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Abstract

The slip joint connection is a relatively new alternative method for connecting offshore wind turbine
towers to prior installed monopiles. It consists of two overlapping conical sections that together
form a connection. There are several challenges left to be solved before the slip joint can be applied
on a commercial scale. One of those challenges lies in the decommissioning process of the slip joint
connection. It is proven that build-up settlement can increase the friction force within the joint
over its lifetime and complicate its disconnection. One potential method for reducing the friction
force in the slip joint is the excitation of one of the structures shell modes localized around the
slip joint. Good estimations of the shell modes of the structure are therefore essential. Models for
precise estimation of the shell modes of a wind turbine with a slip joint are difficult and expensive
to develop due to the complexity of the joint. This thesis is a study into the possibility of using
simplified finite element models to estimate the shell modes of a wind turbine connected with a
slip joint. This is done by estimating the shell modes of the structure using a reference model and
seven simplified models in a modal analysis. The estimated shell modes are compared based on their
eigenfrequency and mode shape. Based on this comparison, conclusions about the applicability of
simplified models are drawn. The first 300 eigenmodes of the structure are estimated with both the
reference model and simplified models. Of these eigenmodes, ten shell modes of interest are selected
based on their eigenfrequency and location at which the modes are localized. The modes of interest
are than compared for their eigenfrequency and mode shape. The mode shapes are compared based
on the Modal Assurance Criterion (MAC), which is calculated at a specific location of interest. In
addition to this, the angle in which the modes are orientated is measured and compared, as this
can be useful information for the decommissioning process. Results showed that three out of seven
simplified models studied resulted in a estimation of the shell modes which was sufficiently accurate.
The simplifications used for these models consist of the averaging of wall thickness for the upper and
lower slip joint and a simple model for the upper slip joint. From these results it can be concluded
that some of the simplifications can be applied when estimating shell modes of a wind turbine tower
connected with a slip joint, as they lead to only a small decrease in accuracy of the shell mode
estimation. However, using these results to make predictions about other potential simplifications
is challenging as each different simplification has a unique influence on the estimation of the shell
modes.



Preface

This thesis marks the end of my adventure studying at the Technical University of Delft. It not
only tested my engineering skills, but also my skill in researching. During my time studying at this
university I always had special interest in finite element modelling and vibration analysis. This is
also the reason I chose my thesis subject to be the estimation of shell modes using finite element
models. Solving problems which are too difficult to be solved using analytical equations always
seemed interesting and challenging to me. Also, the slip joint is a relatively new concept with many
unanswered questions. Efforts are being made to research and develop the slip joint concept and
apply it to offshore wind turbines. With the ever growing demand in sustainable energy, it is good
to know that the efforts put into this thesis might have a ever so small contribution towards a more
sustainable future. This thesis is meant for anyone with an interest in the slip joint concept, the shell
modes of a wind turbine tower or the finite element modelling process of an offshore wind turbine
tower.

I want to thank my committee for the good guidance I have received during my thesis. Many
times have they provided useful information to help guide me in the right direction. Special thanks
go out to my supervisor, Alessandro Cabboi, with whom I have had many meetings and provided
me with excellent guidance and advice during the entirety of the thesis.

I also want to thank family and friends, who were always ready to help me in whatever way they
could. Special thanks go out to Nick Dekkers, who has put in a lot of effort to motivate me until
the thesis was complete.



Contents

1 Introduction

1.1

1.2

1.3

14

1.5

1.6

2.1

2.2

2.3

2.4

2.5

The slip joint connection . . . . . . . . . . Lo
Slip joint decommissioning . . . . . . ... Lo
1.2.1 Vibration assisted reduction of friction . . . . . .. .. ... o000
1.2.2  Shell mode estimation . . . . . . . ... ... ...
1.2.3  Finite Element Method (FEM) . . . . . ... ... .. ... .. ........
1.2.4  Low fidelity FEmodels . . . . . ... ... .
1.2.5 Modal analysis . . . . . . .. .
DOT6000FOX - Offshore wind turbine . . . . . . . .. .. .. ... ... .. .....
Scope and research questions . . . . . . . . ... e
Research strategy . . . . . . . . . ..o

Chapter overview . . . . . . . . . L

Review of modelling strategies

High and low fidelity models . . . . . . . . . . . .. ... .. ...
Eigenmodes of a wind turbine tower . . . . . ... ... 0oL
Cylinder mode shape classifications . . . . . . . . . . . ... ... ... ... ...
Friction reduction by vibration . . . . . . . ... .. ... .o o

Common excitation forces and boundary conditions . . . . . . . ... ... ... ...

2.5.1 Rotor Nacelle Assembly (RNA) . . . .. .. ... ... . .. ... ....

10

11

11

12



2.5.2 Added mass . . . . . ... e

2.5.3 Soil boundary condition . . . . .. ... L Lo
2.6 Eigenmode compariSon . . . . . ... ... e
2.6.1 Modal Assurance Criterion . . . . . . ... ... ... ...

Preliminary study of modelling decisions

3.1 Finite element types . . . . . . . . L
3.2 Mesh size cOnvVergence . . . . . . . . ... e e e
3.3 Shell thickness effect . . . . . . . . . . ...
3.4 Shaker positioning . . . . .. ...

The reference model

4.1 Modelling choices . . . . . . . . . . L
4.1.1 Defeaturing . . . . . . . L.
4.1.2  Connections . . . . . . o i e
4.1.3 Applying boundary conditions . . . . . .. ... L.
4.1.4 Global mesh size convergence . . . . . . . . . ... o
4.1.5 Local mesh refilnement . . . . . . . . . . ... .. L

4.2 Complete reference model . . . . . . . . . ... oL L
4.2.1 Slip joint simplification . . . . . . .. ... Lo
4.2.2 Eigenmodes of the reference model . . . . . . . .. ... ... ... ......

5 Comparison of the eigenmodes

5.1 Modal Assurance Criterion (MAC) . . . . . . ... ... . .. ..
5.1.1 Implementing the MAC . . . . . . . . ... ... .
5.1.2  Orientation of the eigenmodes . . . . . . .. .. ... .. ... .. ...
5.1.3 Sorting thenodes . . . . . . . . ...

5.1.4 Interpolation of thenodes . . . . . . . . ... ... oo

26

26

29

30

33

37

37

37

38

40

42

44

47

48

50

51



5.1.5  Scaling the vectors and multiple cross sections . . . . . ... ... ... ...

5.1.6 Cross section selection . . . . . . . ... Lo
5.1.7 Limitation to the MAC script . . . . . . . . . . .. .. ...
5.2 Matching the modes . . . . . . . . . . L
5.2.1 Example of the MAC matrix . . . .. .. .. ... ... ... ... ...,
5.2.2 Manual matching . . . . . . ... Lo
5.3 Modes of interest . . . . . ...
5.4 Evaluation of theresults . . . . . . . . . . .. L
Results
6.1 Thelowerslipjoint . . . . . . . . . . L
6.1.1 Removing stiffener-like features . . . . . . . . . ... ...
6.1.2 Removing the segmented wall thickness . . . . . .. .. ... ... ... ...
6.1.3 Simply replaced lower slip joint. . . . . .. . . ... ... L.
6.2 The upper slip joint . . . . . . . .. L
6.2.1 Removing the pressurering . . . . . . . .. .. L L oo
6.2.2 Simple upperslip joint . . . . . . ..o
6.3 Averaging the wall thickness. . . . . . . . . . .. .. ... .
6.3.1 Averaging the wall thickness - Lower slip joint . . . ... ... ... .....
6.3.2 Averaging the wall thickness - Upper slip joint . . . . . .. ... ... ....

Conclusion & discussion

7.1 Conclusion . . . . . . . . .
7.2 DISCUSSION . . v v v v v v
7.3 Recommendations . . . . . . . . . ..
Appendix

A.1 Modes selected for the MAC matching example . . . . . .. ... ... ... .....

70

70

72

(6]

7

79

81

83

85

87

88

89

89

92

94

98



A2
A3
A4
A5
A6
AT
A8

A9

Modes of interest lower slip joint . . . . . . . . ... L Lo 100
Matched modes first simplified model . . . . . . . . .. ..o 102
Matched modes - Removing the segmented wall thickness . . . ... ... ... ... 104
Matched modes - Simply replaced slip joint . . . . .. .. .. ... ... ... ... 106
Modes of interest lower slip joint . . . . . . . . ... o o 108
Matched modes - Removing the pressure ring . . . . . ... ... ... ... ... .. 110
Matched modes - Simple upper slip joint . . . . . . .. ... .. oL 112
Matched modes - Average wall thickness - Lower slip joint . . . . . . .. .. ... .. 114

A.10 Matched modes - Average wall thickness - Upper slip joint . . . . . .. . . ... ... 116



List of Figures

1.1 Example of a slip joint. [28] . . . . . . . ... L 1
1.2 The slip joint concept. [26] . . . . . . .. 3
1.3 Estimation of the required pushing force. [12] . . . . . . . ... ... ... ... ... 4
1.4 Pushing force and frequency of a successful decommissioning attempt. [12] . . . . . . 5
1.5 DOT6000FOX offshore wind turbine. . . . . . . . ... ... ... ... ... ... 8
1.6 DOT6000FOX offshore wind turbine . . . . . . . ... ... ... ... ... ..... 9
2.1 Offshore wind turbine vs. low fidelity model. [6] . .. ... .. ... ... .. .... 13
2.2 Simple and detailed model of a wind turbine. [17]. . . . . . ... ... L. 14
2.3 Real picture and FE model of GAMESA G52. [14] . . . ... ... ... ... .... 15
2.4 Estimated eigenmodes of the tower. [14] . . . . . . .. ... L oL 16
2.5 Tlustrations showing the six mode shapes categories. [32] . . .. ... .. ... ... 18
2.6 Frequency regions which are excited by environmental loads. [19] . . . . . ... . .. 20
2.7 Centre of gravity of the RNA. . . . . . . . . ... . 21
2.8 Added mass per unit length of a cylinder. [10]. . . . . . .. ... ... . ..., 22
2.9 Typical p-y curve. [1] . . . . . e 23
2.10 Example of a 2D MAC matrix. [23] . . . .. . . ... L o 25
3.1 Mesh size vs. frequency of 10 modes. . . . . . . . .. ... L L o 30

3.2 Example of the shell thickness effect. . . . . . . .. ... ... .. . 31



3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

5.1

5.2

5.3

5.4

Mesh size vs. frequency of 10 modes. . . . . . . . . ... oL oo 31

The two models used to study shell thickness effect. . . . . .. .. ... ... .... 32
Example cylinder and eigenmode. . . . . . . . ... oL oL 34
Resulting mode of vibration. . . . . .. ... . oL o 34
Four equally divided shakers. . . . . . .. .. ... ... o 35
Mode of vibration with four shakers. . . . . . . ... ... ... ... . 35
Corrected mode of vibration. . . . . . . ... . .. o 36
Example of defeaturing. [18] . . . . . . . . . . ... L 38
Two cylinders without connection. . . . . . . ... .. ... ... L. 39
Two cylinders connected. . . . . . . . ... L 40
Point mass resembling the RNA. . . . . . .. ... .. L o o 41
Distributed mass settings. . . . . . . . . .. 41
Stepwise increase of spring stiffness. . . . . .. ... oo oL 42
Eigenfrequency vs mesh size for mode 255. . . . . . .. ... 0oL 43
Element quality at the lower slip joint. . . . . . . . ... ... ... ... ....... 44
Mesh at the lower slip joint. . . . . . . . . .. L oo 45
Refined mesh. . . . . . . . . . . 45
Element quality of the refined mesh. . . . . . . .. .. ... ... ... ... .. ... 46
Boundary conditions applied to the monopile. . . . . . . . ... ... 0oL 47
Section view of the slip joint models. . . . . . . . ... ... oL 48
The first two global modes of the reference model . . . . . . . ... ... ... . ... 50
Example of a localized eigenmode . . . . . . . .. ... ... 52
Example of a nodal cross section. . . . . . .. ... oL 53
Nodal deformation of the cross section. . . . . . . . . . .. ... ... ... .. ... 54

Nodal deformation of the original and altered model. . . . . . . . .. .. ... .... 55



5.5 Nodal deformation of the original and altered model with correct phase. . . . . . .. 56

5.6 2nd example model. . . . . ... 57
5.7 Nodal deformation of the cross section of the square model before sorting. . . . . . . 58
5.8 Nodal deformation of the cross section of the square model after sorting. . . . . . .. 58
5.9 Nodal deformation of the cross section with unequal amount of nodes. . . . . . . .. 59
5.10 Nodal deformation of the cross section after interpolation. . . . . . . . . .. ... .. 60
5.11 Node vectors taken at different heights. . . . . ... ... ... ... ... .. 61
5.12 Node vectors taken at same height. . . . . . .. ... ... 00000 62
5.13 Combined node vectors taken two heights. . . . . . .. ... ... ... L. 62
5.14 Mode of both models used to study the MAC cross sections. . . . . . . .. ... ... 63
5.15 Ten cross sections selected at the lower slip joint. . . . . .. .. ... ... ... ... 64
5.16 Mode 203 of the reference model. . . . . . . . . . . ... L. 66
6.1 Complete model of the lower slip joint including location of the details. . . . . . .. 71
6.2 Four features present in the lower slip joint. . . . . . . .. ... ... . 71
6.3 Cross sections used for the MAC of the lower slip joint. . . . .. ... .. ...... 72
6.4 First simplified model of the lower slip joint. . . . . . . ... ... ... .. ... .. 73
6.5 Multiple wall thicknesses of the lower slip joint. . . . . . ... .. .. ... . ..... 75
6.6 Model of the combined lower slip joint and monopile. . . . . . . . ... ... ... .. 77
6.7 The upper slip joint. . . . . . . . . L 79
6.8 Cross sections used for the estimation of the MAC for the upper slip joint. . . . . . . 80
6.9 Pressure rings and vertical plates as installed in the tower. . . . . . . .. ... .. .. 81
6.10 Simple upper slip joint model. . . . . . . ... oo 83
6.11 Middle section of the reference model. . . . . . . . . .. ... ... ... 85
A.1 Modes selected for the MAC matching example . . . . . . .. ... ... ... .... 99

A.2 Reference model: modes of interest 1-6 . . . . . . . . . . . . ... ... 100



A.3 Reference model: modes of interest 7-12 . . . . . . . . . ... oL 101

A.4 Matched modes first simplified model 1-6 . . . . . . . . . ... ... L. 102
A.5 Matched modes first simplified model 7-12 . . . . . . . . . ... ... 103
A.6 Matched modes: modes of interest 1-6 . . . . . . ... ... 104
A7 Matched: modes of interest 7-12 . . . . . . ... Lo 105
A.8 Matched modes first simplified model 1-6 . . . . . . . . .. ... .. ... .. ..., 106
A.9 Matched modes first simplified model 7-12 . . . . . . . ... ... .. oL 107
A.10 Upper slip joint: modes of interest 1-6 . . . . . . . . . . . ... ... ... 108
A .11 Upper slip joint: modes of interest 7-12 . . . . . . . . . . .. ... ... .. 109
A.12 Removing the pressure ring: matched modes 1-6 . . . . . . ... ... .. ... ... 110
A.13 Removing the pressure ring: matched modes 7-12 . . . . . . . . .. ... ... .... 111
A.14 Simple upper slip joint: matched modes 1-6 . . . . . . . . . .. .. ... ... ... 112
A.15 Simple upper slip joint: matched modes 7-12 . . . . . . . .. .. ... L. 113
A.16 Average wall thickness - Lower slip joint: matched modes 1-6 . . . . . .. .. .. .. 114
A.17 Average wall thickness - Lower slip joint: matched modes 7-12 . . . . .. ... ... 115
A.18 Average wall thickness - Upper slip joint: matched modes 1-6 . . . . . ... ... .. 116

A.19 Average wall thickness - Upper slip joint: matched modes 7-12 . . . . . . .. .. .. 117



List of Tables

2.1

2.2

2.3

24

2.5

3.1

3.2

3.3

4.1

4.2

4.3

5.1

5.2

6.1

6.2

6.3

6.4

6.5

Results of the three models. [17] . . . . ... .. ... . L L 14
The six mode shapes categories. [32] . . . . . . . .. ... .. 17
Four levels of development for the FE model a wind turbine. [24] . . . . . . ... .. 20
Mass and mass moment of inertia for RNA. [8] . . . . . ... ... ... ....... 21
Recommended values for ny, [ton/ft3]. [27] . . . .. .. .. 23
Eigenfrequencies of a clamped-clamped cylinder. [31] . . ... ... ... .. .... 28
Eigenfrequencies [Hz] estimated experimentally and with FEM. . . . . ... ... .. 29
Eigenfrequencies of both shell thickness models. . . . . . .. .. ... ... ... ... 33
Applied spring stiffnesses. . . . . . . . L L 42
Initial convergence study - Eigenfrequencies [Hz| vs. mesh size. . . . ... ... ... 42
Refined convergence study - Eigenfrequencies [Hz| vs. mesh size. . . . ... ... .. 43
MAC for different amount of cross sections. . . . . . . .. ... .. Lo 64
MAC values for the example studied. . . . . . . .. .. ... ... ... ........ 66
Removing stiffener-like features - Results. . . . . . .. .. ... ... .. ... 74
Wall thickness and surface area of the sections. . . . . . . ... .. ... ... .... 76
Removing the segmented wall thickness - Results. . . . . . ... .. ... ... .... 76
Simply replaced slip joint - Results. . . . . . . . ... ..o oo 78
Removing the pressure ring - Results. . . . . . .. .. ... ... . 82



6.6 Simple upper slip joint - Results. . . . . . . . ... .. L o 84

6.7 Upper section. . . . . . . . .. 86
6.8 Middle section. . . . . . .. L e 86
6.9 Monopile. . . . . L 86
6.10 Average wall thickness of the sections. . . . . . . ... ... ... ... ... ... 86
6.11 Averaging the wall thickness - Lower slip joint - Results. . . . . . . . ... ... ... 87

6.12 Averaging the wall thickness - Upper slip joint - Results. . . . . . .. ... ... ... 88



Chapter 1

Introduction

With the ever growing demand in energy and increasing awareness of its environmental impact, the
need for renewable energy is increasing rapidly. One of the many possible sources of renewable energy
are wind turbines. Wind turbines can be installed on land, but due to their large size this option is
becoming less preferred. An alternative is to install them offshore, where they are less obstructing
to our society. Offshore wind turbines are often installed onto monopiles which are embedded in
the seafloor. The structures can be connected using various methods. A relatively new method in
development for connecting the wind turbine tower and the monopile is the slip joint. An example
of a slip joint used for connecting a wind turbine can be seen in Figure 1.1.

Figure 1.1: Example of a slip joint. [28]



Two important events in the lifecycle of a wind turbine are the installation and decommissioning
phase. Both events allow little room for error and need to be well prepared. Decommissioning a
wind turbine connected with a slip joint brings forth new challenges. One of those challenges is to
overcome the high friction force within the joint to achieve disconnection. One potential solution to
reduce the friction force within the joint is the introduction of vibration into the structure. Especially
the excitation of high frequency shell modes of the structure is of interest. The estimation of high
frequency shell modes can be a challenging task. High-fidelity models for the prediction of vibration
and friction force in the slip joint are difficult and expensive to develop due to the complexity of the
problem. The possibility of using simplified models to make predictions about the behaviour of the
slip joint is therefore of interest. In this thesis, the shell modes of a wind turbine tower with a slip
joint are estimated using the finite element method and modal analysis. The goal of this thesis is to
study how much the estimation of shell modes is influenced by simplifications applied to the finite
element model.



