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Synopsis:

The main purpose of this project was to in-

vestigate the usability of numerical models

in order to determine the hydrodynamic

forces on a monopile with a secondary

structure. The numerical models used was

BEM models and CFD models.

In the analysis, a analytical solution by

MacCamy and Fuchs was used to calibrate

the BEM models because they are based

on the same theory and should trend

towards the same results. This was done

with a convergence analysis. Skewness of

the elements was also considered.

For the CFD models the Volume of Fluid

(VOF) method was used and using the

program Star-CCM+ it is possible to

generate waves in the domain. Models

with and without the secondary structure

was analysed using nine di�erent wave

conditions with varying wave height and

wave period. The wave conditions are

based on waves used in physical model

tests.

Finally the di�erent methods are com-

pared to each other and physical model

tests. The comparison shows that BEM

might not be a suitable method to deter-

mine forces because drag is a factor when

considering monopiles. CFD consider drag

and gives results closer to the model tests.

But there are still further studies to be

made in order to determine the viability

of numerical models, but there is poten-

tial.
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INTRODUCTION 1
When establishing o�shore wind farms, foundations of the wind turbines are a huge expense

on the total budget. Therefore it is worthwhile to make custom foundations for each turbine

depended on the site conditions. There are di�erent types of foundations being used today,

such as:

� Steel monopile foundations

� Concrete gravity based foundations

� Jacket structures

� Tripod foundations

� Bucket foundations

The three latter types are either used for tender situations or concept and preliminary

design which are rarely used. The �rst two are the most common. [COWI, 2015]

In this project the focus will be on monopile foundations. A monopile foundation

consists of two main components, a monopile and a transition piece. The monopile is

a steel cylinder with a diameter that usually range from 4-6 m depending on the speci�c

project. The length is speci�cally designed for each location depending on the geotechnical

conditions at the location and water depth. The transition piece is a structure being put

on the monopile and has all the necessary things for the wind turbine. Among these things

is a boat landing, so the wind turbine is accessible for inspection and maintenance. Other

things are J-tubes for cables to be protected and have easy access to the turbine.

The design procedures of these foundations are based on comprehensive studies and

experience from the oil and gas industry. The main di�erence in relation to wind turbines

is that oil and gas platforms are much larger than the wind turbine foundations and some

of the premises for the calculations might no longer be valid and in order to counteract

this, some conservative estimation are used. Some of these are still present in the current

design codes.

1.1 Problem formulation

Design standards are considered to potentially be too conservative when dealing with

hydrodynamic load coe�cients related to secondary structures. This conservatism leads to

more expenses on constructions and by reviewing the design standards, the construction

costs of o�shore wind turbines could potentially decrease, if this conservatism can be

veri�ed.

The main purpose of this project is to investigate the hydrodynamic forces acting on

a monopile with secondary structures, in order to verify or disprove the current design

standards on the subject. The approach taken to determine these forces is a numerical

modelling approach, where loads are modelled with and without the presence of secondary

structures.
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Michael Nygaard 1. Introduction

Fig 1.1. Cross-section of a monopile founda-
tion. [COWI, 2010]

Fig 1.2. Transition piece with visible sec-
ondary structures, e.g. boat landing.
[COWI, 2010]

The forces calculated using these numerical models will be compared to a analytical

solution, MacCamy and Fuchs, and experimental results, which are more extensively

treated in another project.

Two di�erent numerical models will be considered: One model based on the Boundary

Element Method (BEM) and a Computational Fluid Dynamic-model (CFD), which is

based on the Finite Volume Method (FVM).

1.2 Construction

This project will evaluate a monopile construction with secondary structure which in real

life could be a boat landing, j-tubes, etc. Fig 1.3 shows a sketch of the construction and

the magnitude of the measures are listed in Table 1.1. Measures for a model with a 1:40

scale are also listed in the table.
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1.2. Construction Aalborg University

Fig 1.3. The simpli�ed structure with all the parts.

Full Scale Model Scale
D1 = 6.4 m 0.16 m Diameter of primary structure
D2 = 0.4 m 0.01 m Diameter of secondary structure
h = 18.0 m 0.45 m Water depth, to MWL
h1 = 12.0 m 0.30 m Height of structure above MWL
r = 1.5 m 0.1175 m Distance from primary structure to center of secondary
H Wave height

Table 1.1. Dimensions of the construction in full and model scale.

