0 deg and crane tip height to 185
m. In Figure 4.10 the station keeping plot is presented of the RNA in global coordinates. The wind
direction is also indicated in the gure.

Several effects of increasing wind speed can be identi ed from the gure. First, one can observe
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that the response is larger for a higher wind speed, due to the larger aerodynamic loads. Second,
the static position of the RNA is more “pushed' backwards (towards positive  X) due to the increased
wind loads and third, the RNAs response is mainly in the direction of the wind, as observed earlier.

From the time series, the signi cant responses as SDA are determined as well for the different wind
speeds and wind direction, as presented in Table 4.2. From these responses, an approximate rela-
tion is established between the signi cant response of the RNA and wind speed as de ned in Equa-
tion 4.2. Thisrelation ts the signi cant responses for 0 and 180 deg wind direction accurately, while
for -90 and 90 deg, the relation deviates from the ratio. Still, it serves as a quick estimation on what
the responses are for other wind speeds.

X1 for Vi, AV, m/s %'*'vw AV mls T
Xy for Vy, AV, mis Vw V> m/s

(4.2)

Where X represents the signi cant response in SDA for each wind speed.

Figure 4.10: Station keeping plot of the RNAin X and Y for 0 deg wind direction and varying wind speed. The drawn
lines represent the maximum amplitudes that occur during 1 h time simulations.

Table 4.2: Signi cant responses as SDA (4 &td( X)) of the RNA CoG in X with varying wind direction and varying wind
speed. Note that only the signi cant response in the main direction is given. For 0 and 180 deg wind, this is the response
in X, for-90 and 90 deg wind, thisis Y. Crane tip height of 185 m. 0 deg blade pitch angle.

Signi cant response as SDA of RNA CoG

Wind direction ‘ Odeg 180deg -90deg 90deg

Vi, 10m X X Y Y

[m/s] [m]  [m] [m] [m]
2 0.032 0.032  0.002  0.004
4 0.135 0.135  0.006  0.013
6 0.310 0.310  0.018  0.046
8 0.566 0.566  0.033  0.145
10 0.880 0.879  0.058  0.172
12 1.28 128 0.079  0.238

Effect wind direction on RNA response
With the obtained results on the effect of wind speed on the RNA responses, the in uence of chang-
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ing wind direction on the RNA is examined next. In the PSD analysis regarding the pendulum length

is already determined that the RNA moves in the direction of the wind and that the magnitude dif-
fers per wind direction. This is shown in more detail in this section. Again station keeping plots are
used to provide a clear overview of different wind directions, as shown in Figure 4.11 of the RNA
response in global X and Y. The wind directions used are 0, -90, 90 and 180 deg and a wind speed
at 10 m of 10 m/s.

The responses from the wind from front and aft (0 and 180 deg) look familiar, while this is also the
case for the two sides (-90 and 90 deg). The difference in the amplitude is signi cant. The reason
that the difference is so signi cant is because for wind from the side, the drag forces are considerably
smaller, as the frontal area is smaller. This is a result of the chosen blade pitch angle. The responses
for both -90 and 90 deg are different, because for -90 deg, the wind hits the leading edge of the
blade, while for 90 deg wind, the trailing edge is hit rst. Consequently, the lift coef cient C, from
the airfoils is different (the drag coef cient is approximately the same) and thus, different loads are
generated. Time series of the forces and moments in X, Y and Z due to aerodynamic loads and
gravity of the rotor at the hub are provided in Appendix D, showing the difference in the magnitude

of the loads for the different wind directions.

Figure 4.11: Station keeping plot of the RNAin X and Y for 10 m/s wind speed at 10 m and varying wind directions. The
drawn lines represent the maximum amplitudes that occur during 1 h time simulations.

Statistics of RNA response

After identifying and understanding the effect of wind speed and direction on the responses of the
RNA, statistic values are presented in this section that allow for an easy way to compare the input
parameters on the responses.

In Figure 4.12 the signi cant responses as SDA of the RNA motion in X, Y and yaw are plotted
against the pendulum length. Furthermore, 4 different wind directions are shown, a wind speed of
10 m/s at 10 mis used and a 0 deg blade pitch is used.

In all cases, the response in X and Y increase for a longer pendulum length, as explained earlier.
Furthermore, the magnitude of the response in X and Y depends on the wind direction as deter-
mined earlier as well. The small response for the -90 deg wind direction is clearly visible. A nal
remark has to be made on the yaw response, which does not depend on the pendulum length. The
yaw eigen period is around 125 s and only varies §2s.

4.4. Conclusion

The purpose of this model is to look into the behaviour and response of the RNA hanging below the
crane block, which is suspended from an Earth- xed point, representing the crane tip, focusing on
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