1.1 The slip joint connection

One of the most common methods to install offshore wind turbines is placing them onto pre-installed
monopiles which are embedded in the seafloor. Conventionally, the tower and monopile are connect
using either a grouted connection or bolted flanges. Over time, both connections have shown draw-
backs [13, 20]. The grouted connections can experience wear during its lifetime, which decreases
the axial capacity of the structure. In some cases this even lead to failure of the wind turbine. The
bolted flanges can experience loss of tension and require increased monitoring and maintenance. An
alternative solution in development for connecting the wind turbine to the monopile is the slip joint
connection.

A slip joint consists of two conical sections that overlap each other, forming a connection solely
based on the contact and friction between them, see Figure 1.2. The simplicity of the connection and
its installation makes it a very interesting alternative for connecting a wind turbine to a monopile.

Transition Piece

Monopile

Figure 1.2: The slip joint concept. [26]

The slip joint is not a new concept as it was already applied in an onshore wind turbine, which
was installed in 1995 [29]. However, it has never seen wide commercial use and needs to be research
extensively before they can be regularly applied in offshore wind turbines. Efforts in developing the
slip joint connection for offshore applications are being made by DOT (Delft Offshore Turbine) and
TUD (Delft University of Technology).



1.2 Slip joint decommissioning

A wind turbine is decommissioned at the end of its lifecycle. For a wind turbine tower connected
with a slip joint this can be achieved by disconnecting the slip joint and removing the tower from
the monopile. The weight of the tower and the friction force present in the slip joint have to be over-
come for disconnection of the joint. However, due to the build-up of settlement and corrosion, the
friction force within the joint increases over the lifetime of the wind turbine. The simplest solution
to overcome the friction force is to increase the force applied to the slip joint until disconnection.
Previous research into the decommissioning of slip joints is provided by A. Cabboi et al.[12]. This
paper provides an estimation for the force required to achieve disconnection, see Figure 1.3. Decom-
missioning tests showed that the required force can attain values equal to several times of the self
weight of the structure. Applying this level of force to the tower and slip joint can lead to unsafe
situations and can possibly damage the joint and/or equipment. Measures for reducing the friction
force present in the joint are therefore practically essential for the decommissioning of wind turbine
connected with a slip joint.

25 T T | T | T T T
22.5 |- - WT weight /
20 F —FPFushing force: Eq. (7} |
175k I Coated steel: p_ |
g 15 Steel-Steel: 11 1
=125 g

[]

2 10 T

0 0.1 02 03 04 05 06 07 08
Static coefficient of friction

Figure 1.3: Estimation of the required pushing force. [12]

1.2.1 Vibration assisted reduction of friction

One method considered for reducing the friction force in the slip joint is the introduction of vibration
to the system. Reducing friction force by introducing vibration is not a new phenomenon and can
even be a bit intuitive. For example, an object on a tilted surface that is initially at rest can be
made to slide down by vibrating the surface slightly, without further increasing the angle of the
surface. Experiments from as early as the ‘60s [15] have shown that friction can be reduced by
applying vibration. Multiple attempts to explain this phenomenon have been made but a general
consensus on how this phenomenon should be addressed does not yet exist. Nonetheless, facilitating
the decommissioning of a slip joint by introducing vibration and thus reducing friction force in the
joint promises to be an interesting option, as was also presented in the paper by Cabboi et al. [12].



This paper describes the decommissioning of a 500 kW DOT500 wind turbine that was assisted
by introducing vibration to the structure, with the goal of reducing the friction force in the slip joint
and therefore reducing the force required to disconnect the joint. In this study, the eigenfrequencies
and mode shapes of the wind turbine tower were identified by a field hammer test and experimental
modal analysis. The results were compared with numerical results obtained from a finite element
model of the wind turbine tower. During the decommissioning test a vertical force was applied with
jacks and the estimated resonance frequencies were excited one by one. The excitation was caused
by shakers which were placed on the structure. The pushing force, applied by the hydraulic jacks,
was measured during the experiment. Disconnection of the slip joint occurred around a excitation
frequency of 53 Hz. Figure 1.4 shows the pushing force and excitation frequency of a decommissioning
attempt.

100 T T T T T 3.5
ook — Electric shaker = = - Total pushing force
-3.25
80
13 Z
70 =3
N | @
L 60 275 9
= 2
5)
§ 50 125 g
o 40 w
@ - =
i 2.25 a
30 %
42 9°
20
10 — -11.75
0 L L 1 1 R et P 15
0 0.5 1 1.5 2 2.5 3

Time [min]

Figure 1.4: Pushing force and frequency of a successful decommissioning attempt. [12]

This figure clearly shows a constant pushing force that reduces after vibration was introduced.
The reduction in pushing force is caused by displacement of the slip joint. These results show that
the introduction of vibration can reduce the friction force in the slip joint and can be a potential
tool in facilitating the decommissioning phase of a slip joint.

1.2.2 Shell mode estimation

The reduction of friction by the introduction of vibration is a phenomenon that is not yet fully
understood, as will be discussed in Section 2.4. Further research is required if vibration is to be
utilized for the decommissioning of wind turbines with a slip joint. The most effective way to vibrate
a structure is by trying to excite one of its eigenmodes, as resonance will amplify the motion of the
structure. The structure can be excited by installed shakers. Excitation of specific eigenmodes
requires precise shaker placement and tuning. In this case it is essential to have good estimations
of the eigenmodes of the structure. In theory, a wind turbine has infinite eigenmodes. Usually,
only the first few eigenmodes are of interest. This is due to these eigenfrequencies being close to
environmental excitation frequencies. However, it is not yet known which type of eigenmodes would



be most effective in reducing the friction force present in the joint. A hypothesis by A. Cabboi [11]
predicts that shell modes which are localized around the slip joint are the most effective for reducing
the friction force within the joint. This hypothesis is based on the idea that exciting a high frequency
shell mode, localized right above the slip joint, could significantly alter the contact stress distribution
within the slip-joint, facilitating a decrease of the friction force within the surfaces in contact. The
decommissioning tests discussed by A. Cabboi et al.[12] showed that the slip joint disconnected at
a frequency of 53 Hz, which supports this hypothesis. To assist future efforts towards studying this
hypothesis, this thesis will mainly focus on the estimation of the high frequency shell modes of a
wind turbine tower with slip joint connection.

1.2.3 Finite Element Method (FEM)

There are several methods to estimate the eigenmodes of a structure. The eigenmodes of sim-
ple structures can often be estimated using simple analytical models. However, analytical models
quickly get complicated when the complexity of the structure increases, as governing equations
quickly become to difficult to be solved. In this case, the problems are usually studied with experi-
mental and/or numerical methods, as these methods are usually better in dealing with complicated
problems. Experimental methods provide a good representation of reality but can be difficult and
expensive, depending on the problem analysed. For example, studying the decommissioning of a slip
joint is difficult to do with solely experimental methods. The decommissioning of a wind turbine
tower with slip joint is a big and costly operation and therefore can’t easily be repeated. Besides, the
same experiment can only be executed once due to the internal stresses within the joint, which were
build up over its lifetime and can’t be easily reproduced. Therefore, experimental research is often
assisted by numerical methods. Numerical methods provide approximations for mathematical prob-
lems. These models can be solved with computers and often quicker and cheaper than experimental
methods. One of the most popular numerical approaches is the Finite Element Method (FEM).
With FEM, a model of the structure is created and discretized into smaller elements, which can be
solved individually. Combining these individual results provides an estimation of the results of the
complete structure. FEM can also be used to analyse the vibration properties of a wind turbine
tower connected with a slip joint.

1.2.4 Low fidelity FE models

There are many choices to be made during the development of an finite element model. Each choice
can potentially have a large effect on the accuracy of the results. One important choice in the
development of FE models is the level of detail that should be applied in the model. Not every
single detail present in the wind turbine needs to be included in the FE model, as they might
hardly /not have any influence on the results of the analysis. The level of detail which is sufficient
depends on the goal of the analysis and is not always known in advance. Development of a high
fidelity FE models can be very difficult and expensive and might not always be the best approach.
Low fidelity models can often provide sufficiently accurate results. A high fidelity model to analyse
the decommissioning of a wind turbine connected with a slip joint assisted by vibration would likely
be difficult and costly to developed due to the complex behaviours of the slip joint. It therefore
is interesting to consider the option of using low fidelity models to aid in studying this problem.
High and low fidelity finite element models will be further discussed in Section 2.1. This thesis aims



to assess the applicability of simplified FE models for the estimation of the shell modes of a wind
turbine tower with slip joint.

1.2.5 Modal analysis

The eigenmodes of a structure can be estimated using modal analysis. Modal analysis also stands
at the base of many other types of vibration analysis. The estimation of shell modes with a modal
analysis is not the final goal of the vibration analysis of the wind turbine. Modal analysis is an
extremely useful type of analysis but also has limits, mostly due to it being a linear analysis. Some of
the properties of the slip joint can therefore not be included in this analysis. For example, modelling
the contact within the joint results in a non-linear model, which can’t be used in a modal analysis.
More precise vibration analysis requires a more complicated model and another type of analysis, like
a transient vibration analysis. These other methods often require far more computational power,
due to the inclusion of the non-linearities in the FE model. The use of low fidelity models would be
especially beneficial for these types of methods, as much computational time might be saved. This
thesis is an initial study into whether or not simplified models can be applied when the shell modes
of a wind turbine connected with a slip joint are of interest. Showing how the use of simplified
models can affect the results of a modal analysis is a first step into the study of using simplified
models in one of the other types of vibration analysis.



1.3 DOT6000FOX - Offshore wind turbine

The offshore wind turbine studied in this thesis is provided by Delft Offshore Turbines (DOT). The
wind turbine is shown in Figure 1.5.
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(a) 3d model of the offshore wind turbine. (b) Side view of the offshore wind turbine.

Figure 1.5: DOT6000FOX offshore wind turbine.

The wind turbine tower includes two slip joints, indicated with numbers 1 and 4 in Figure 1.5a.
One is located just above sea level and the other is located below the hub of the turbine. Detailed
views of the slip joints are shown in Figure 1.6.



(a) Upper slip joint geometry. (b) Lower slip joint geometry.

Figure 1.6: DOT6000FOX offshore wind turbine

This is a good wind turbine for this study since it includes two slip joints. Each slip joint has
a unique geometry and is located in a unique location, meaning that they are likely to also provide
unique results in regard to the estimation of the shell modes.



1.4 Scope and research questions

The previous section introduced the research opportunities for this thesis. The decommissioning of
a wind turbine tower with a slip joint is complicated by high friction force within the joint. This can
potentially be solved by exciting one the structures shell modes localized around the slip joint. The
shell modes can be estimated with the finite element method using modal analysis. It is not known
which level of detail needs to be applied to the finite element model to obtain a reasonably accurate
estimation of the shell modes. Being able to use a simplified finite element models to estimate the
shell modes of the wind turbine tower is also potentially beneficial for further studies in regard to
the vibration of slip joints. The main research question for the thesis reads a follows:

How do simplifications applied to a finite element model of a wind turbine connected with a slip
joint affect the estimation of the structures high frequency shell modes using modal analysis?

This question can be divided into multiple sub-questions, which are meant to help answer the
main question.

e How can the higher fidelity reference model be developed to provide a good estimation of the
shell modes of the wind turbine tower connected with a slip joint?

o What are the eigenmodes of the wind turbine tower and which of these are the most interesting
for comparing the reference model and simplified models?

o Which sort of simplifications are most interesting to be applied to finite element model of the
wind turbine tower with slip joint?

e How can the results of the higher fidelity reference model be compared to the results of the low
fidelity simplified models?

10



1.5 Research strategy

This section will discuss the strategy deployed to answer the main and sub research questions.
The first step taken is a review of modelling strategies. This review discusses common strategies
for modelling offshore wind turbines. Then, it is studied how certain modelling choices in the
development of the reference model might influence the results of a modal analysis. This preliminary
study provides a first insight into the modelling process and how the modelling choices can affect the
estimation of the eigenmodes. The next step is the development of the reference FE model of the
wind turbine with slip joint. This model will be used as a reference point for comparing the results
of the simplified FE models. Then, a method for comparing the results of different FE models is be
developed. Each finite element model will estimate the first 300 eigenmodes of the structure. It is
discussed which of these modes will be selected for the comparison to follow and how these modes will
be compared to the eigenmodes of the simplified models. To aid the comparison, a Modal Assurance
Criterion (MAC) script is developed for the quantitative comparison of the estimated mode shapes.
The next step is the development and comparison of the simplified models. Seven simplified models
are developed and the shell modes resulting from these models are compared to the shell modes
obtained with the reference model. The comparison of the different models can provide insights in
the applicability of simplified FE models for the estimation of high frequency shell modes of a wind
turbine connected with a slip joint.

1.6 Chapter overview

Chapter 2 reviews common modelling strategies for wind turbine towers when estimating the eigen-
modes of the structure. Chapter 3 consists of a preliminary study into the modelling of wind turbine
towers and slip joints. This study aims to provide an initial overview into which details and pa-
rameters can be important when evaluating the eigenmodes of a wind turbine tower. Chapter 4
introduces the reference model for the comparison. It explains how this model is developed and
which modelling choices were made. Chapter 5 discusses how the estimated eigenmodes can be
compared with each other. It includes the development of the MAC script which will be used to
compare the mode shapes of the different eigenmodes. It also explains which of the eigenmodes will
be used for comparison. Chapter 6 shows and discusses the results of the comparison of the reference
model and the simplified models. Chapter 7 is the final chapter and includes the conclusion which
can be drawn based on the results. It also includes a discussion of the results and the methods used
to obtain these results. Lastly, this chapter provides a few recommendations for future research.
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Chapter 2

Review of modelling strategies

Modelling a offshore wind turbine (OWT) is not a new phenomenon and is an essential part of the
design cycle of these systems. OWT’s are complex structures that consist of multiple sub-parts
and are affected by various environmental loads. There are several papers and guidelines available
which describe common approaches for modelling of OWT’s [24][30][7]. Depending on the goal of
the model some details can be simplified. This section discusses the modelling choices described in
literature and describes how they will be applied in the FE model of the wind turbine used in the
thesis.

2.1 High and low fidelity models

Highly detailed FE models or simplified FE models are also known as high and low fidelity models.
High fidelity models are accurate but expensive models, which can be used to analyse problems. A
high fidelity model, which estimates high frequency shell modes of a wind turbine connected with
a slip joint, is very likely to be complex and costly. An alternative would be the use of low fidelity
models, which are inexpensive and less accurate. Depending on the goal of the analysis the use
of low fidelity models can be a good substitute for the expensive high fidelity models. One simple
example of high and low fidelity models is the estimation of the first few natural frequencies of a
wind turbine tower, as shown in Figure 2.1.

12
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Figure 2.1: Offshore wind turbine vs. low fidelity model. [6]

This figure shows an illustration of a offshore wind turbine with multiple important parameters.
A high fidelity model of this wind turbine can be complex. Instead, the natural frequencies are
estimated with a fast and reasonably accurate low fidelity model. For example, the wind turbine
can be approximated as a Euler-Bernoulli beam with three springs to model the soil structure
interaction [6].

A more direct example of the difference between high fidelity and low fidelity models of an offshore
wind turbine is studied in a paper by A. Jacomet et al.[17]. This paper studies the difference in
the results of three wind turbine tower models, each with a different level of detail. The first model
assessed is a simple 3D model of the tower, see Figure 2.2a. The geometry of the tower is simplified
and the soil-structure-interaction is ignored by clamping the tower at its lowest point. In the second
model, the soil-structure-interaction is included by also modelling the surrounding soil. In the third
model, the geometry of the transition piece of the tower is modelled in high detail, as shown in
Figure 2.2b. The grouted connection and bolted flanges are modelled to represent reality as close
as reasonably possible.

13
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Figure 2.2: Simple and detailed model of a wind turbine. [17]

These models were used to estimate results like the deflection of the top of the tower under
environmental forces, the first natural frequency and von Mises stresses for the tower. A summary
of the results is shown in Table 2.1.

Design 2
Seoil 1 Soil 2 Soil 3
NC EC NC EC NC EC NC EC NC EC
Maximum Lateral Displacement (m) 02514 1087 03203 208 03529 1335 03284 124 02880 1012
Maximum Von Mises Stress (MPa) 5861 189.3 i i i i i i 102.7 4902
Natural Frequency (Hz) 0.31051 0.31051 0.28330 0.29371 0.31051

* In design 2, the maximum von Mises stress in both models with soil and without soil was negligible and, therefore, the
soil did not have any influence on the variation of this parameter.

Design 1 Design 3

Table 2.1: Results of the three models. [17]

The results show that the first model gives a reasonable estimation for the deflection and natural
frequency of the tower, but the estimated von Mises stresses were inaccurate. The third model
included far more details and likely gave more accurate results. The main difference between these
two models were the von Mises stresses. Due to the modelling of small details like bolts high local
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stresses were estimated, which were not present in the simplified model. This study shows that low
fidelity models can be sufficient for the estimation of some of the results, based on the required
accuracy and goals of the analysis.

2.2 Eigenmodes of a wind turbine tower

The following sections will contain a lot of different eigenmodes of multiple models. For this reason,
it is very useful to first define a method for describing each eigenmode in a unique way. Complex
systems will result in complicated eigenmodes, which can be difficult to describe with words or
parameters. Nowadays, the most common support structures for wind turbines are tubular steel
towers. So is the wind turbine provided by DOT. These towers consist of large tubular sections,
which also include smaller details like the transition piece, ladders or door openings. These structures
are extensively studied since they are commonly used. Figure 2.3a shows a real wind turbine for
which a finite element model was developed to estimate its mode shapes and natural frequencies. In
the FE model some smaller details like bolts and ladders were ignored to reduce calculation times.
The FE model is shown in Figure 2.3b.

Model name:Tower Structure Modelling
Study name:Modal Analysis(-Default-)
Mesh type: Solid Mesh

i

(a) Real picture (b) FE model of the tower

Figure 2.3: Real picture and FE model of GAMESA G52. [14]

The FE model is used to estimate the eigenmodes of the structure. The estimated eigenmodes
can be seen in Figure 2.4.
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Figure 2.4: Estimated eigenmodes of the tower. [14]

In this thesis many similar eigenmodes will be estimated and discussed. Therefore, it is very
useful to provide a method to describe each estimated eigenmode in a unique way. Figure 2.4 shows
that the eigenmodes of the wind turbine tower might be similar to the eigenmodes of a cylinder.

2.3 Cylinder mode shape classifications

The mode shapes of a cylinder of finite length are presented in a paper by Wang and Williams
[32]. Six different categories of mode shape types are presented, for which descriptions are provided
in Table 2.2. Illustrated examples of the mode shapes are given in Figure 2.5. This method of
describing the eigenmodes can also be useful when describing the eigenmodes of a wind turbine
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tower.

Category

Description

A. Pure radial modes

B. Radial motion with radial shearing modes
C. Extensional modes (breathing mode)

D. Circumferential modes (thick shells)

E. Axial bending modes
F. Global modes

Table 2.2: The

Constant cross-section and the cross-sections remain plane.
Non-constant cross-section, the cross sections do not remain plane.
Cross-section that is stretched in the circumferential direction
along its length.

Adjacent segments of the cross-section expand or contract.
Segments of the cross-section bend in the axial direction.

The cylinder behaves as: a beam in a transverse vibration, a bar
in torsional vibration or a rod with longitudinal vibration.

six mode shapes categories. [32]

Especially the distinction between the local modes and global modes is important for this re-
search. Global modes are described as modes where the cylinder behaves as either a beam, bar or
rod and vibrates in the transverse, torsional or longitudinal direction. In these types of vibration,
every part of the structure oscillates and is therefore called a global mode. For local modes only a
part of the structure is oscillating, the vibration is localized. This distinction is important because
local vibrations around the slip joint connection are the main point of interest for this research.

Besides the six different types of mode shapes there are two additional parameters to describe
the mode of vibration for a cylinder. These parameters are 'm’ and 'n’. They describe the number
of nodes in the longitudinal and circumferential direction of the cylinder, respectively. An example
of these two parameters can also be found in Figure 2.5.
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Classification of vibrational modes of thick cylinders
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Figure 2.5: Illustrations showing the six mode shapes categories. [32]



2.4 Friction reduction by vibration

This section provides a small introduction in friction reduction by introducing vibration. This
mechanism is not the main topic of research for this thesis, but, since it is the main motivation for
the estimation of shell modes, it still is interesting to provide some background and present early
experiments.

One of the first papers discussing this phenomenon is by H. Fridman and P. Levesque [15]. They
explored the effect of vibration on the static friction between metallic surfaces. Their results show
that a significant reduction in the static friction coefficient is possible and is dependent on the
frequency and amplitude of the vibration. They also set up an initial framework to try and explain
the reduction in friction force by vibration. They visualize the contact areas between two surfaces
as consisting of a certain number of welds. For the possibility of movements the welds would have
to be broken. The welds can be broken by introducing a force, either lateral or transverse direction.
This can be done by introducing a external force that is large enough the overcome the static
friction, which will results in sliding of the two surfaces. The forces introduced by vibration can help
break these welds and therefore reduce the external force required, lowering the apparent friction
coefficient. A reduction of friction force in the presence of vibration was also confirmed in tests by
D. Godfrey [16]. With these tests Godfrey researched the effects that lubrication had on the friction
reduction by vibration. Both lubricated and not lubricated tests showed a reduction in friction force
when vibration was introduced. In his research Godfrey noted that friction reduction only started
when the accelerations of the vibrations reached the acceleration due to gravity. He suggested that
friction reduction between two bodies starts to occur when one of the body is accelerating faster
than the other body is able to follow, which was the acceleration by gravity in the case of these
tests.

2.5 Common excitation forces and boundary conditions

Modal analysis is common practice in the design of OW'T’s. It is used to assess the eigenfrequencies
and eigenmodes of the system in order to avoid the possible excitation of resonance frequencies by
present loads. The most important environmental loads that can excite the structure come from
the wind, waves or rotation of the rotor. These loads are often plotted in a graph to have a simple
overview of which frequencies regions should be avoided, see Figure 2.6.
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Figure 2.6: Frequency regions which are excited by environmental loads. [19]

The exciting frequencies are relatively low, which means that the modes that are of greatest
interest are the first few modes present in the structure. Commonly, the first two eigenmodes of
a wind turbine are the first two global bending modes of the tower[24]. For this reason, the only
eigenmodes of interest are usually the global bending modes. When only the global bending modes
are of interest the model of the tower is often modelled as a cantilever beam or modelled with simple
beam elements. This simplifies the model, while still providing fairly accurate estimates for the first
few global eigenmodes [7].

However, in this thesis the interest lies in the shell modes of the structure. The model has to
be able to capture all the eigenmodes of the structure within the first 300 eigenmodes. A simplified
model using beam elements will not be able to capture the local shell modes. The tower has to
be modelled with solid or shell elements. Recommendation for the development of the FE model
is given by F. Petrini et al. [24]. Four levels of modelling are described, which are summarized in
Table 2.3.

Model level Scale Maximum detail level Main adopted Finite Elements
Systemic level wind farm iggrs;?:;i? shape of the structural BLOCK elements

approximate shape of the structural

Macro level single turbine BEAM elements
components, correct geometry

Meso level single turbine detailed shape of the structural SHELL, SOLID elements
components

Micro level individual components detailed shape of the connecting parts SHELL, SOLID elements

Table 2.3: Four levels of development for the FE model a wind turbine. [24]

The meso level is the most appropriate lever of development for the FE model.
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2.5.1 Rotor Nacelle Assembly (RNA)

The rotor and nacelle assembly of a wind turbine are often represented as a point mass when
assessing the tower of the structure [3]. Doing so reduces the complexity of the model significantly.
The eccentricity of the RNA can also be included in the point mass. The weight and the eccentricity
of the RNA are also provided by DOT. The weight is estimated to be 138912 kg and the eccentricities
are shown in Figure 2.7.

915

L1640

1640 |

Figure 2.7: Centre of gravity of the RNA.

The moments of inertia of the RNA should also be included in the point mass. These properties
are unfortunately not known or provided by DOT and need to be approximated. The moments of
inertia of a RNA of a similar wind turbine are provided by [8]. The mass and mass moments of
inertia are shown in Table 2.4.

Total mass | 134300 [kg]

s 7.43 % 10° [kg m2]
I, 1.21 % 107 [kg m2]
I, 7.34 % 10° [kg m2]

Table 2.4: Mass and mass moment of inertia for RNA. [§]

2.5.2 Added mass

When a body accelerates in a fluid it also has to accelerate part of the fluid surrounding it. The
extra mass that has to be accelerated is known as added mass. This effect is extensively described
in literature [10],[22]. Part of the monopile is located underwater and vibrations essentially are
repeated acceleration. The added mass of the water could affect the eigenmodes of the structure
and has to be included in the reference model of the wind turbine. The amount of added mass is
dependent on the geometry of the body and the density of the surrounding fluid. The added mass
can be estimated with the help a table given in [10], see Figure 2.8.

21



Circular cylinder in translation perpendicular to its axis:

1
T, = 7 a?U?, as in Equation [68i],

M{ = pu a?, k=1.

Figure 2.8: Added mass per unit length of a cylinder. [10]

The added mass per unit length for a circular cylinder can be estimated with Equation (2.1).

M, = pra? (2.1)

Here p is the density of liquid and « is the radius of the cylinder. The monopile has a constant
diameter below sea level equal to 4 meter. The density of seawater is approximately 1025 kg/m3.
The added mass per unit length can therefore be estimated as 12880.5 kg/m.

2.5.3 Soil boundary condition

Another important modelling choice to be made is how the structure to soil boundary condition is
included. Modelling the monopile as clamped at the mud line is often too simple and can lead to
inaccurate results. The behaviour between the monopile and the surrounding soil is called the soil-
structure interaction. There are several approaches to model the soil-structure interaction [4, 25].
The method that is most recommended by the design guides DNV [30] and API [5] is the p-y method.
This method is based on Winkler’s approach|33], which models the soil with non-linear springs along
the length of the monopile. This method was originally developed for smaller diameter piles and is
less accurate for piles with a diameter of more than 4 meter. However, it still is a commonly applied
method due to its simplicity and the absence of other widely accepted methods [34]. Alternatively,
the soil-structure interaction can be modelled using a finite element model. This method provides
more accurate results, but is a lot more complex to apply. It is chosen to use the p-y method to
model the soil-structure interaction due to its simplicity and the assumption that the soil boundary
condition will have limited influence on shell modes located in other regions of the tower.

The p-y method, partially developed by [1][2], provides estimate curves for the relationship
between the soil resistance (p) and the pile deflection (y). The ratio between these parameters is
known as the coefficient of subgrade reaction (k) [27]. A typical p-y curve is shown in Figure 2.9.
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Figure 2.9: Typical p-y curve. [1]

At low deflection, the soil resistance reacts linearly. As the deflection increases it starts to act
non-linear. At a certain point the soil resistance reaches a maximum, the ultimate soil resistance.
The curves are dependent on the properties of the surrounding soil and on the soil depth, and can
be estimated experimentally, numerically or analytically. It is not necessary to evaluate the whole
p-y curve. It is assumed that vibrations of the monopile can be regarded as small deflections only,
which means that only the initial slope of the curve is of interest. The slope equals the coefficient
of subgrade reaction. The soil profile of the location of the wind turbine is unknown and has to be
assumed. Estimates for the coefficient of horizontal subgrade reaction are provided by Terzaghi [27].
Table 2.5 shows estimates of the value ny, for submerged sand. When dense sand is assumed as the
soil type this value equals 34 ton/ft3.

Relative density of sand [ Lopse Medium ' Dense
Range of valoes of 4 F 100300 300--1,0:00 1, (02 (0
Adopted values of A - 200 600 1,500
Dry or moist sand, values of ny 7 21 56
Submerged sand, values of ny 4 14 kT

Table 2.5: Recommended values for ny, [ton/ft3]. [27]
The coefficient of horizontal subgrade reaction (k) can be determined with Equation (2.2).
D z
I 2.2
n=, =y (2.2)
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Where z is the depth below surface and B is the width of the pile. The width of the monopile
equals 4 meter. Equation (2.2) results in a linearly increasing coefficient of horizontal subgrade

reaction. It is equal to 0 at mud line and the maximum value at the bottom of the monopile equals
161.59 ton/ ft3, which equals 55.96 * 105 N/m?.

2.6 Eigenmode comparison

Before the eigenmodes of two different models can be compared they need to matched to one another.
Matching the eigenmodes means pairing an eigenmode of one model to the 'corresponding’ eigenmode
of the other model. It is possible for the order of the eigenmodes to shift, since the eigenfrequencies
of the modes can change. The 10th eigenmode of a model will not always remain to be the 10th
eigenmode if that model is changed. It therefore is necessary to match the shell modes to ensure the
correct modes are compared to one another. A commonly used method for matching the eigenmodes
is the Modal Assurance Criterion (MAC).

2.6.1 Modal Assurance Criterion

The Modal Assurance Criterion (MAC) is a popular tool for a quantitative comparison of mode
shapes. Pastor et al.[23] provide exemplary cases in which mode matching is essential. One of the
cases mentioned is before and after a change in the physical structure caused by wanted modification.
This is essentially also the case for this thesis. The MAC is an indicator that compares two mode
shapes. It can take any value between 0 and 1. A value of 1 indicates that the mode shapes are
equal and a value of 0 indicates that there is no correspondence between the mode shapes. Any
value in between indicates that the mode shapes are only partially matching. Commonly, a MAC
value of higher than 0.9 is regarded as a positive match between two mode shapes. The MAC is
most sensitive to large differences and less sensitive to small differences in the mode shapes. The
MAC can be calculated with Equation (2.3)

{oati{ox}ql?

MAC(r,q) = {oa}T{oatr) {ox}T{dx1}q)

(2.3)

Here {¢4} and {¢x} are two mode vectors, which contain the two discrete mode shapes to be
compared. The MAC is often presented in a 2D matrix, with the mode vectors of one model along
its first axis and the mode vectors of the second model along its second axis. This provides an easy
overview for comparing the several possible combinations of the mode vectors. An example of this
matrix is shown in Figure 2.10.
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Mode: 1 > 6
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Data set B
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6 MAC=0

Figure 2.10: Example of a 2D MAC matrix. [23]

If the mode shapes of both models are equal and are in the same order this matrix will contain
a MAC value of 1 on it diagonal and a value of 0 on its off-diagonals. If the modes are different or
in a different order it will be reflected by the MAC matrix.
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Chapter 3

Preliminary study of modelling
decisions

The goal of this chapter is to highlight and analyse some of the decisions that are important for the
development of a finite element model of a wind turbine that is to be used in a modal analysis. It is
meant as an initial study into how finite element modelling can be used to estimate the shell modes
of a structure. For example, the choice of element type or model discretization are studied using
simple models. By using simple models instead of a complete model of the wind turbine effects of
the different modelling choices are like to be more clear. Things learned during this initial study
can be applied during the development of the reference model or simplified models.

3.1 Finite element types

Probably one of the most important decisions to be made when developing a FE model is what
type of elements should be used. There are many different types of elements, which are generally
grouped into 1D, 2D or 3D elements. 1D elements are line elements which can be used for a simple
representation of rods, bars or beams, etc. 2D elements are surface like elements that can be used to
model plate or shell like structures. 2D elements consist of a mid-surface and assigned a thickness
which is constant over that surface. The stresses present in the element are considered constant
through its thickness. 3D elements are solid elements and can be used to model most objects.
Which type of elements to use is dependent on the geometry of the model and on the goal of the
analysis. It is almost always possible to model a geometry using 3d elements, which may look like
a simple solution. However, 3D elements also require the most computational power. For large
structures this can become a significant amount. It is therefore useful to use simpler 2D or 1D
elements when possible.

Modelling the tower of the OW'T with only 3D elements is a nearly impossible task as this would
require a lot of computational power. Since the tower mostly consists of thin-shelled cylinders it
can be very beneficial to look at the use of 2D elements. There are 3 main types of 2D elements:
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Membranes, plates and shells [9]. Membranes only resist loads applied in the direction of the mid-
surface and can be used to analyse plane stress and strain. Plate elements are 2D elements that
only resists transverse loads and only assess the bending of the structure. Shell elements combine
the membrane stresses and bending stresses. Also, shell elements may consist of curved surfaces
and are therefore sometimes considered as 2.5D elements. This can make the use of shell elements
an attractive option when modelling the tower. There is no standard definition when shell elements
can be used but a general rule of thumb is that they can be considered when the wall thickness is
at least 20 times less than the length of the body.

Next, an example cylinder will be assessed. It is used to study the difference between using
solid or shell elements to model the cylinder and are also compared to experimental values. The
experimental eigenfrequencies are provided in a paper by C. Wang and J.C.S Lai [31]. In this
paper experimental and theoretical eigenfrequencies are compared. One table in this paper includes
multiple eigenfrequencies for a clamped-clamped cylinder, see Table 3.1. The cylinder has a thickness
of 2.54 mm, an inner radius of 48.51 mm and a length of 394.42 mm. The paper doesn’t provide
the Young’s modulus or density of the cylinder, but states that regular steel is used. Therefore a
Young’s modulus of 2E11 Pa and a density of 7850 kg/m? are assumed.
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Mode number (m)  Source Mode number (n)

2 3 4 5 B 7
1 Experiment [14] 1240 2130 3970 6320 9230 12 600
Koval and Cranch’s equation 1569 2320 4092 6419 9251 12 566
Yu's equation 1756 2460 4246 6615 9522 12959
Morley's equation l6ll 2206 3982 6351 9257 12 695
Equation (23) 1729 2541 4334 6704 9611 12 048
Equation (13} 1386 2159 3942 6308 9212 12 647
2 Experiment [14] 2440 2560 4160 6475 9380 12 750
Koval and Cranch’s equation 3005 2782 4185 o444 9259 12 569
Yu's equation 4036 2943 4342 o664l Y530 12962
Morley’s equation 3975 2734 4085 6376 9206 12 098
Equation (23) 3417 3060 4372 6KES 9776 13 209
Equation (13) 2938 2672 4171 6481 9372 12 803
3 Experiment [14] 33800 4340 67240 9540 12 900
Koval and Cranch’s equation OGE83 AIR 4474 6524 9286 12 380
Yu's equation 7706 4144 4642 0723 9554 12974
Morley’s equation To74 0 3998 4402 6463 92895 12709
Equation (23) S4600 4019 5016 TI86 10037 13 456
Equation (13) 4800 3613 4600 6773 9024 13 043
4 Experiment [14] 4480 5130 7100 YR 13 220
Koval and Cranch’s equation 11310 5739 5087 6708 9349 12 005
Yu's equation 12662 6092 53278 6913 9623 12999
Morley's equation 12643 5994 5068 0660 9362 12 736
Equation (23) 7422 5266 S5O6BR 7027 10401 13 7492
Equation (13) 6670 4828 5268 7204 9979 13 372
5 Experiment [14] s020 57400 5910 7710 10310 13 570
Koval and Cranch’s equation 16862 8233 6li4 7051 9471 12 653
Yu's equation 18879 8709 6333 7267 9748 13050
Morley’s equation 18806 8641 6160 7027 9490 12 787
Equation (23) 9135 6625 6353 8213 10876 14 223
Equation (13} B3®2 6157 6125 7782 10445 13 794

Table 3.1: Eigenfrequencies of a clamped-clamped cylinder. [31]

This table shows the natural frequencies of the cylinder resulting from an experiment and the
natural frequencies which are estimated with different equations. Equations (23) and (13) are novel
equations which C. Wang and J.C.S Lai are comparing to the other estimated natural frequencies.
The table shows that there can be relatively large differences between the natural frequencies deter-
mined with the various methods. The difference become especially large for modes with a high m
parameter. From this table it can be concluded that the estimation of high frequency shell modes
using analytical equations is complicated and can include relatively large errors.
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Two FE models are created of this cylinder, one with solid elements and one with shell elements.
The resulting eigenfrequencies are shown in Table 3.2. Parameters m and n are the longitudinal
and circumferential wave numbers, as explained in Section 2.3. It was chosen to only include the
experimental results of Table 3.1 because these values were most comparable to the eigenfrequencies
estimated by the FE models.

m n Experimental FE shell FE solid FE difference [%)]
1 2 1240 1270.8 1269.7 0.1
1 3 2150 20114 1998.6 0.6
2 3 2560 2473.3 2461.3 0.5
2 2 2440 2600.1 2597.9 0.1
3 3 3380 3331.1 3317 0.4
1 4 3970 3697.5 3650.5 1.3
2 4 4160 3893 3847.9 1.2
3 4 4540 4289.2 42454 1.0
4 3 4480 4454.2 4434 0.5
4 4 5130 4906.9 4862 0.9
5 5 7710 7278 7166.5 1.5

Table 3.2: Eigenfrequencies [Hz| estimated experimentally and with FEM.

This results show that there is a small difference between the eigenfrequencies estimated by the
shell FE model and the solid FE model. This error is very small in comparison to the error between
the experimental data and the FE models. The benefit of shell elements can be seen when looking
at the total nodes in the FE models. Both models were given same mesh size and therefore have a
similar amount of elements. The shell model consisted of 7722 elements with 23322 nodes and the
solid model consisted of 8100 elements with 55897 nodes. The solid model had more than twice the
amount of nodes of the shell model. The solid FE model used even had only a single element along
the thickness of the shell. It is generally recommended to have multiple solid elements along the
thickness of the model, which greatly increases the amount of elements and nodes. For the analysis
of a simple model the amount of nodes is not a big concern but when the model becomes more
complex shell elements should be applied when possible.

3.2 Mesh size convergence

The mesh size used in a FE analysis influence the accuracy of the results and the speed at which the
results are obtained. A finer mesh provides more accurate results but requires more computational
power, a courser mesh does the opposite. The results of the FE analysis convergence to a solution as
the mesh size decreases. After a certain point further decreasing the mesh size has little influence on
the accuracy of the results. A mesh size can be selected based on the allowable error in the results
and the preferred computational requirements.

The mesh convergence of the example model is performed manually by changing the mesh size
and comparing the results given by Ansys. The study was started off with an element size of 3
meters, which resulted in a rough model. The frequencies of interest were chosen to be the first
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10 eigenfrequencies. The 10th modes eigenfrequency was close to 200 Hz, meaning that the chosen
eigenfrequencies covered the interesting frequency ranges. The eigenfrequencies of this model were
calculated and noted down. Then, the mesh size was decreased in steps of 0,5 meter. The results
were recalculated and compared with prior results. This was done several times and the results of
this study are plotted in Figure 3.1.

Mesh size convergence

250
—a— 15t mode
200 —a— 2nd mode
3rd mode
E 150 4th mode
E —#— 5th mode
::j. 100 —a— Gth mode
& _ | —a— 7th mode
50 i E 3 4’_.;,/. —e— Bth mode
i . 4 —8— 5th mode
o LT * > * ——1 —e— 10th mode

0 0.5 1 15 2 25 3 35

Mesh size (m)

Figure 3.1: Mesh size vs. frequency of 10 modes.

This figure shows a clear reduction in the found eigenfrequencies for decreasing mesh sizes.
Especially higher modes show that a finer mesh is required for accurate results. The reason higher
modes are more sensitive to the mesh size is because higher modes have shorter wavelengths. A
shorter wave length requires smaller elements to properly resemble the mode shape of the model.
The estimated eigenfrequencies stabilize around a mesh size of about 0.8 meters. The mesh size of
0,8 meters is only valid for this model and these eigenmodes, for more advanced models or higher
eigenmodes a a new mesh convergence study is required.

3.3 Shell thickness effect

Shell elements can be very useful and efficient, but also introduce new difficulties into the model.
One of those difficulties is how to deal with the thickness of the elements. This difficulty can best
be explained by a illustration, which is shown in Figure 3.2. The figure shows a simple geometry
consisting of a middle plate (blue) with a certain body (orange) attached to each of its sides. This
sort of geometry reoccurs multiple times in the detailed model of the wind turbine. If the plate
is modelled as a solid geometry the nodes of the bodies and plate line up and are in contact, see
Figure 3.2a. However, when the plate is modelled with shell elements the nodes of the orange bodies
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do not line up with the nodes of the plate any more, the bodies and plate do not seem to be in
contact, see Figure 3.2b.

(a) True geometry of the model (b) Nodes of the model

Figure 3.2: Example of the shell thickness effect.

From now on this phenomenon will be referred to as the shell thickness effect. It occurs when
a body is to be in contact with the side of another body that is modelled with mid-surface shell
elements. Since a large part of the wind turbine is modelled with shell elements it is important to
figure out how to deal with this effect. There is little information available regarding this effect,
which is why it will be studied in this section.

The example model to study this effect is shown in Figure 3.3.

Figure 3.3: Mesh size vs. frequency of 10 modes.
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This model consist of two surfaces, that of a cylinder and a cone, which are intersecting. The
total height equals to 10 meters, the diameter of the cylinder is 4.125 meters and the wall thickness
applied is 50 millimeter. This is model is similar to geometry that occurs in the slip joints. Two
separate models of this model are created. In the first model the cylindrical surface runs up to the
conical surface. When shell elements are applied to the surface the mesh intersects, as shown in
Figure 3.4a. In the second model the cylinder runs op to the point were the edge of the shell would
touch the elements applied to the cone, see Figure 3.4b.

(a) Intersecting shell elements (b) Touching shell elements

Figure 3.4: The two models used to study shell thickness effect.

In the intersecting model the cylinder has a length of 8.4 meters and in the touching model the
cone has a length of 8.2 meter. The first 10 eigenmodes of this structure are now calculated using
both models. The resulting eigenfrequencies are shown in Table 3.3.
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Eigenmode | First model | Second model | Difference (%)
1 6.08 5.88 -3.31
2 6.31 6.23 -1.40
3 11.03 10.93 -0.93
4 15.44 15.28 -1.01
) 17.49 17.30 -1.07
6 20.97 20.47 -2.39
7 22.04 21.55 -2.24
8 24.78 24.37 -1.67
9 25.57 24.98 -2.33
10 25.66 25.21 -1.75

Table 3.3: Eigenfrequencies of both shell thickness models.

These results show that the difference in modelling approach can lead to an error of approximately
3 percent in the eigenfrequencies. This difference is seen acceptable as this phenomenon occurs only
in less severe cases for the reference model. The intersecting surfaces are far easier to model and
will therefore be applied during the development of future FE models.

3.4 Shaker positioning

The shell modes of the wind turbine will be excited by shakers which are placed on the structure.
A good estimation of the eigenmodes is required to be able to excite the correct mode. Why the
eigenfrequency is required is obvious. It might be less obvious why an estimation of the mode shape
is also important. This section will study the importance of the shaker positioning on the excitation
of specific eigenmodes. This is done by regarding the conical cylinder as shown in Figure 3.5a. The
eigenmodes of the cylinder can be estimated easily. Specific eigenmodes can be excited by placing
shakers on the structure that vibrate in the eigenfrequency of the mode. This can also be simulated
in Ansys with a harmonic response analysis. For example, we can try to excite the mode shown in
Figure 3.5b.
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(a) Conical cylinder (b) Eigenmode to be excited

Figure 3.5: Example cylinder and eigenmode.

This mode has an eigenfrequency of 30.6 Hz. This eigenmode can be excited by placing a source
of excitation in the model. This is done by introducing a harmonic load at one of the nodes of the
model. The harmonic load is given the same frequency is the eigenfrequency of the desired mode.
The resulting vibration is shown in Figure 3.6.

Figure 3.6: Resulting mode of vibration.

This shows that the correct eigenmode is excited. However, structures like these are usually
excited by more than one shaker to have a better distribution of the introduced forces. When
multiple shakers are used problems can occur. Now, the same analysis is ran with four equally
divided shakers instead, as shown in Figure 3.7.
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Figure 3.7: Four equally divided shakers.

Using this model results in the mode of vibration as shown in Figure 3.8.

2,506 -5
2,1972e-5
| astzes
T2d1e-6
0 Min

Figure 3.8: Mode of vibration with four shakers.

This figure shows a vibration with four wave lengths in the circumferential direction when there
were supposed to be only three. This happened because the position and synchronization of the
shakers do not correspond to the mode shape of the eigenmode. The shakers force the structure into
this mode shape to fit the motion of the shakers. To obtain the correct mode shape the shakers need
to given the correct phase angle. In the case of four equally divided shakers the correct phase angles
would be 0, 90, 180 and 270 degrees. Now the shakers excite the correct mode shape, as shown in
Figure 3.9.
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Figure 3.9: Corrected mode of vibration.

Notice that, even though the shakers introduce the same force, the amplitude is higher. This
happens because the structure is now excited in an eigenmode resulting in a more effective excitation.
This simple study shows that the correct placement and synchronization of the shakers is important
when exciting eigenmodes. This is one of the reasons why it is important to be able to make a good
estimation of the mode shapes of the eigenmodes of the wind turbine tower.
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Chapter 4

The reference model

The full-detail model to be created is based on the geometry of a real wind turbine, which was
provided by DOT. The CAD-model of the wind turbine is shown in figure. This model is an
accurate representation of the wind turbine. Unfortunately it is not possible to directly import this
model into Ansys and use it to run a modal analysis. The model was not created for this purpose
and contains several details that make it unusable for a finite element analysis. For example, the
model exists of only solid parts. While this represents reality, it will result in a FE model consisting
of only solid elements. In the case of thin shell-like structures it can be beneficial to make use of shell
elements, as discussed in Section 3.1. Shell elements require the geometry to exist out of surface
areas instead of solid parts. Another example is the presence of a lot of small holes and gaps. These
inaccuracies are not a big problem when the model is only used as a geometrical representation since
they cannot be seen directly by the eye. However, these small holes and gaps provide problems when
the model is to be used in a FE analysis, as they can result in meshing difficulties and errors in the
results. It is clear that the provided model of the wind turbine requires a lot of updating and changes
to be usable for FEA. For this reason it was chosen to create the full-detail model from scratch,
using the provided model only as a reference model. This chapter discusses how the reference model
was developed and which choices were made during the development.

4.1 Modelling choices

4.1.1 Defeaturing

Most structures are full of holes, fillets, slots, and other relatively small features. All these features
can complicate the model creation and meshing process while usually providing little to no extra
accuracy to the results. It is therefore common practice to not include those features in the model
[18]. This process is known as defeaturing the model and has a very similar goal to this thesis,
as its goal is to simplify features of an FE model without having large influences on the results of
the analysis. The difference between defeaturing and this thesis is that this thesis aims to assess
larger features which leads to a far greater uncertainty in the results. An example of an defeatured
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object is shown in Figure 4.1. In this example the amount of nodes present in the meshed model
was reduced significantly after defeaturing.

(a) Original object (b) Defeatured object

Figure 4.1: Example of defeaturing. [18]

While defeaturing is a very useful tool when creating FE models there do not yet exist clear rules
on when it can be applied. Even though there are many papers available that study the effects of
defeaturing [18, 21] and many FEA softwares provide automated defeaturing options there are no
set rules and it remains a process that is dependent on engineering judgement. There are multiple
smaller features present in the wind turbine tower, like bolting holes and fillets. Not every defeatured
part will be mentioned in this section as this would result in a fairly extensive list. Features are
included in the model if there existed any doubt about the influence they would have on the results.

4.1.2 Connections

The complete FE model is constructed using multiple smaller parts, which are all made individually.
These parts have to be connected to form a rigid structure. Two different connection options were
used for the development of the reference model. The first option used is a direct mesh connection.
With this options the parts are connected in the meshing process of the model. If parts are sufficiently
close they can be meshed using shared nodes at the shared boundary of the parts, which connects
the mesh of the two parts. This process can be applied in multiple ways. In the reference model it
is applied by applying shared topology between parts.

After the assembly of the wind turbine was created in Solidworks it was imported into Ansys.
Before it was meshed and analyzed it was imported into SpaceClaim, which is a CAD software
provided by Ansys. In SpaceClaim the assembly was preprocessed and prepared for the meshing
process. One of the preparations was applying shared topology between connected parts. SpaceClaim
provides tools that evaluate the proximity of objects and gives the option to apply shared topology
between them. When applied, these parts will be given shared nodes in the meshing process. An
example of shared topology will now discussed.
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Assume there are two cylinders with a different thickness, as shown in Figure 4.2a. Because
they have a different thickness they have to be made as individual parts. The bottom of the lower
cylinder is given an fixed boundary condition. In Figure 4.2a it looks like the cylinders are connected.
Performing a modal analysis on this model provides Figure 4.2b. It is obvious that the cylinders are

not yet connected.
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(b) An eigenmode of the model

(a) Mesh of the cylinders

Figure 4.2: Two cylinders without connection.

The cylinders can be connected by sharing their topology. SpaceClaim can search for coincident
geometry based on a definable tolerance. Using this option for the example provides Figure 4.3a.
The red line shows the coincident edges of both cylinders two which shared topology can be applied.

After this is done the cylinders are meshed and the eigenmodes of the model are estimated. One of
them is shown in Figure 4.3b, which shows that the cylinders are connected.
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(a) Shared topology in SpaceClaim (b) An eigenmode of the connected model

Figure 4.3: Two cylinders connected.

Some benefits of using shared topology is that it is simple to use and able to deal with small
errors within the geometry and provides a continuous mesh of the model. However, for some parts
a continuous mesh can also result in difficulties. Due to the mesh continuity two connected parts
are required to have similar element sizes. If parts require different sized elements shared topology
should not be used. Instead a bonded contact can be used to connect those parts.

4.1.3 Applying boundary conditions

Three separate boundary conditions are applied to the model, which consist of the RNA mass and
inertia, the hydrodynamic added mass and the soil boundary condition, as discussed in Section 2.5.
The RNA mass and inertia are applied by introducing a point mass at the top of the tower. The
point mass is connected to the yaw bearing and is positioned with respect to its centre, as shown in
Figure 4.4a.
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(a) Yaw bearing and point mass
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(b) Point mass settings

Figure 4.4: Point mass resembling the RNA.

The hydrodynamic added mass is included by applying a distributed mass to the section of the
tower between sea level and the mud line. This section has a length of 23.8 meter. In Section 2.5.2
the added mass per unit length was estimated to be 12880.5 kg/m. Therefore, the total distributed
mass applied equals 306555.9 kg.

B

Scope
Scoping Method | Geometry Selection
Geometry 3 Faces
Definition
Mass Type Total Mass

Total Mass 3.0656e+005 kg
Suppressed Mo

Figure 4.5: Distributed mass settings.

The soil structure interaction is applied with an elastic support at the section of the tower
below mud line, which represents the coefficient of horizontal subgrade reaction. The stiffness of the
support should increase linearly with the depth, however this is not an option provided by Ansys.
Instead the increasing stiffness of the elastic support is applied stepwise, as shown in Figure 4.6.

41



C

Figure 4.6: Stepwise increase of spring stiffness.

The maximum spring stiffness at the bottom was estimated to be 55.96 * 105N/m3, see Sec-
tion 2.5.3. The average spring stiffnesses are calculated for their respective sections and are shown
in Table 4.1.

Section  Spring stifness [N/m?]

A 9.33 % 10°
B 27.98 % 106
C 46.63 * 10°

Table 4.1: Applied spring stiffnesses.

4.1.4 Global mesh size convergence

The mesh size applied to the model can have a large influence on the accuracy of the results, as
was also shown in Section 3.2. This section discusses the mesh size convergence of the reference
model. A few modes are selected for the convergence study. These modes are five modes which are
of interest for the lower slip joint, see Appendix A.2. The modes selected are mode 14, 37, 131, 203
and 255. These modes were selected to cover a large range of eigenfrequencies. The results of an
initial rough convergence study are shown in Table 4.2

Mesh size [m] 0.8 0.7 0.6 0.5 0.4 0.3 0.28 0.26
Mode

14 6.57  6.55 6.54 6.53 6.53 6.51 6.51 6.51
37 - 17.522 17.09 17.02 16.77 16.47 16.41 16.37
131 - 41.31 40.47 39.91 39.58 38.77 38.69 38.58
203 - - - 52.74 51.96 51.27 51.04 50.88
255 62.66 61.7 60.98 60.32 60.37 60.04 60.09 60.12

Table 4.2: Initial convergence study - Eigenfrequencies [Hz] vs. mesh size.
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Some of the eigenfrequencies in this table were not able to be computed since the mesh size
was too large and the modes could not be recognized. The table shows some convergence but it is
difficult to select an acceptable mesh size. The mesh size step is too large and not consistent. A
more refined convergence study is necessary. The step in mesh size will be held constant, decreasing
the mesh size with 10 percent each step. Looking at Table 4.2 a mesh size of 0.3 meter was chosen
as the central point of this study. The more refined convergence study is shown in Table 4.3.

Mesh size [m] 0.564 0.508 0.457 0412 037 0.333 0.3 0.27  0.243 0.219

Mode

14 6.53 6.53 6.53 6.53 6.51 6.5 6.51  6.51 6.5 6.51

37 16.95 17.01 16.78 16.76 16.48 16.5 16.47 16.41 16.32 16.3

131 39.64 39.11 394 39.55 3839 38.66 3877 38.56 38.16 38.22
203 52.19 52.82 52.07 51.65 51.69 51.51 51.27 50.95 50.94 50.72
255 60.35 60.51 60.28 60.33 59.91 59.65 60.04 60.08 59.81 59.96

Table 4.3: Refined convergence study - Eigenfrequencies [Hz| vs. mesh size.

It looks like only mode 14 is fully converged in this mesh size range. However, further refinement
of the mesh size is very difficult. The analysis with a mesh size of 0.219 meter already took about
10 hours. The next step in mesh size would be approximately 0.197, which is expected to require
multiple days for computation. Plotting the eigenfrequencies of mode 255 shows that the results do
not convergence to a single value and does more resemble oscillatory convergence, see Figure 4.7.

Mode 255
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0.6 0.5 0.4 0.3 0.2 0.1 0

Mesh size [m]

Figure 4.7: Eigenfrequency vs mesh size for mode 255.

Because it is difficult to refine the mesh further one of these mesh sizes has to be selected.
A converged solution is not available which means it is difficult to select a mesh size based on
expected error in the eigenfrequencies. From Table 4.3 it can be seen that the error is relatively
large for element sizes larger than 0.4 meter. The error looks to stabilize around the mesh size of
0.3 meter. The results do not show whether further refinement of the element size will decrease
the error any further. The mesh size selected for the reference model is 0.3 meters, because the
required computational time increases rapidly at this mesh size and it is not known whether further
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refinement of the mesh size increases the accuracy of the results.

4.1.5 Local mesh refinement

A mesh size convergence study is not the only option to check whether the quality of the applied
mesh is acceptable. Ansys can also provide information about the individual elements, known as
mesh metrics. These metrics can be used to check the quality of the elements. For example, it
includes the aspect ratio or skewness of the elements. These values tell something about the shape
of the element. Poorly shaped elements can cause inaccuracies or errors in the results of the analysis.

One mesh metric available is called ”Element Quality”. This metric ranges from 1 to 0, where
1 means that the element has a proper shape and 0 that it has a very poor shape. Which element
quality is acceptable depends on the goal of the analysis, but elements with an quality close to 0
should be avoided if possible. Assessment of the element quality of the created FE model reveals that
it includes some poorly shaped elements located around the lower slip joint, as shown in Figure 4.8.
This figure shows there are elements with an element quality of 0.04. How these poorly shaped
elements will affect the results is difficult to say. However, it still is good practice to try to increase
the quality of these elements, especially because they are located at an area of great interest.

Element Quality

0.99995 Max
0.59309
0.78623
0.67937
0.57251
0.46565
0.35879
0.25193
014506
0.038204 Min

Figure 4.8: Element quality at the lower slip joint.

The poor elements can also be seen in the mesh of the model, as shown in Figure 4.9. The mesh
in this area is relatively poor because it is an assembly of multiple smaller parts. The connections
of these parts and relatively large mesh size create a poor mesh at this location.
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Figure 4.9: Mesh at the lower slip joint.

The quality of the mesh can be improved by refining the mesh locally, as it allows for smaller
and better shaped elements. The refined mesh is shown in Figure 4.10.

Figure 4.10: Refined mesh.

This refined mesh looks to have better shaped elements. The new element quality is shown in
Figure 4.11. The lowest element quality in this location is now approximately 0.6. This shows that
the local mesh refinement greatly improved the elements in this location.
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Figure 4.11: Element quality of the refined mesh.
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4.2 Complete reference model

The reference model is created by connecting four separate sub-assemblies. These sub-assemblies
are the monopile, lower slip joint, tower section and upper slip joint. They mainly exist out of shell
elements with a few solid elements.

Monopile

The monopile is the simplest model as it includes very little details or features. It exists out of
multiple cylinders and cones with individual wall thicknesses. The soil boundary condition and
hydrodynamic added mass are applied to the correct sections of the monopile, see Figure 4.12.

B
C

(a) Applied soil boundary condition (b) Hydrodynamic added mass

Figure 4.12: Boundary conditions applied to the monopile.

Lower and upper slip joint

The models of the slip joints are the most complex of the four sub-assemblies. They include many
details and features like stiffeners, sled plates and skirts. Most of these features are shown in
Figure 4.13.
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(a) Lower slip joint model (b) Upper slip joint model

Figure 4.13: Section view of the slip joint models.

Tower section

The tower section of the reference model does not include many details or features. It mainly consists
of multiple cylinders with an individual wall thickness, which is also the reason a figure of this section
will not be included.

4.2.1 Slip joint simplification

How to model the connection between the two cones of the slip joint is probably one the most
interesting and important choices to be made when assessing vibration assisted friction reduction
within the joint. There are several physical aspects that could influence the vibration and friction
of the joint. A good example is how the friction and contact within the joint is modelled. Correctly
including these physical aspects in the model of the joint is important as they influence the accuracy
of the results. However, there is a problem with including these kind of physical aspects in the
reference model of the wind turbine. The reference model is developed to be used in a modal analysis
to estimate the eigenfrequencies and mode shapes of the structure. A modal analysis requires the
FE model to be linear, meaning that the relationship between force and displacement in the model
is linear. Most of the physical aspects are difficult to include without introducing non-linearity in
the FE model. For example, Ansys provides several options for modelling contact in the model. One
option is frictional contact, which allows sliding and separation of the contacting surfaces. This could
potentially be a good option to model the contact within the slip joint, but creates non-linearities in
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the FE-model and can therefore not be used in modal analysis. There are only two contact options
with which the FE model remain linear, a bonded contact and a no-separation contact. Either type
of contact provides a poor representation of reality.

This essentially leads to two options. Use a simplified model of the slip joint which can be used
for modal analysis or create a more detailed model of the slip joint which can’t be used for modal
analysis. In Ansys, modal analysis is a pre-requisite for many other types of vibration analysis.
There might exist alternative methods for the estimation of eigenfrequencies and eigenmodes, but it
is chosen to use modal analysis due to its simplicity and common use. This means that the FE model
is required to be linear. This results in a large simplification of the slip joints, as the contacting
surfaces in the joint have to be modelled as bonded, which is better fitting than the no-separation
contact which allows frictionless sliding. As a result the eigenfrequencies and mode shapes estimated
in this thesis ignore the possibility of sliding or separation of the joint. However, these results are
assumed to still provide a useful initial estimate of the eigenmodes of the structure. At the start of
the decommissioning process the slip joints are connected and no sliding or separation occurs, which
is resembled by the bonded contact. Once the slip joint starts to slide and separate the system
changes and the eigenfrequencies and mode shapes change. A more advanced model and a different
type of analysis is required to study the vibrational characteristics of the slip joint during actual
disconnection and will not included in this thesis.
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4.2.2 Eigenmodes of the reference model

Now that the reference model is developed it is used to estimate the first 300 eigenmodes of the
wind turbine tower with slip joint. The first two global modes are shown in Figure 4.14.

(a) Intersecting shell elements (b) Touching shell elements

Figure 4.14: The first two global modes of the reference model

They have an eigenfrequency of approximately 0.27 Hz and 1.30 Hz. The first natural frequency
lies within an acceptable range, compared to eigenfrequencies found in literature [4]. The 300th
eigenmode is found to have a eigenfrequency of 65.3 Hz. The estimated eigenmodes will not be
shown in this thesis, as there simply are too many. The modes selected for the comparison to follow
will be shown in their respective sections.
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Chapter 5

Comparison of the eigenmodes

The goal of this chapter is to explain how the estimated eigenmodes can be compared to one another.
This chapter is added because the comparison of the eigenmodes is not a straight forward task and
several decision are made during this process. The first section discusses how the Modal Assurance
Criterion is used to compare the mode shapes of the shell modes. Section 5.2 explains how the shell
modes are matched for the comparison to follow. Section 5.3 discusses which of the 300 eigenmodes
will be selected for comparison. Section 5.4 tells how the results of the comparisons will be evaluated.
This evaluation is meant to help judge the applicability of the studied simplifications.

5.1 Modal Assurance Criterion (MAC)

5.1.1 Implementing the MAC

This section will discuss how the MAC value is used for comparing two individual mode shapes.
Ansys Mechanical does not provide build-in function for the estimation of the MAC. There are
individually created add-ons available which at first sight promise to be an easy solution. The
function works fine for simple FEM models but is easily broken after a more extensive robustness
check. This is mainly caused by the complexity of FE model. The add-on function is not always able
to properly handle the differences between the reference and altered model and therefore provides
unreliable results. A different approach has to be taken if the MAC is to be used. Since the MAC
is one of the most useful tools for comparing mode shapes, it is important that it is implemented in
another way. Instead of using the build-in functions, the MAC is implemented with a script written
in Python. One can extract the mode shape data from Ansys Mechanical and use it to calculate the
MAC. Because of the robustness check of the add-on function it was already known which pitfalls the
script had to deal with. The creation of this script will now be discussed in the following sections.
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Obtaining the mode vector

The calculation of the MAC requires two mode vectors which contain the deformation of the model
at discretized points within the FE model. The first step is extracting the mode shape vectors from
the results in Ansys Mechanical. The mode shapes can be exported by Ansys, which provides a
text or excel file containing the information. The first column contains all the node numbers of
the nodes used by the FE model, which are in numerical order. The second column contains the
nodal deformation of the eigenmode, which is the mode vector. The next three columns contain the
coordinates of the node. Once obtained, these values can not simply be inserted into Equation (2.3).
To be able to compare the mode shapes the nodes in the first mode vector needs to match those of
the second mode vector. If the nodes do not match the MAC will compare the nodes from different
locations in the FE models, which produces wrong results. The data provided by Ansys includes
every single node of the FE model. Even small changes to the FE model alter the total amount of
nodes and also affects their order. This makes matching every single node between two separate FE
models a complicated task. For this reason, it was chosen to not include all the nodes of the system
when assessing the MAC. The nodes that will be used are the nodes that are located in an area of
interest. Each eigenmode has an unique mode shape which often is localized around a specific part
of the model, an example is shown in Figure 5.1. Nodes outside of this area are less relevant for
the comparison. The mode shape shown in Figure 5.1 will be used as a test case for developing the
MAC script.

Figure 5.1: Example of a localized eigenmode
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Matching the nodes of both models is still a challenging task, even when a smaller part of the FE
model is regarded. It was chosen to select cross sections of the FE models as the nodes of interest.
The main advantage of using nodal cross sections is that they are easier for matching the nodes of
both models and they provide a clear view of the mode shape at that height. The nodes of the cross
section also need to matched before the MAC can be calculated. The nodal cross sections of two
mode shapes need to be altered to have a matching order and length. The nodal cross sections can
be selected in Ansys with the use of a named selection. A named selection has an option to only
select the nodes that comply with specified conditions. One of the conditions is to select the nodes
located on a specific height level. This option provides the nodes at a given height, which essentially
is the nodal cross section of the structure, as shown in Figure 5.2. This method gives the option to
only compare the nodes that are excited by the eigenmode and ignore the others. For the test mode
shape the nodal cross section of interest is created at a height of around 6 meter.

Figure 5.2: Example of a nodal cross section.

This selection of nodes can also be extracted to a text or excel file containing a single column.
This column contains all the selected node numbers. The file containing the information about the
nodal deformation is now compared with the file containing the node numbers of the cross section.
This results in the deformation of the cross sections, as plotted in Figure 5.3.
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Figure 5.3: Nodal deformation of the cross section.

Figure 5.3 clearly shows harmonic shape of the mode shape. However, it is easy to notice that
the mode shape shown in Figure 5.1 has a circumferential wave number of 3 and the vibration shown
in Figure 5.3 has 12 peaks. This is happens because of two reasons. The first reason is that Ansys
provides the absolute nodal deformation, resulting in the negative part of the vibration also being
shown as a peak in the graph, effectively doubling the amount of peaks. The remaining 6 peaks are
cause by how the nodes where created in Ansys. The example model of Figure 5.1 mainly consists
of conical sections modelled with quadratic shell elements. These elements have a node at each
corner and also have a mid-span node. The node numbers given to these nodes are not in the same
order as the nodes appear along the cross section. Ansys first assigns node numbers to the corner
nodes and only assigns node number to the mid-span nodes after. The consequence is that when the
nodes are presented in numerical ordering the nodes circulate the cross section twice, which causes
another doubling of the peaks. The shift from corner nodes to mid-span nodes can be seen halfway
the graph shown Figure 5.3. The order of the nodes can also cause other problems, as will be shown
in Section 5.1.3.

5.1.2 Orientation of the eigenmodes

The second mode vector required for the MAC comparison can be created the same way as the first
using the alternate FE model. An alternate FE model was created for this purpose. In this model,
simplifications were applied to the lower slip joint. A detailed overview of these simplifications is
provided in Section 6.1.1. An eigenmode that is very similar to that of Figure 5.1 is also found
in this model. Now that the cross sectional mode vectors for both models are obtained, they are
plotted in a single graph, shown in Figure 5.4.
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Figure 5.4: Nodal deformation of the original and altered model.

This graph shows that the mode vectors have nearly the same mode shape but are not in phase.
This is happens because the location of the initial node of the node vector is not pre-defined and can
differ for each FE model. Since the initial node is not defined the phase of the node vector is random.
Entering these two mode vectors in the MAC equation 2.3 gives a MAC value of 0.771. There are
two ways to deal with the phase of the node vectors. The first is by shifting the node vector one
node at the time and assessing the MAC. The best fitting phase can be found by assessing when
the MAC has reached a maximum value. This method ignores the orientation of the eigenmode as
provided by Ansys. The highest MAC value will be obtained when the node vectors are in phase,

which is shown in Figure 5.5. Entering these two mode vectors in Equation (2.3) now provides a
MAC value of 0.994.
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Figure 5.5: Nodal deformation of the original and altered model with correct phase.

The second method two correct the phase of the mode vectors would be to define the starting
node of the node vectors. The starting node can be defined based on its geometrical location. In
this script the starting node was chosen as the node with the largest X-coordinate. This method
does include the orientation of the eigenmode as provided by Ansys. Which method is preferred is
dependent on whether or not the orientation of the eigenmode is of interest. The orientation of the
eigenmodes are of interest, as explained in Section 3.4. The script will estimate the MAC value using
both methods. The script will therefore estimate two MAC values, one that respects the orientation
of the eigenmode and one that ignores it and maximizes the MAC by shifting the node vector. Using
both methods might provide some insights about the angle in which the modes are oriented.

5.1.3 Sorting the nodes

The order of the nodes in the node vector is important. If the nodes of both vectors are not in
the same respective order the resulting MAC value has no meaning. The order of the nodes in the
node vector is determined by the node number which is assigned by Ansys. The node vectors of
the example of the previous section were already in the correct order by accident. This happened
by ’coincidence’ as Ansys generated the nodes and node numbers in corresponding order when it
meshed the FE models. Unfortunately, this is not always the case for other models. In this section
another example model is discussed. This model consists of a rectangular hollow beam and is created
as a surface area meshed with shell elements, shown in Figure 5.6a. The eigenmode that will be
considered is shown in Figure 5.6b. This eigenmode will be compared with the eigenmode obtained
using the same beam model which is rotated by 45 degrees along its length. These models obviously
provide the same eigenmodes, as the geometry is exactly the same. However, the rotation mixed the
order of the nodes in both models.
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(a) Meshed model (b) Eigenmode to be compared

Figure 5.6: 2nd example model.

The mode vectors at a cross section near the top of the models were obtained and are shown
in Figure 5.7. It is obvious that these mode vectors have no correlation and they can’t be used to
calculate the MAC value. The nodes of the mode vectors are not in the same order because Ansys
generated the nodes in a different way for both models. The order of the nodes have to be corrected
to properly compare the mode vectors. The nodes are reordered by post-processing the mode vectors
in the python script. The nodes are put in order by starting at the initial node in the node vector.
The script than calculates which of the other nodes is located nearest to this node and places the
nearest node in the 2nd position. The nearest node is located by using the nodal X,Y,Z-coordinates
and Pythagoras’ formula. This is done for all the nodes in the mode vector, which reorders the
nodes based on their geometrical proximity.
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Figure 5.7: Nodal deformation of the cross section of the square model before sorting.

After re-ordering the nodes of the two mode vectors the are again plotted, which is shown in
Figure 5.8
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Figure 5.8: Nodal deformation of the cross section of the square model after sorting.
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Entering these mode vector into Equation (2.3) provides a MAC value of 0.997 which correctly
matches the two eigenmodes.

5.1.4 Interpolation of the nodes

Not only the order of the nodes of the node vector is important, but so is its length. Both node
vectors need to have the same number of nodes to be compared. The total number of nodes is
dependent on the mesh of the FE model. If both FE models have a similar mesh the could have the
same amount of nodes but this is not guaranteed. If the mesh is different both models will likely
have a unequal amount of nodes. For example, the second model of the second example, shown in
Figure 5.6, is now meshed with a half the original element size. This results in one mode vector
having a length of 80 nodes and a second mode vector with a length of 160 nodes. These mode
vectors are plotted in Figure 5.9.
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Figure 5.9: Nodal deformation of the cross section with unequal amount of nodes.

The graph shows two similar mode shapes which are of different length. These mode vectors have
to be made of the same length before they can be used to calculate the MAC. Both mode vector
represent the full cross section of the structure but the second one simply contains more nodes
with a smaller division along the cross section. The length of the mode vectors can be changed by
interpolating the nodes. In the python script, linear interpolation is applied to the smaller of the
two mode vectors, making it the same length as the other mode vector. The resulting mode vectors
are shown in Figure 5.10.
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Figure 5.10: Nodal deformation of the cross section after interpolation.

The mode vectors are of the same length and show that the mode shapes are similar but are in
the opposite direction of each other. This can happen because the direction of the nodes along the
cross section was not yet defined in the sorting part of the script. This can easily be fixed by adding
code that checks the direction of the nodes and reverses the mode vectors if necessary.

5.1.5 Scaling the vectors and multiple cross sections

The nodal deformations given in the mode vectors produced by Ansys are not actual measures for
the deformation in the structure since they are scaled arbitrary and only specify the mode shape
of the eigenmode. Equal scaling between the two models can not be assured. In the python script
the mode vectors are all normalized by the highest deformation present in the mode vectors. This
normalizes the mode vectors while still keeping the scaling equals between them. The MAC is not
affected by the scaling of the mode vectors. This does, however, come with a problem. When two
cross sections have a similar mode shape but differ in amplitude they will still provide a MAC value
close to 1. An example of this is given in Figure 5.11. In this example, two separate mode vectors
are extracted from the same mode in the reference model and the altered model. The mode vector
of the reference model is taken at a height outside the region of where the eigenmode is localized.
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Figure 5.11: Node vectors taken at different heights.

When these two node vectors are used to calculate the MAC they still provide a value of 0.99.
This happens because the shape of the mode vectors is the same, the only difference is their individual
scaling. Looking closely, Figure 5.11 shows the similarity in mode shape. The mode vectors can be
made equal by using the right scaling parameter. This problem with the scale of the mode vectors
can be solved by using multiple cross sections at the same time. By using multiple cross sections, the
mode vectors can not be scaled arbitrarily any more. This is shown by introducing a second cross
section in the previous example. This cross section is taken at the same height for both models,
at a region where the eigenmode is localized. The two mode vectors at this height are shown in
Figure 5.12. The mode vectors have a similar shape and amplitude and have a MAC value of 1.
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Figure 5.12: Node vectors taken at same height.

By appending the mode vectors belonging to the same model two new mode vectors containing the
deformation of both cross section can be created. These new mode vectors are shown in Figure 5.13.
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Figure 5.13: Combined node vectors taken two heights.
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The figure shows that the mode vector of the reference model includes a cross section that
is located outside the region where the eigenmode is localized. Now that the mode vectors are
combined, there no longer exists a scaling parameter that can make both vectors similar. These
mode vectors now result in a MAC of 0.56, showing that the models do not have the same mode
shape and/or relative amplitude.

5.1.6 Cross section selection

It is essential that the right cross sections are selected for the estimation of the MAC of two eigen-
modes. The MAC will only contain information about the mode shapes at the selected cross sections.
Information about the mode shapes of the eigenmodes outside of these cross sections is lost. The
cross sections should therefore be taken at a location of interest. Not only the location of the cross
sections is important but also how many are selected. Section 5.1.5 already showed that multiple
cross sections are required to fix the scaling of the node vectors. How many cross sections should be
included is not yet known. The resulting MAC value is dependent on the amount of cross section
used. Whether an added cross section decreases or increases the resulting MAC is dependent on
the mode shapes of that cross section. Two similar mode shapes could still obtain a low MAC
value when the cross sections are taken at precisely the locations where there are small discrepancies
between the mode shapes. Sufficient cross sections should be selected to increase the accuracy of
the results. Each added cross section decreases the influence of the other cross sections. This also
decreases the influence of outliers, resulting in a more reliable MAC.

The amount of cross section which is sufficient is studied with an example. For this example
eigenmode 225 of the reference model is used. This eigenmode was selected because of its short
wavelength, which increases the chance of selecting inaccurate cross sections. The second model
used is the first simplified model, as presented in Section 6.1.1. The two mode shapes located at the
lower slip joint are shown in Figures 5.14a and 5.14b.

(a) Mode 225 of the reference model (b) Matched mode of changed model

Figure 5.14: Mode of both models used to study the MAC cross sections.
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To estimate the MAC of these mode shapes, ten cross sections are selected along the height of
the slip joint, shown in Figure 5.15.

Figure 5.15: Ten cross sections selected at the lower slip joint.

Now, the cross sections are be removed one by one and every time the MAC is calculated. This
is done twice. Once removing the cross sections starting from the bottom and once starting from
the top. The results are shown in Table 5.1.

Cross sections | 10 9 8 7 6 5 4 3 2 1
MAC1 0.89 0.87 0.86 0.86 0.86 0.91 094 095 0.85 0.97
MAC2 0.89 0.89 0.91 0.92 0.9 0.89 0.93 094 098 1

Table 5.1: MAC for different amount of cross sections.

This table shows that the MAC convergences to a value around 0.89. The MAC starts to converge
around 8-9 cross sections. For the most accurate MAC it would be beneficial to include many cross
section. However, adding many cross sections can be challenging. Each added cross section requires
a horizontal nodal cross section. It was therefore chosen to set the minimum amount of cross sections
to eight. When assessing the MAC it should be kept in mind that a small error is possible, especially
for higher order modes.

5.1.7 Limitation to the MAC script

The developed script offers the ability to quantitatively compare local mode shapes. It does so
by using node vectors of specified cross sections and calculating the MAC, which indicates the
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correspondence between the mode shapes. However, mostly due to the complexity of the FE models,
there are some limitations the script. First of all, the script can’t be used when assessing the global
modes of the structure. The script uses the changes in cross sections to assess the mode shapes. For
global modes the cross sections remain mostly unchanged, making the script unreliable. Second, the
script can’t be used for the initial matching of the eigenmodes. Because of large local similarities
between several modes the script can provide high MAC values for multiple modes and thus can’t
be used to distinguish between those modes. This is further discussed in the next sections. Lastly,
the script requires the presence of horizontal nodal cross sections. These are not always present in
the FE model. The horizontal nodal cross sections can be guaranteed by applying changes to the
FE model, but this can become an relatively extensive task.

5.2 Matching the modes

Before the eigenmodes estimated by a model can be compared to the eigenmodes of a different model
they have to be matched, as explained in Section 2.6. The most common way to do this is with the
use of a MAC matrix, as explained in Section 2.6.1. Unfortunately, the use of a MAC matrix to
match the eigenmodes is not applicable in this research. Using a MAC matrix to match the estimated
shell modes would not result in a matrix containing a clear divide between the matching and non-
matching modes but a mix of value ranging from 0 to 1, often without revealing a clear match. This
happens because there are many similar mode shapes between the estimated eigenmodes. Also, the
mode shapes often are not a perfect match due to the changes to the FE model. For this reason
there might be multiple mode shapes that have similar MAC values, causing the inability to match
with the MAC matrix. The next section discusses a example of similar MAC values.

5.2.1 Example of the MAC matrix

This example discusses the matching of mode 203 of the reference model with a mode estimated by
a model with simplifications applied to the lower slip joint. Mode 203 of the reference model is a
shell mode with an eigenfrequency of 5.15 Hz, see Figure 5.16.
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Figure 5.16: Mode 203 of the reference model.

A few shell modes of the simplified model were selected in the same frequency range as this mode,
which can be found in Figure A.1. By visually comparing these modes you would likely match mode
203 of the reference model with mode 206 of the simplified model. There is a difference in the mode
shape due to the simplification, but it is the best fitting option.

Using these shell modes to calculate the MAC provides the results shown in Table 5.2.

Eigenmode | MAC
203 0.042
205 0.646
206 0.718
207 0.718
208 0.345
216 0.064

Table 5.2: MAC values for the example studied.
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This table shows that the mode shape of the shell mode changed significantly, since the highest
MAC value present is only 0.718. There are also other MAC values present that are equal or similar
to this value. The matching mode can’t be selected solely on the MAC. This example shows why
a MAC matrix can’t be used to match the found shell modes. In this case, the MAC can only be
used to provide a quantitative comparison of already matched modes.

5.2.2 Manual matching

Unfortunately, the MAC script developed can’t be used to match the modes. There likely exist
better methods to match the shell modes, but this lies outside the scope of this thesis. For the
lack of a better method, the shell modes will be matched manually. The matching eigenmodes are
found by manually comparing the mode shapes of the eigenmodes. There are several strategies to
match the eigenmodes. For example, one can look at the location of excitation. It can also be
useful to assess the amount of waves present in each of the modes, denoted with the parameters m
and n, which are described in Section 2.3. Matching eigenmodes are also usually found within a
certain region of eigenfrequencies. Combining these strategies usually leads to being able to match
the modes.

Unfortunately, this is a extensive and subjective task which is prone to errors. Therefore, results
need to be checked thoroughly. When uncertainties occur during the matching process, the MAC
value can be used to provide extra information on the similarity between the mode shapes of the
shell modes. Luckily, there is one upside to this story. Problems during the matching process are
most likely to occur for shell modes with large changes in their mode shapes. When modes have
large differences in their mode shape the simplification applied to the FE model obviously affected
that resulting shell mode a lot. Difficulties in the matching process can therefore be seen as a first
indication that the simplification had to much of an effect on the results.

5.3 Modes of interest

The FE model of the offshore wind turbine estimates the first 300 eigenmodes of the structure.
It would be tedious and inefficient to compare each eigenmode to the matching eigenmode of the
changed FE model. Not all eigenmodes are interesting for comparison and will only clutter the
results. For example, changes applied to the lower slip joint are likely to have more effect on shell
modes localized at this region. For this reason it is helpful to select a few shell modes which are
localized around the location where the changes to the FE model are applied. The most preferred
option for selecting the eigenmodes would be based on their effectiveness in reducing the friction
force in the slip joint, as this is the idea behind this thesis. However, at the current time it is not
yet known which eigenmodes that would be. Instead, the eigenmodes will have to be selected based
on other criteria.

The first criterion, as was provided as an example, is the location of excitation for the eigenmodes.
When local changes are applied to the FE model it is more interesting to select shell modes which
are localized around the region where the changes are applied. The second criterion is based on
the eigenfrequency of the shell modes. It is likely for the reduction of friction to be dependent on
the frequency of the eigenmode. A wide variety in the eigenfrequencies of the selected eigenmodes
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is therefore a necessity. The last criterion for the selection is that the shell mode must show a
clearly recognizable mode shape. This criterion can be a bit vague but is added because of practical
reasons. Section 5.2.2 explained that the shell modes need to matched manually. Matching the
eigenmodes manually can become challenging, especially for higher modes with more erratic mode
shapes. Eigenmodes that have no clearly recognizable mode shapes should not be included in the
modes of interest, as matching them can become too challenging.

Each detail to be studied has a specific selection of shell modes, since each detail has a different
location in the structure. Next to the selected global modes, the results will also include the first
and second global mode of the structure. These modes are not of great interest for reducing the the
friction force within the slip joint, but they are still included for several reasons. The first reason
is that these eigenmodes are usually the eigenmodes of interest when assessing the eigenmodes of
the structure, as explained in Section 2.5. Most information available on the eigenmodes of wind
turbine towers is in regard to their global modes. This means that they can be used as point of
reference. The comparison of the global modes might also be of interest for other studies regarding
the vibration of offshore wind turbines. A second reason is that the first two global eigenmodes are
easy to recognize and match, making them easy and quick to use for initial comparisons. Lastly,
these modes span the entirety of the structure and are therefore more likely to be influenced by the
simplification studied.

The selection of the eigenmodes that are specific to the location of the detail to be studied will
be discussed in their respective sections of Chapter 6.

5.4 FEvaluation of the results

The matched eigenmodes can be compared based on the following three results: the eigenfrequencies,
the mode shapes with the help of the MAC and the angle of orientation of the mode. These values
will be used to discuss whether or not the simplifications applied to the FE model have a large
affect on the resulting shell modes. Before this is done it should be discussed how these individual
parameters will be evaluated and what limits will be applied to them. How these values will be
evaluated is partially based on their role in the decommissioning process.

The eigenfrequency is the most basic result of the three. The eigenfrequency of the mode is
important because it is used to set the frequency of the shakers. Luckily, there is some margin
in how exact the estimated eigenfrequencies have to be. Changing the frequency of the shakers
is relatively easy and most of the time even common practice. Eigenfrequencies are almost never
known exactly. When trying to excite an eigenmode, the frequency of the shaker can be tuned
to try and find the correct frequency. What error in eigenfrequency should be accepted is still a
subjective matter. For practicality, the limit used in this thesis is set to 2 percent. This will result in
a maximum error of approximately 1.2 hertz, as the highest modes estimated have an eigenfrequency
of around 60 hertz.

The mode shapes of the shell modes will be compared using the MAC. In Section 2.6.1, it was
mentioned that often a MAC of greater than 0.9 is accepted for matching modes. However, this
value is likely to be too strict for the goal of this thesis. A MAC of 0.9 or higher indicates a very
close match between the mode shapes. In this thesis a slightly lower MAC value of 0.8 will be
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accepted. This is done because small differences in the mode shapes are to be expected, caused
by the simplifications applied to the model. A MAC of 0.9 is therefore to strict. A MAC of 0.8
still indicates a good resemblance between the mode shapes, but is a bit more lenient to small local
changes in the mode shapes.

The angle of orientation of the modes can be an important result for the decommissioning of
the slip joint, as it can influence the location of the shakers. However, there are some uncertainties
regarding this property. It is unclear how this value is determined by Ansys and how it is affected
by changes to the model. The angle of orientation is included in the results to gain more insight
into this property. However, the angle of orientation will not be used to judge the validity of the
simplified models.
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Chapter 6

Results

This chapter presents the results of the comparisons of the shell modes found be the reference model
and the simplified models. The results of seven separate simplified models are compared to the
reference model. Each section presents which simplifications were applied to the FE model and
provides the results of the comparison. Section 6.1 includes the simplification and results for the
lower slip joint. Section 6.2 presents the simplifications and results for the upper slip joint. Finally,
Section 6.3 discusses the results of averaging the wall thickness of the tower for both the lower and
upper slip joint.

6.1 The lower slip joint

The lower slip joint is the part of the wind turbine that contains the most details and has the largest
interests in relation to the decommissioning phase. It is essential that eigenmodes around this area
can be accurately predicted. A section view of the lower slip joint is shown in Figure 6.1. It consists
of an outer cylinder and an inner cone which is the part that is in contact with the monopile. For
this reason, the inner cone is of greater interest than the outer cylinder when assessing the shell
modes. The outer cylinder and inner cone are connected at the top with a horizontal ring, shown
in Figure 6.2c. They are also connected at the bottom where the cone and the cylinder touch.
Within the slip joint, many stiffener-like parts are present, each having their own function. Some
of these parts are presented in Figure 6.2. The outer cylinder and inner cone have a varying wall
thicknesses along their height. All these details make the lower slip joint a difficult part to model.
This section discusses these details are simplified and how the simplification affects the results of
the modal analysis.

70



Figure 6.1: Complete model of the lower slip joint including location of the details.
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Figure 6.2: Four features present in the lower slip joint.

71



Modes of interest

The modes of interest of the lower slip joint can be found in Appendix A.2. The location of the lower
slip joint is indicated with two red dotted lines. These modes were selected based on the criteria
given in Section 5.3. The first two modes, as shown in Figures A.2a and A.2b, are the first two
global modes of the tower. The other selected modes were chosen based on the selection criteria as
discussed in Section 5.3.

MAC cross sections

The cross sections used to determine the MAC for the eigenmodes of interest are shown in Figure 6.3.
The cross sections are taken at the inner cone of the slip joint, because it is the main location of
interest. The highest modes in the modes of interest had similar wavelengths to the example mode
of Figure 5.14a. It was therefore chosen to use eight cross sections.

Figure 6.3: Cross sections used for the MAC of the lower slip joint.

6.1.1 Removing stiffener-like features

The first simplified model of the lower slip joint is developed with the goal to study the effects of
removing the stiffener-like parts, while keeping the geometry of the inner and outer cylinders mostly
the same. This is done by removing three details from the lower slip joint model. These details are
the flanged ring, the sled plates between the inner and outer cylinders and the skirt at the bottom.
These details are shown in Figure 6.2. A fourth detail, the horizontal ring connecting the inner and
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outer cylinders, is altered. The vertical flange of this ring was removed and its dimensions were
changed to exactly fit between the inner and outer cylinder of the slip joint. This was done because
to simplify the geometry. They required contact definitions and, due to their unique geometries,
also required local mesh refinements. The parts are shown in Figure 6.2 and their locations within
the lower slip joint are shown in Figure 6.1. With these added changes the new section view of this
model of the slip joint is shown in Figure 6.4

Figure 6.4: First simplified model of the lower slip joint.
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Removing stiffener-like features - Results

The resulting eigenfrequencies, MAC values and orientation angles are shown in Table 6.1.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [Z] | MACop angle [°]
3 4 0.266 0.266 0 - -

5 5 1.298 1.305 0.54 - -

14 14 6.512 6.492 -0.31 1 12

25 26 11.036 10.808 -2.07 0.99 15

37 38 16.472 15.39 -6.57 0.96 14.6

61 56 22.768 21.7 -4.69 0.82 9.73

97 90 31.709 30.272 -4.53 0.99 6

131 128 38.871 37.473 -3.60 0.62 28.5
188 189 49.154 49.243 0.18 0.99 12

203 206 51.148 52.193 2.04 0.72 0

225 222 55.955 55.082 -1.56 0.71 4.9

255 258 60.033 60.607 0.96 1 7.5

Table 6.1: Removing stiffener-like features - Results.

Table 6.1 shows that the simplification does affect the eigenmodes estimated by the FE models.
Most of the eigenfrequencies found by the simplified model are lower then those found by the
reference model. The reduction in eigenfrequency was expected because the removed details were
mostly resembling stringers, which improve the stiffness of the structure. The largest changes in
eigenfrequencies happen for mode pairs 37-38, 61-56 and 97-90. These modes have high excitation
directly located at the lower slip joint. Modes with excitation near but not on the slip joint show
a smaller change in eigenfrequency. These results confirm the importance of the relative location of
the simplifications and the eigenmodes.

The largest changes in mode shape are happening for mode 131-128, 203-206 and 225-222. They
have a MAC value below 0.8, showing that the simplifications had a large influence on the mode
shapes of these modes. The change in mode shape around the slip joint for mode 131-128 and
203-206 can be verified visually in Appendix A.2 and Appendix A.3. These figures show that mode
131-128 extends further along the slip joint and mode 203-206 changes from having a half wave to
a full wave along the slip joint. The change in mode shape for mode 225-222 is hard to see visually,
which shows the usefulness of the MAC.

The last column of Table 6.1 shows the orientation angle of the eigenmodes. The maximum
angle is approximately 15 degrees with the one outlier being mode 131-128. The second mode pair
of eigenmode 128 of the simplified model, mode 124, had a orientation angle of only 7.5 degrees but
had a MAC value of 0.52, which made it an even worse match with mode 131 of the reference model.
These results shows that the orientations of the modes shift when simplification are applied to the
FE model. The orientation angles show little correlation with the other results. This indicates that
the angle of orientation might not be reliable after simplifications are applied.
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6.1.2 Removing the segmented wall thickness

Another detail complicating the modelling of the lower slip joint is the segmented wall thickness.
The outer and inner cone of the slip joint have a varying wall thicknesses along their height. As a
consequence, the cones have to be modelled with several connected smaller cones. This allows for
assigning individual wall thicknesses. This also adds a lot of extra modelling work and can introduces
a lot of different errors and/or inaccuracies. It would be beneficial if the wall thickness could be
averaged and be applied to the entirety of the respective cone. The original wall thicknesses of the
cones are visible in Figure 6.5.

Figure 6.5: Multiple wall thicknesses of the lower slip joint.

The corresponding wall thicknesses can be found in Table 6.2. This table also shows the surface
area of the respective parts as these will be used to average the wall thickness. Using the surface
area will help average the wall thickness based on the size of the individual cones, as the surface
area reflects both the height and diameter of that cone.
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Part | Wall thickness [mm] | Surface area [m?]
A 30 26.58
B 35 55.22
C 30 50.14
D 27 32.84
E 28 32.51
F 29 32.51
G 30 32.51
H 35 25.96
I 30 18.87

Table 6.2: Wall thickness and surface area of the sections.

The average wall thickness for the outer and inner cone are estimated at 29.6 mm and 32.1
mm, respectively. These average wall thicknesses are applied to the FE model and the eigenmodes
are estimated. The eigenmodes matching to the eigenmodes of the reference model are shown in

Appendix A 4.

Removing the segmented wall thickness - Results

The resulting eigenfrequencies, MAC and orientation angles are shown in Table 6.3.

Table 6.3: Removing the segmented wall thickness - Results.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [%] | MACop angle [°]
3 3 0.266 0.266 0 - -

) ) 1.298 1.297 -0.077 - -

14 14 6.512 6.511 -0.015 1 0

25 25 11.036 11.041 0.045 1 4.5

37 37 16.472 16.471 -0.006 1 0

61 61 22.768 22.74 -0.123 1 9.7

97 97 31.709 31.682 -0.085 1 0

131 134 38.871 39.125 0.653 1 4.5

188 190 49.154 49.158 0.008 1 0

203 196 51.148 50.364 -1.533 0.99 4.9

225 225 55.955 55.94 -0.027 0.98 0

255 255 60.033 60.103 0.117 1 0

The resulting eigenfrequencies and MAC values show that the reference model and altered model
provide nearly the same estimations for each of the eigenmodes compared. Based on these results, it
can be concluded that the averaging of the wall thickness for both the cylinders of the slip joint has
little effect on the resulting shell modes. Their are several possible explanation why averaging the
wall thickness has little effect on the results. First, the wall thicknesses were already very similar,
averaging them lead to only small changes. Second, this type of simplification is likely to have a
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more equally divided influence over the slip joint. For example, removing local features are more
likely to have local effects, while averaging a wall thickness will influence the entirety of the section
to which it is applied. The angles of orientation are also a lot smaller than those in Section 6.1.1,
but still not zero for all eigenmodes. This shows that the orientation of a mode can even be affected
by small changes in the FE model, even when the eigenfrequencies and mode shapes are nearly
identical. According to this study, this type of simplification may be applied without having a large
influence on the shell modes of the structure.

6.1.3 Simply replaced lower slip joint.

The simplifications of the previous two sections were applied to the lower slip joint. In both cases
the lower slip joint is an individual part that is later inserted into the assembly of the complete FE
model. Instead of creating a separate model for the lower slip joint and the monopile, this section
will discuss the possibility of merging these models. It can be beneficial to merge these models
together, since the lower slip joint and the monopile are connected as a bonded contact. This results
in a simpler combined model. A cross section of this model is shown in Figure 6.6.

Figure 6.6: Model of the combined lower slip joint and monopile.

In this model, the lower slip joint and monopile are merged into a single model consisting of a
single cylinder like part. The outer cylinder of the slip joint is removed and the inner cone is merged
with the monopile. It was chosen to remove the outer cylinder and respect the geometry of the
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inner cone, because the inner cone is actually the slip joint, while the outer cone is not. Because the
geometry of the inner cone is respected, there is a sudden jump in cylinder diameter at the top of the
slip joint. Here, the joint is connected to the tower with a horizontal ring, which is the same as in
the reference model. All other details of the lower slip joint are removed. The initially overlapping
part of the slip joint and monopile is given a wall thickness equal to the combined wall thickness of
both parts. For the wall thickness of the inner cone of the lower slip joint the average value of 32.1
mm is used. Section 6.1.2 showed this had little effect on the results of the modal analysis. The
monopile has a wall thickness of 40 mm at this height, resulting in a combined wall thickness of 72.1
mm.

Simply replaced lower slip joint - Results.

The eigenmodes of the model are estimated and are matched to those of the reference model, shown
in Appendix A.5. The resulting eigenfrequencies, MAC and orientation angles are shown in Table 6.4.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [#] | MACop angle [°]
3 3 0.266 0.07 -73.68421 - -

5 5 1.298 1.294 -0.308 - -

14 15 6.512 6.214 -4.576 1 0

25 26 11.036 10.808 -2.066 1 4.5

37 39 16.472 16.746 1.663 0.99 14.6

61 59 22.768 22.311 -2.007 0.94 19.5

97 92 31.709 31.364 -1.088 0.95 9

131 125 38.871 38.269 -1.549 1 4.5

188 174 49.154 48.349 -1.638 0.99 0

203 199 51.148 53.306 4.219 0.73 4.9

225 236 55.955 59.287 5.955 0.51 9.7

255 231 60.033 58.508 -2.540 1 4.5

Table 6.4: Simply replaced slip joint - Results.

This table shows interesting results. First of all, the large difference in eigenfrequency for the
first global mode. This reduction in eigenfrequency is caused by the simplifications of the slip joint.
After removing the outer cylinder of the slip joint the only part connecting the slip joint and the
tower is the horizontal ring. This part is susceptible to the bending moments present in the global
modes. Figures A.8a and A.8b shows that this part starts to act as a hinge in the global modes.
Due to the location of this hinge, the eigenfrequency of the first global mode is much more affected
than the second global mode.

The eigenfrequencies of the local shell modes also show some difference between the reference
and simplified model. The largest differences are around 6 percent. Mode pair 14-15 has a difference
in eigenfrequency of 4.58 percent. Mode pairs 203-199 and 225-236 have an increase in eigenmode
of 4.2 and 6 Hz, respectively. Both mode pairs also have MAC values below 0.8 which means that
the simplification had a large effect on these two modes. The angles of orientation between the
eigenmodes has a maximum of 19.5 degrees and again look to have no correlation to the rest of the
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results.

These results show that for this simplification, the eigenfrequencies were affected for both low
and high frequency shell modes. The mode shapes were affected far more for high frequency shell
modes than the low frequency shell modes. The mode shapes of high frequency shell modes can be
more susceptible to local changes in the model than lower frequency modes.

6.2 The upper slip joint

The upper slip joint is a simpler construction than the lower slip joint. It does not include an inner
and outer cylinder. It only consists of a single cone, which is placed over a second cone located at
the top of the tower. The rotor nacelle assembly is connected to the top of the upper section of the
slip joint. Figure 6.7 shows three figures of the upper slip joint.

(a) The top section. (b) Internal view. (c) Disconnected slip joint.

Figure 6.7: The upper slip joint.

The upper section of the upper slip joint is shown in Figure 6.7a. The inside of the slip joint can
be seen in Figures 6.7b and 6.7c. These figures show the inner details of the slip joint, consisting of
horizontal pressure rings and three vertical support plates.

79



Modes of interest

Next, the modes of interest for assessing the shell modes at the upper slip joint were selected.
Selection of these modes was more difficult than for the lower slip joint. There were more complicated
eigenmodes with non-symmetric mode shapes located at the upper slip joint, especially for the higher
modes. Selecting these modes would result in the difficulties during the matching process. The final
selection of eigenmodes is shown in Appendix A.6. Two of the selected modes, mode 208 and 275,
shown in Figures A.7d and A.7f, have non-symmetric mode shapes and might be difficult to match.
It was chosen to include these modes for two reasons. First, most other higher shell modes had the
same difficult mode shapes. Including higher shell modes would therefore always result in problems
with matching. Second, it can be interesting to see if these modes can be matched and if they can,
how they are affected by the changes in the FE model.

MAC cross sections

Now that the upper slip joint is of interest, new cross sections for the MAC estimation have to be
selected. Again, eight cross sections along the height of the slip joint are selected, which are shown
in Figure 6.8.

Figure 6.8: Cross sections used for the estimation of the MAC for the upper slip joint.
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6.2.1 Removing the pressure ring

The upper slip joint is a lot simpler than the upper slip joint. Nevertheless, it includes some details
which can complicate the creation of the FE model. One of those details is the pressure rings and
vertical plates located inside the lower cone of the joint. Removing these features from the model
simplifies the modelling of the upper slip joint. The pressure rings and vertical plates, as installed
in the tower, are shown in Figure 6.9. It can be seen that this feature includes many smaller details.

Figure 6.9: Pressure rings and vertical plates as installed in the tower.

The simplified FE model is created by duplicating the reference model and removing the pressure
rings and support plates. The simplified model is used to estimate the eigenmodes of the tower.
The eigenmodes were matched with those of the reference model. During the matching process,
it already became clear that some of the eigenmodes had a large difference in mode shape. This
complicated the matching of these modes. An eigenmode was matched with a 'most likely’ mode
when there was no clear match for the eigenmode. This was a difficult and subjective task, but it
was done so the MAC could be calculated. When assessing the results of these modes it should be
kept in mind that these modes were not able to be properly matched. There were two modes that
were too difficult to match, which were modes 115 and 259 of the reference model. These modes are
marked with an * in the results. This method was not ideal, as will be discussed in Section 7.2. The
matched eigenmodes are shown in Appendix A.7.
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Results - Removing the pressure ring

The resulting eigenfrequencies, MAC and orientation angles are shown in Table 6.5.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [Z] | MACop angle [°]
3 3 0.266 0.267 0.38 - -

5 5 1.298 1.298 0.00 - -

12 12 6.056 5.961 -1.57 0.96 174

27 27 13.086 12.368 -5.49 0.93 11.6

46 41 17.9 16.82 -6.03 0.9 0

59 59 22.457 21.98 -2.12 0.97 0

90 90 30.13 30.088 -0.14 0.98 5.8
115% 103* 35.156 32.116 -8.65 0.68 124
192 193 49.706 49.71 0.01 0.72 5.8

206 215 52.762 54.122 2.58 0.92 18.6
259* 263* 61.355 61.444 0.15 0.88 0

275 260 63.552 61.045 -3.94 0.75 6.2

Table 6.5: Removing the pressure ring - Results.

The results show that many of the eigenmodes were affected by the removal of the pressure rings
and support plates. Mode pairs 27-27 and 46-41 both had a difference in eigenfrequency of more
than 5 percent and have a MAC of roughly 0.9. This shows that the simplification doesn’t only
affect higher shell modes. There are 3 mode pairs with a MAC value below 0.8, which all are higher
modes. One of these mode pairs was a mode that was difficult to match as a result of the large
difference in mode shape, which is reflected by the MAC. It is interesting that the other ill-matched
mode pair has a MAC of 0.88. Apparently, for this eigenmode, the mode shape within the slip
joint itself was not greatly affected by the simplification. Another interesting thing to notice is the
increase in eigenfrequency for mode pair 206-215, while eigenfrequencies of other modes stayed equal
or decreased. A reduction in eigenfrequency would be expected, since the removed detail likely had
a stiffening effect on the structure. The increase in eigenfrequency for mode pair 206-215 could
indicate that these modes are incorrectly matched, even though their mode shapes are very similar.
Combined with the ill-matched modes, this shows that the matching of higher eigenmodes can be
difficult and prone to errors. Again, the angle of orientation doesn’t provide much information
about the effects of the simplification. It is still included in the results for the sake of continuity.
The results indicate that the pressure rings and support plates provide stiffness to the slip joint and
removing them does impact the estimation of the shell modes.
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6.2.2 Simple upper slip joint

The second simplification to be assessed is developed with an idea similar to that of Section 6.1.
In the reference model, the upper and lower section of the slip joint are developed individually
and connected after. It would be easier if the slip joint can be developed using a single cylinder
with a combined wall thickness. In Section 6.1.3, the inner stiffener-like parts were also ignored,
which resulted in relatively inaccurate results. Section 6.2.1 showed that removing the pressure ring
resulted in deviating results. It was therefore chosen to include the pressure ring in this second
simplified model of the upper slip joint. The two hooks and the man hole, which can be seen in
Figure 6.7a, are not included in this model. A cross section of the simple upper slip joint model is
shown in Figure 6.10.

Figure 6.10: Simple upper slip joint model.

After this model was used in the modal analysis, the eigenmodes were matched to those of the
reference model. The matched eigenmodes can be found in Appendix A.8.

Results - Simple upper slip joint

The results of the comparison of the eigenfrequencies and mode shapes of the modes of interest are
shown in Table 6.6.
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Table 6.6: Simple upper slip joint - Results.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [%] | MACop angle [°]
3 3 0.266 0.266 0.00 - -

5 5 1.298 1.299 0.08 - -

12 12 6.056 6.052 -0.07 1 11.6

27 27 13.086 13.073 -0.10 0.99 5.8

46 46 17.9 17.916 0.09 0.99 0

59 61 22.457 22.687 1.02 0.99 5.8

90 91 30.13 30.436 1.02 0.99 0

115 116 35.156 35.255 0.28 0.96 0

192 191 49.706 49.694 -0.02 0.94 0

206 212 52.855 53.628 1.46 0.89 6.2

259 269 61.355 62.85 2.44 0.44 6.2

275 272 63.552 63.453 -0.16 0.97 0

The results show that most of the eigenmodes are affected little by the simplification of the
upper slip joint, with the exception of mode pair 259-269. For other mode pairs the differences in
eigenfrequencies are at most 1.5 percent and the MAC values are nearly all higher than 0.9. Mode
pair 259-269 had a difference in eigenfrequency of 2.44 percent and a MAC of 0.44, which indicates
that the mode shapes are not similar around the upper slip joint. These modes are apparently not
comparable. Efforts were made to check whether the mode was incorrectly matched, but a better
fitting mode could not be found. It can be concluded that a mode similar to mode 259 of the
reference model couldn’t be found in the results of the simplified model. It is unclear why this mode
was unrecognizable and the other modes weren’t. Looking at the other shell modes, it can be seen
that they have little difference in their eigenfrequencies and mode shapes. This indicates that this
simplification has potential to be applied. The angles of orientation also have a relatively low error
in comparison with previously obtained results.
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6.3 Averaging the wall thickness

The tower of the wind turbine gradually decreases in wall thickness as the height increases. The
lower part of the monopile has a wall thickness of 65 mm, while there are parts with a wall thickness
of 14 mm in the upper tower. Each jump in wall thickness requires an individual part within the
assembly of the tower. An example of this is shown in Figure 6.11.

Figure 6.11: Middle section of the reference model.

This figure shows the middle section of the tower, which consist of multiple parts with an unique
wall thickness. Each jump in wall thickness is often small, usually consisting of only 1-2 mm. It
would be very convenient if the wall thicknesses could be averaged within individual sections of the
tower. The simplification of averaging the wall thicknesses of the tower is the topic of this section.

The averaging of the wall thickness was already done in Section 6.1.2, where only the lower slip
joint was assessed. The wall thickness was average based on the surface area of each section. The
results showed little difference between both models, which is an indication that it possibly can
be applied to other sections of the tower as well. For this simplification of the reference model,
four section of the tower will be given an average wall thickness. These four sections are the upper
section of the tower, the middle section of the tower, the outer cylinder of the lower slip joint and
the monopile. The average wall thickness for the outer cylinder was already calculated to be 29.6
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mm in Section 6.1.2. The wall thicknesses and surface areas of the other three sections are shown
in Tables 6.7 to 6.9.

twau [Mm] | Agyp [m2]
17 10.85

14 12.6

14 13.74

14 21.51

14 80.22

15 49.48

16 106.75

Table 6.7: Upper section.

twall [mm] Asur [mQ] twall [mm] Asur [mZ]
17 17.68 40 99.82
18 32.72 40 39.19
19 32.72 55 20.59
20 65.44 55 115.74
21 32.72 60 52.78
22 32.72 65 130.56
23 32.72 65 80.95
24 32.72 60 52.78
25 32.72 55 25.93
26 65.77 55 79.63

Table 6.8: Middle section.

Table 6.9: Monopile.

The average wall thickness with respect to the surface areas is shown in Table 6.10.

Section

Average wall thickness [mm)]

Upper section

15

Middle section
Lower slip joint

Monopile

21.9
29.6
55.8

Table 6.10: Average wall thickness of the sections.

These changes in wall thickness affect the whole structure. Therefore, both the lower and upper
slip joint will be assessed for their changes in eigenfrequencies and modes shapes. The modes of
interest and MAC cross sections as selected for both slip joints will be reused for assessing the
averaged wall thickness.
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6.3.1 Averaging the wall thickness - Lower slip joint

The modes of interest that were selected for the lower slip joint can be found in Appendix A.2.
The MAC cross sections can be seen in Figure 6.3. The modes estimated by the new model with
averaged wall thicknesses are now matched to those of the reference model. The matched modes
can be found in Appendix A.9. The resulting eigenfrequencies, MAC values and orientation angles
are shown in Table 6.11.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz] | Alternate [Hz| A Freq [%] | MACop angle [°]
3 3 0.266 0.261 -1.88 - -

5 5 1.298 1.261 -2.85 - -

14 14 6.512 6.313 -3.06 0.99 13.5

25 25 11.036 11.08 0.40 0.99 6.75

37 42 16.472 17.543 6.50 0.99 4.86

61 62 22.768 23.044 1.21 0.98 4.86

97 99 31.709 31.379 -1.04 0.99 0

131 136 38.871 40.569 4.37 0.95 4.5

188 179 49.154 46.66 -5.07 0.97 0

203 211 51.148 52.511 2.66 0.53 0

225 223 55.955 55.568 -0.69 0.65 14.6
255 262 60.033 60.54 0.84 0.93 4.5

Table 6.11: Averaging the wall thickness - Lower slip joint - Results.

The differences in the eigenfrequencies show that this type of simplification can influence any
type of mode, as global modes and lower and higher shell modes were affected. The global modes
are affected more than they were with most of the other simplifications. The largest change in
eigenfrequency happened for mode pair 37-42. An explanation for this could be that this mode
shows is less localized around the lower slip joint than any of the other modes and is therefore
affected the most by the change in wall thickness. There were two modes that experienced a large
change in mode shape due to the simplifications. This were modes 203 and 225 of the reference
model, which are higher frequency modes. The mode shapes of the lower frequency modes remained
mostly unchanged. Most of the modes were affected in some way by the averaging of the wall
thickness, showing that this simplification should not be applied without extra evaluation.
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6.3.2 Averaging the wall thickness - Upper slip joint

The assessment of the eigenmodes located at the upper slip joint is also done with the same modes
of interest and MAC cross sections as used in Section 6.2. The modes of interest can be found in
Appendix A.6 and the MAC cross sections are shown in Figure 6.8. The eigenmodes of the simplified
model matching those of the reference model can be found in Appendix A.10. The results of the
comparison of the eigenmodes are shown in Table 6.12.

Mode number | Mode number | Frequency Frequency Orientation
Reference Simplified Reference [Hz| | Alternate [Hz] A Freq [%] | MACop angle [°]
3 3 0.266 0.261 -1.88 - -

5 5 1.298 1.261 -2.85 - -

12 12 6.056 6.053 -0.05 1 5.8

27 27 13.086 13.031 -0.42 1 0

46 46 17.9 18.015 0.64 1 0

59 61 22.457 22.637 0.80 0.99 0

90 94 30.13 30.397 0.89 0.99 174
115 119 35.156 35.346 0.54 0.99 6.2

192 205 49.706 51.091 2.79 0.98 0

206 218 52.855 53.678 1.56 0.96 6.2

259 267 61.355 61.975 1.01 0.98 0

275 277 63.552 63.584 0.05 0.98 124

Table 6.12: Averaging the wall thickness - Upper slip joint - Results.

The results in this table show that the eigenmodes located around the upper slip joint are
affected far less than those around the lower slip joint. The mode shapes of the shell modes are
mostly unchanged. The largest change in eigenfrequency happens for mode 192 of the reference
model, which is only a difference of 2.8 percent. It is interesting to see that the shell modes around
the upper slip joint are far less affected than shell modes at the lower slip joint. It is likely that
the modes of the upper slip joint are less affected because of its location within the structure. The
upper slip joint is located at the boundary of the sections where the changes are applied, while the
lower slip joint is located in the middle of those sections.
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Chapter 7

Conclusion & discussion

7.1 Conclusion

The goal of this thesis was to research how simplifications applied to an FE model of an offshore
wind turbine connected with a slip joint affected the estimation of local shell modes. The main
research question reads:

How do simplifications applied to a finite element model of a wind turbine connected with a slip
joint affect the estimation of the structures high frequency shell modes using modal analysis?

It is tried to answer this question with the development of a reference model of a wind turbine
connected with a slip joint and comparing the results of a modal analysis with the results obtained
from simplified models. The simplifications applied to the reference model in this thesis can be
divided into three categories. The first category is the removal of stiffener-like features of the model,
as was done in Sections 6.1.1 and 6.2.1. The second category consists of the simplification of the
model of the slip joint. Here, the slip joint is modelled as a continuous cone which was given the
combined wall thickness of the originally overlapping cones. This type of simplification was applied
in Sections 6.1.3 and 6.2.2. The third category is the averaging of the wall thickness of multiple
sections, which was applied in Sections 6.1.2 and 6.3.
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The following seven simplified models were assessed in this thesis:

e Lower slip joint: Removing stiffener-like features.

e Lower slip joint: Removing the segmented wall thickness.
e Lower slip joint: Simply replaced slip joint.

e Upper slip joint: Removing the pressure ring.

e Upper slip joint: Simply replaced slip joint.

e Average wall thickness: lower slip joint.

e Average wall thickness: upper slip joint.

Of the seven simplified models studied, only three lead to reasonable accurate in the results and
were acceptable for the case study investigated in this thesis. These three simplified models were:

e Lower slip joint: Removing the segmented wall thickness.
e Upper slip joint: Simply replaced slip joint.

e Average wall thickness: upper slip joint.

Removal of stiffener-like features had to much of an affect on the stiffness of the structure and
therefore the estimated shell modes. The use of simple models for the slip joints had mixed results.
The simplifications applied to the model of the lower slip joint were too large and had much affect on
the estimation of the shell modes. The upper slip joint has simpler geometry, which meant that the
simplification applied were smaller. Most of the estimated shell modes were mostly unaffected by
the simplification except for one. That shell mode could not be found in the results of the simplified
model, showing that caution is needed. The third category, averaging the wall thickness, showed the
most potential. When applied locally, the the shell modes were estimated with reasonable accuracy.
When applied to multiple sections of the tower, the shell modes localized around the lower slip
joint were affected more than shell mode localized around the upper slip joint, showing that this
simplification also needs to be applied with care.

The most important findings resulting from the comparison of the reference model and simplified
models can be summarized as:

e The largest difference in eigenfrequency for any of the simplification was 8.65 percent, with the
exception of the large change in the eigenfrequency of the first global mode in Section 6.1.3.

e For most of the simplified models, only a few of the shell modes experienced a large difference
in eigenfrequency and/or mode shape. The remaining shell modes remained mostly unchanged.
This shows that a simplification doesn’t have not affect every shell mode of the structure.
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e The change in eigenfrequency seemed to be independent on the order of the eigenmode. Some
of the lower eigenmodes could contain as much error in eigenfrequency as the higher modes,
percent wise. This was not the case for the mode shapes of the eigenmodes. The differ-
ence between mode shapes of lower modes was often far smaller than for the higher modes.
Eigenmodes with an eigenfrequency below 20 Hz never obtained a MAC value below 0.9, indi-
cating high consistency between the mode shapes of the reference model and simplified models.
Higher modes often obtained MAC values below 0.8, indicating that the simplification had a
large affect on those mode shapes.

e The angle of orientation was included because it can be a interesting parameter for the decom-
missioning of the wind turbine. However, the results did not show any correlation between the
FE model used and the angle in which the eigenmodes were oriented.

The main research question can be answered as follows:

Each detail or feature present in a wind turbine has a unique influence on the estimation of
its shell modes. The simplifications studied in this thesis had a varying effect on the resulting
eigenfrequencies and mode shapes of the wind turbine. The change in eigenfrequencies seemed to
be independent of the eigenfrequency of the modes. The mode shapes of high frequency shell modes
were affected more than those of low frequency shell modes. Of the seven simplified models studied,
there were only three that stayed within set limits of the eigenfrequency and mode shape.

91



7.2 Discussion

In this thesis, the eigenmodes of a wind turbine connected with a slip joint were estimated by using
a reference model in a modal analysis. The results of the reference model were compared to results
from simplified models. Seven individual simplifications were assessed for their influence on the
estimation of the shell modes of the structure. The results of these comparisons provide insight
into whether these model simplifications can be applied when estimating the shell modes of a wind
turbine tower. One can judge whether or not the simplifications are viable based on the required
accuracy of the results. The limits used in this thesis were a 2 percent difference in eigenfrequency
and a MAC of greater than 0.8. Especially the limit of 2 percent change in eigenfrequency is fairly
strict.

Unfortunately, it is difficult to make more general statements about the use of simplified models
when assessing shell modes. This is mainly caused by the fact that each model and simplification is
unique. Therefore, the estimation of the shell modes are also effected in unique ways. Concluding
whether or not a potential simplification is a viable option can be very difficult without assessing the
results of a more detailed model, which partially defeats the purpose of using simplified models. It
is difficult to quantify a simplification, which makes it challenging to compare results obtained from
one simplified model with those of another. This also makes it difficult to provide any expectations
on the results of a simplified model.

This thesis estimated the shell modes of the wind turbine tower using modal analysis. As
previously mentioned, modal analysis is a great tool to make first estimations about the shell modes
of the structure, but is not sufficient to study the whole decommissioning process of the slip joint.
More advanced models are required to study this process. These models will also provide a more
explicit indication on which shell modes to investigate and how the decommissioning process would
be affected by the use of simplified models.

Several other observations were made when developing the models and assessing the results.
In the matching process, eigenmodes of the reference model and simplified models were matched
manually. Some of the eigenmodes were difficult to recognize and match. The inability to match
the modes was both a problem and an indication that the simplified models had affected the mode
shapes. Some of the modes were matched with uncertainty and were marked as ill-matched mode
pairs. Every ill-matched mode pair had a low MAC, showing the low correspondence in mode
shape. Initially, it was assumed that every mode had to be matched so the eigenfrequencies could be
compared. However, it would likely have been a better approach to exclude difficult to match shell
modes and mark them as not recognized. If a model had unrecognized shell modes it could have
been concluded that the applied simplification had to much effect on the results of the analysis.
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Another observation also has to do with the matching process. The comparisons made in this
thesis only assessed a few selected eigenmodes. These modes were selected because they were thought
to be favourable for decommissioning, matching and later comparison. Evaluation of these modes
already led to difficulties in the matching process. It is likely that the results of the analysis would
have contained far greater errors if other less favourable eigenmodes were to be included.

The angle of orientation was included in the results because it is an interesting parameter for the
decommissioning phase of the wind turbine. It quickly became clear that the angle of orientation of
the eigenmodes had little consistency between models or even modes. Small changes in the model
would have unexpected seemingly random effects on the orientation of the modes. This shows that
the orientation angle as shown in the results is unreliable.
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7.3 Recommendations

This sections provides recommendations for future research regarding the estimation of eigenmodes
of a wind turbine tower.

e One of the largest simplifications applied in the reference model of the wind turbine is the
bonded contact within the slip joints. This was a necessary assumption because the FE model
was required to be linear be used in a modal analysis. Attempts to obtain more realistic
vibration characteristics of the joint during decommissioning would require another type of
non-linear analysis. It could be interesting to evaluate the differences between the results of
the modal analysis applied in this thesis and the results of a more realistic non-linear analysis.

e In this thesis the modes are matched manually, which is time consuming job and can lead to
errors. It was chosen to match the modes manually since the use of a MAC matrix had its
own difficulties, which were not tackled in this thesis. Developing an alternative approach to
manual matching of the eigenmodes would speed up the comparison of different models and
would decreases the chance of errors being made.

e The results did not show any consistency in the orientation of the eigenmodes. If the orienta-
tions of the eigenmodes are of interest further research into this subject is required.

e The reference model used in this thesis is not properly validated. The simplified models showed
that small modelling choices can have relatively large effects on the shell modes. Modelling
choices made during the development of the reference model are therefore also likely to have
affected the shell modes resulting from this model. Efforts into validation of the reference
model would provide much insight into the modelling of wind turbine connected with a slip
joint.

e A final recommendation is for additional research in how the boundary conditions of the tower
affect the shell modes of the structure. The soil boundary condition and hydrodynamic added
mass were included with simple models. It would be interesting to study the effects that
different modelling choices for these boundary conditions would have on the results of the
modal analysis.
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A.1 Modes selected for the MAC matching example

T

a) Eigenmode 203 b) Eigenmode 205 ¢) Eigenmode 206
d) Eigenmode 207 e) Eigenmode 208 (f) Eigenmode 216

Figure A.1: Modes selected for the MAC matching example
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A.2 Modes of interest lower slip joint

(a) Eigenmode 3 (b) Eigenmode 5 (c) Eigenmode 14

(d) Eigenmode 25 (e) Eigenmode 37 (f) Eigenmode 61
Figure A.2: Reference model: modes of interest 1-6
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(a) Eigenmode 97 b) Eigenmode 131 c¢) Eigenmode 188
d) Eigenmode 203 e) Eigenmode 225 (f) Eigenmode 255

Figure A.3: Reference model: modes of interest 7-12
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A.3 Matched modes first simplified model

a) Eigenmode 4 b) Eigenmode 5 (c) Eigenmode 14
(d) Eigenmode 26 (e) Eigenmode 38 f) Eigenmode 56

Figure A.4: Matched modes first simplified model 1-6
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(a) Eigenmode 90 b) Eigenmode 128 c¢) Eigenmode 189
d) Eigenmode 206 e) Eigenmode 222 (f) Eigenmode 258

Figure A.5: Matched modes first simplified model 7-12
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A.4 Matched modes - Removing the segmented wall thick-

ness
a) Eigenmode 3 b) Eigenmode 5 (c) Eigenmode 14
(d) Eigenmode 25 (e) Eigenmode 37 f) Eigenmode 61

Figure A.6: Matched mcl)gzs: modes of interest 1-6



(a) Eigenmode 97 (b) Eigenmode 134 c¢) Eigenmode 190
(d) Eigenmode 196 e) Eigenmode 225 (f) Eigenmode 255

Figure A.7: Matched: modes of interest 7-12
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A.5 Matched modes - Simply replaced slip joint

a) Eigenmode 3 b) Eigenmode 5 (c) Eigenmode 15
(d) Eigenmode 26 (e) Eigenmode 39 f) Eigenmode 59

Figure A.8: Matched modes first simplified model 1-6
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(a) Eigenmode 92 b) Eigenmode 125 c¢) Eigenmode 174
d) Eigenmode 199 e) Eigenmode 236 (f) Eigenmode 231

Figure A.9: Matched modes first simplified model 7-12
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A.6 Modes of interest lower slip joint

E: Corrected complete model E: Corrected complete model E: Corrected complete model
Total Deformation 3 Total Deformation 5 Total Defarmation 12
Type: Total Deformation Type: Total Deformation Tyype: Total Deformation
Frequency: 0.2657 Hz Frequency: 1.2987 Hz Frequency: 6.0555 Hz
Unit: m Unit: m Unit: m
06/04/2022 15:13 06/04/2022 15:14 06/04/2022 15:11

0.0023014 Max 0.0021978 Max 0.0057548 Max

0.0020463 0.0019538 0.0051154

0.0017911 0.0017098 0.004476

0.0015353 0.0014857 0.0038368

0.0012808 0.0012217 0.0031972

0.0010256 0.00097768 0.0025578

0.00077041 0.00073365 0.0019183

0.00051524 0.00048961 0.0012709

0.00026007 0.00024558 0.00083952

4.8977e-6 Min 1.5497e-6 Min 1.0955e-7 Min

(a) Eigenmode 3 (b) Eigenmode 5 (c) Eigenmode 12

E: Corrected complete model E: Corrected complete model E: Corrected complete model
Total Deformation 27 Total Deformation 46 Total Deformation 50
Type: Total Deformation Type: Total Deformation Type: Total Deformation
Frequency: 13,086 Hz Frequency: 17.880 Hz Frequency: 22,457 Hz
Unit: m Unit: m Unit: m
06/04/2022 15:16 06/04/2022 15:16 06/04/2022 1517

0.0071245 Max 0.0083623 Max 0.011529 Max

0.006333 0.0074333 0.010248

0.0055414 0.0065043 0.0089671

0.0047428 0.0055753 0.0078862

0.0039582 0.0046463 0.0064052

0.0031667 0.0037173 0.0051243

0.0023751 0.0027064 0.0038433

0.0015835 0.00185%4 0.0025623

0.00079136 0.00093033 0.0012614

3.8696e-7 Min 1.4002e-6 Min 4.0898e-7 Min

(d) Eigenmode 27 (e) Eigenmode 46 (f) Eigenmode 59

Figure A.10: Upper slip joint: modes of interest 1-6
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E: Corrected complete model
Total Deformation 90

Type: Total Deformation
Frequency: 30,13 Hz

Unit: m

06/04/2022 15:18

0.01433 Max
0.012739
0.m1148
0.009557
0.0070681
0.0063751
0.0047542
0.0021032
0.0016023
1.1303e-5 Min

(a) Eigenmode 90

E: Corrected complete model
Total Defarmation 206

Type: Total Deformation
Frequency: 52,762 Hz

Unit: m

270472022 21113

0.016398 Max
0.014578
0.012754
0.010932
0.0091105
0.0072887
0.0054662
0.003845
0.0018232
1.3365e-6 Min

(d) Eigenmode 206

Figure A.11:

E: Corrected complete model
Total Deformation 115

Type: Total Deformation
Frequency: 35,156 Hz

Unit: m

06/04/2022 1519

0.0061301 Max
0.0054501
0.0047702
0.0040002
0.0034104
0.0027305
0.0020306
0.0013707
0.00069078
1.0872e-5 Min

(b) Eigenmode 115

E: Corrected complete model
Total Deformation 259

Type: Total Deformation
Frequency: 61,355 Hz

Unit: m

060472022 15:22

0.01596 Max
0.014187
0.012414
0.01064
0.0088669
0.0070938
0.0053202
0.0035469
0.0017735
1.7058e-7 Min

(e) Eigenmode 259

E: Corrected complete model
Total Deformation 192

Type: Total Deformation
Frequency: 49,706 Hz

Unit: m

06/04/2022 15:20

0.014408 Max
0.012807
0.011206
0.0096055
0.0080046
0.0064027
0.0048028
0.0022012
0.001607
9.6921e-8 Min

(c) Eigenmode 192

E: Corrected complete model
Total Deformation 275

Type: Total Deformation
Frequency: 63,552 Hz

Unit: m

060472022 15:23

0.0070223 Max
0.0062422
0.0054621
0.0048819
0.0039078
0.0031217
0.0023418
0.0015674
0.0007813
1.1735e-6 Min

(f) Eigenmode 275

Upper slip joint: modes of interest 7-12
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A.7 Matched modes - Removing the pressure ring

K: Removed details upper slip joint
Total Deformation 3

Type: Total Deformation

Frequency: 0.26678 Hz

Unit: m

20/04/2022 12:54

0.002311 Max
0.0020348
0.0017985
0.0015423
0.0012881
0.0010298
0.00077362
0.00031738
0.00026116
4.9273e-6 Min

(a) Eigenmode 3

K: Removed details upper slip joint
Total Deformation 27

Type: Total Deformation

Frequency: 12,368 Hz

Unit: m

25/04/2022 1310

0.0079898 Max
0.0071021
0.0062144
0.0053267
0.004430
0.0035513
0.0026637
0.001776
0.00088827
5.7622e-7 Min

(d) Eigenmode 27

K: Removed details upper slip joint 2
Total Deformation 5

Type: Total Deformation

Frequency: 1.2984 Hz

Unit: m

20/04/2022 12:08

0.0021983 Max
0.0019542
0.0017101
0.0014681
0.001222
0.00097788
0.0007328
0.00048571
0.00024563
1.5427e-6 Min

(b) Eigenmode 5

K: Removed details upper slip joint
Total Deformation 41

Type: Total Deformation

Frequency: 16,82 Hz

Unit: m

20/04/2022 1311

0.0054936 Max
0.0048835
0.0042734
0.0036633
0.0030533
0.0024432
0.0018331
0.001223
0.00061256
2.8785e-6 Min

(e) Eigenmode 41

K: Removed details upper slip joint
Total Defarmation 12

Tyype: Total Deformation

Frequency: 5.9614 Hz

Unit: m

20/04/2022 12:00

0.0067318 Max
0.0059539
0.005236
0.0044884
0.0037401
0.0020022
0.0022443
0.0014964
0.00074843
5.0452e-7 Min

(c) Eigenmode 12

K: Removed details upper slip joint
Total Deformation 50

Type: Total Deformation

Frequency: 21,979 Hz

Unit: m

20/04/2022 1311

0.010135 Max
0.0030088
0.0078828
0.0067367
0.0056306
0.0045045
0.0033785
0.0022524
0.0011263
2.6375e-7 Min

(f) Eigenmode 59

Figure A.12: Removing the pressure ring: matched modes 1-6
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K: Removed details upper slip joint
Total Deformation 90

Type: Total Deformation

Frequency: 30,088 Hz

Unit: m

20/04/2022 13:21

0.014361 Max
0.012766
0.M1171
0.0005754
0.0079801
0.0063847
0.0047594
0.002104
0.0015986
3.2834e-6 Min

(a) Eigenmode 90

K: Removed details upper slip joint
Total Deformation 215

Type: Total Deformation

Frequency: 53,911 Hz

Unit: m

20/04/2022 13116

0.012201 Max
0.010845
0.0094898
0.008134
0.0067783
0.0054227
0.004067
0.0027114
0.0013557
9.343%-8 Min

(d) Eigenmode 215

Figure A.13:

K: Removed details upper slip joint
Total Deformation 103

Type: Total Deformation

Frequency: 32116 Hz

Unit: m

20/04/2022 13113

0.0068778 Max
0.0061128
0.0053408
0.0045858
0.0038218
0.0020577
0.0022937
0.0015207
0.00076567
1.6528e-6 Min

(b) Eigenmode 103

K: Removed details upper slip joint
Total Deformation 263

Type: Total Deformation

Frequency: 61444 Hz

Unit: m

20/04/2022 13:22

0.01379 Max
0.012238
0.010726
0.0091934
0.00766713
0.0061292
0.0045971
0.0030649
0.0015328
6.7252e-7 Min

(e) Eigenmode 263
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K: Removed details upper slip joint
Total Deformation 193

Type: Total Deformation

Frequency: 42,71 Hz

Unit: m

20/04/2022 13115

0.014248 Max
0.012665
0.01082
0.0024002
0.0070162
0.0063322
0.0047504
0.0021674
0.0015845
1.5622e-6 Min

(c) Eigenmode 193

K: Removed details upper slip joint
Total Deformation 260

Type: Total Deformation

Frequency: 61,045 Hz

Unit: m

200472022 13:23

0.012247 Max
0.010888
0.0095358
0.0081652
0.0068045
0.0054439
0.0040832
0.0027228
0.0013612
1.2646e-6 Min

(f) Eigenmode 260

Removing the pressure ring: matched modes 7-12



A.8 Matched modes - Simple upper slip joint

P: Simple top ship joint
Total Deformation 3
Type: Total Deformation
Frequency: 0.26638 Hz
Unit: m

20/04/2022 1413

0.0023052 Max
0.0020496
0.00179:H
0.0015385
0.0012829
0.0010273
0.00077173
0.00031615
0.00026056
4.9792e-6 Min

(a) Eigenmode 3

P: Simple top slip joint
Total Deformation 27
Type: Total Deformation
Frequency: 13,073 Hz
Unit: m

20/04/2022 14116

0.0074777 Max
0.0066463
0.005816
0.0040852
0.0041543
0.0033235
0.0024926
0.0016617
0.00083085
3.0232e-8 Min

P: Simple top ship joint
Total Deformation 5
Type: Total Deformation
Frequency: 1.2993 Hz
Unit: m

20/04/2022 14:14

0.0021998 Max
0.0019355
0.0017113
0.001467
0.0012228
0.00097853
0.00073428
0.00045003
0.00024579
1.5377e-6 Min

(b) Eigenmode 5

P: Simple top slip joint
Total Deformation 46
Type: Total Deformation
Frequency: 17.916 Hz
Unit: m

20/04/2022 1417

0.0083539 Max
0.0074262
0.0064085
0.0055708
0.0046431
0.0037155
0.0027878
0.0018601
0.00093236
4.6657e-6 Min

P: Simple top ship joint
Total Defarmation 12
Tyype: Total Deformation
Frequency: 6.052 Hz
Unit: m

20/04/2022 1415

0.0057039 Max
0.0050702
0.0044365
0.0038027
0.003169
0.0025353
0.0019075
0.0012678
0.00063405
3.1419e-7 Min

(c) Eigenmode 12

P: Simple top slip joint
Total Deformation 61
Type: Total Deformation
Frequency: 22,687 Hz
Unit: m

20/04/2022 14118

0.013113 Max
0.011656
0.m0192
0.0087422
0.0072852
0.0058281
0.0043711
0.002014
0.0014574
3.8629e-8 Min

(d) Eigenmode 27 (e) Eigenmode 46 (f) Eigenmode 61
Figure A.14: Simple upper slip joint: matched modes 1-6
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P: Simple top ship joint
Total Deformation &1
Type: Total Deformation
Frequency: 30436 Hz
Unit: m

20/04/2022 1419

0.014702 Max
0.012069
0.011435
0.002802
0.0081687
0.0065354
0.0049021
0.0022629
0.0016355
2.2224e-6 Min

(a) Eigenmode 91

P: Simple top slip joint
Total Deformation 212
Type: Total Deformation
Frequency: 53,628 Hz
Unit: m

2070472022 14:22

0.014633 Max
0.013007
0.011381
0.0097351
0.0081293
0.0065034
0.0048778
0.0032517
0.0016259
5.0814e-8 Min

(d) Eigenmode 212

Figure A.15:

P: Simple top ship joint
Total Deformation 116
Type: Total Deformation
Frequency: 35,255 Hz
Unit: m

20/04/2022 1420

0.0059572 Max
0.0052964
0.0046356
0.0020748
0.003314
0.0026322
0.0019924
0.0013316
0.00067054
1.0049e-5 Min

(b) Eigenmode 116

P: Simple top slip joint
Total Deformation 269
Type: Total Deformation
Frequency: 62,85 Hr
Unit: m

20/04/2022 14:23

0.017548 Max
0.015599
0.013649
0.011609
0.0097493
0.0077995
0.0058497
0.0038999
0.0019301
2.935e-7 Min

(e) Eigenmode 269
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P: Simple top ship joint
Total Deformation 191
Type: Total Deformation
Frequency: 49,604 Hz
Unit: m

20/04/2022 14:21

0.014331 Max
0.012739
0.01147
0.00255486
0.0070624
0.0063702
0.004778
0.0021858
0.0015937
1.4628e-6 Min

(c) Eigenmode 191

P: Simple top slip joint
Total Deformation 272
Type: Total Deformation
Frequency: 63453 Hz
Unit: m

2070472022 14:24

0.0043067 Max
0.0038283
0.0033499
0.0028715
0.0023931
0.0019147
0.00143863
0.00095795
0.00047957
1.1775e-6 Min

(f) Eigenmode 272

Simple upper slip joint: matched modes 7-12



A.9 Matched modes - Average wall thickness - Lower slip
joint

(a) Eigenmode 3 (b) Eigenmode 5 (c) Eigenmode 14

(d) Eigenmode 25 (e) Eigenmode 42 (f) Eigenmode 62

Figure A.16: Average wall thicknessﬂ LI_lower slip joint: matched modes 1-6



(a) Eigenmode 99 (b) Eigenmode 136 (c) Eigenmode 179

(d) Eigenmode 211 (e) Eigenmode 223 (f) Eigenmode 262

Figure A.17: Average wall thickness - Lower slip joint: matched modes 7-12
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A.10 Matched modes - Average wall thickness - Upper slip
joint

Q: Averaged wall thickness
Total Deformation 3

Type: Total Deformation
Frequency: 0.2614 Hz

Unit: m

01/05/2022 17:30

0.002287 Max
0.0020334
0.0017798
0.0015263
0.0012727
0.0010151
0.00076547
0.00031788
0.00025828
4.6892e-6 Min

(a) Eigenmode 3

Q: Averaged wall thickness
Total Deformation 27

Type: Total Deformation
Frequency: 13.031 Hz

Unit: m

01/05/2022 17:33

0.0069757 Max
0.0062007
0.0054256
0.0046506
0.0028755
0.0031005
0.0023254
0.0015504
0.00077535
3.0393e-7 Min

(d) Eigenmode 27

Figure A.18:

Q: Averaged wall thickness
Total Deformation 5

Type: Total Deformation
Frequency: 1.2611 Hz

Unit: m

01/05/2022 17:32

0.0021241 Max
0.0018883
0.0016525
0.0014166
0.0011808
0.00094456
0.00070913
0.00047329
0.00023745
1.6147e-6 Min

(b) Eigenmode 5

Q: Averaged wall thickness
Total Deformation 46

Type: Total Deformation
Frequency: 18,015 Hz

Unit: m

01/05/2022 17:34

0.0072129 Max
0.0064117
0.0056105
0.0048094
0.0040022
0.003207
0.0024058
0.0016047
0.00080351
2.3384e-6 Min

(e) Eigenmode 46

Q: Averaged wall thickness
Total Deformation 12

Type: Total Deformation
Frequency: 6.0531 Hz

Unit: m

01/05/2022 17:32

00057657 Max
0.0051251
0.0044845
0.0038439
0.0032033
0.0025627
0.0019221
0.0012815
0.00064034
2.268e-7 Min

(c) Eigenmode 12

Q: Averaged wall thickness
Total Deformation 61

Type: Total Deformation
Frequency: 22,637 Hz

Unit: m

01/05/2022 1737

0.01229 Max
0.010924
0.0025587
0.0081933
0.0062274
0.0054623
0.0040968
0.0027314
0.0013653
4.2125e-T7 Min

(f) Eigenmode 61

Average wall thicknessnéJ pper slip joint: matched modes 1-6



Q: Averaged wall thickness
Total Deformation 54

Type: Total Deformation
Frequency: 30,307 Hz

Unit: m

01/05/2022 17:37

0.010967 Max
0.0097457
0.0085302
0.0073117
0.0060932
0.0042747
0.0036362
0.0024377
0.0012192
7.6141e-7 Min

(a) Eigenmode 94

Q: Averaged wall thickness
Total Deformation 218
Type: Total Deformation
Frequency: 53,678 Hz

Unit: m

170572022 1740

0.016451 Max
0.014623
0.012795
0.010067
0.0091395
0.0073117
0.0054838
0.0038559
0.0018281
2.1698e-7 Min

(d) Eigenmode 218

Figure A.19:

Q: Averaged wall thickness
Total Deformation 119
Type: Total Deformation
Frequency: 35,346 Hz

01/05/2022 17:38

0.0071651 Max
0.0063692
0.0055732
0.0047772
0.0030874
0.0031854
0.0023895
0.0015025
0.00079758
1.6389e-6 Min

(b) Eigenmode 119

Q: Averaged wall thickness
Total Defarmation 267
Type: Total Deformation
Frequency: 61,975 Hz

170572022 17:41

0.015546 Max
0.013812
0.012002
0.010364
0.0086372
0.00691
0.0051828
0.0034355
0.0017283
1.0695e-6 Min

(e) Eigenmode 267
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Q: Averaged wall thickness
Total Deformation 205
Type: Total Deformation
Frequency: 51,001 Hz

Unit: m

01/05/2022 17:40

0.016478 Max
0.014648
0.m2817
0.010086
0.0091356
0.0073243
0.0054942
0.0026625
0.0018328
2.1031e-6 Min

(c) Eigenmode 205

Q: Averaged wall thickness
Total Deformation 277
Type: Total Deformation
Frequency: 63,584 Hz

Unit: m

0170572022 1742

0.0085133 Max
0.0073675
0.0066216
0.0056758
0.00473
0.0037841
0.0028322
0.0018024
0.00004658
7.3617e-7 Min

(f) Eigenmode 277

Average wall thickness - Upper slip joint: matched modes 7-12