Two di�erent models will be considered in this project. One model with no secondary

structure which will be referred to as Monopile model. And one model with secondary

structure on the side relative to wave front, see Fig 1.4 which will be referred to as Boat

Landing model.

Fig 1.4. Orientation of Boat Landing model.
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Michael Nygaard 1. Introduction

1.3 Approach

Analysis of the construction with and without the secondary structure will be performed.

In order to solve the points mentioned in previous section, di�erent methods are used to

analyse forces on the structures and four di�erent methods are used.

MacCamy and Fuchs This is an analytical method to calculate the wave forces on

a large cylindrical structure. This can only be used when

considering the Monopile model.

BEM This is a computational solution, which is based on the

same conditions as MacCamy and Fuchs, but more advanced

construction can be modelled and solved numerically.

CFD/FVM This is a method in which the governing equations are solved

in an element wise manor, the volume of water and the

construction in 3D is modelled. Waves are then generated

and the forces on the construction can be analysed.

Physical model testing This is laboratory experiments on a scaled model of the

construction performed in a wave basin.

Normally would Morisons equations would be used to determine the wave forces, but in

this project only MacCamy and Fuchs would be used as analytical approach.

4



MACCAMY AND FUCHS 2
In this chapter the analytical method to calculate wave forces on a cylindrical structure

based on MacCamy and Fuchs [1954] is evaluated.

When considering wave forces on o�-shore structures, three phenomena have in�uence

on the total forces, drag, inertia and di�raction. Each of these are dominant in individual

cases. Drag is dominant when considering small and slender structures, inertia is dominant

when considering large structures and di�raction become dominant when considering very

large structures. MacCamy and Fuchs is based on di�raction theory and can be used when

considering very large structures, which are de�ned as structures with a ratio of body size

(D) to wave length (L) being larger than 0.2 (D/L > 0.2). [DNV-RP-C205, 2010]

The construction don't fully live up to this requirement and Morisons equation would be

more accurate. This theory is also basis for BEM and this makes comparison between the

method straight forward. Through the report, MacCamy and Fuchs will also be referred

to as MCF.

2.1 Theory

MacCamy and Fuchs utilizes an assumption of linear wave theory which is valid when the

wave height is su�ciently small. This is done in order to eliminate some aspects which

adds complexity, but not signi�cantly in�uences the results.

Linear theory assumes waves to follow a cosine curve and because of a direct correlation

between surface elevation and force leads to the force also following a cosine curve. This

means the surface elevation and force can be expressed as Eq. (2.1) and (2.2). An

illustration of the force can be seen on Fig 2.1. In linear theory the following is also true,

aη,max = H/2 and af = Fmax. Linear theory uses the assumption of small wave height

(H/L � 1), but already at H/L > 0.01 the assumption begins to be invalid. [Andersen

et al., 2014]

η(t) = aη cos(ωt) (2.1)

f(t) = af cos(ωt+ δ) (2.2)

η(t) Surface elevation [m]
aη Surface amplitude [m]
f(t) Force [N]
af Force amplitude [N]
ω Wave frequency [Hz]
t Time [s]
δ Phase [-]

5



Michael Nygaard 2. MacCamy and Fuchs

Fig 2.1. Time series of force in simple linear case.

Linear theory can be summarized in Fig 2.2. This shows that in the �uid domain the

Laplace equation is ful�lled, and there are boundary condition such as no �ow through the

bottom, �ow through the sides and free surface on the top. Having a structure in the �uid

domain introduces the boundary condition of no �ow through the walls of the structure,

illustrated on Fig 2.3

Fig 2.2. Summary of Linearised Problem.[Andersen et al., 2014]

Fig 2.3. Boundary conditions on a structure in the �uid domain.
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2.1. Theory Aalborg University

When placing a structure in the domain, the waves hitting the structure will scatter

and re�ect into the domain. Because of linear theory and using the superposition priciple,

velocity potential can then be represented as:

φ = φw + φs (2.3)

φ Total velocity potential
φw "Incident wave" potential
φs "Scattered wave" potential

The incident wave potential ful�ll all the boundary conditions can be expressed in the

complex form as:

φw = A
cosh(k(z + d))

cosh(kd)
ei(kx−ωt) (2.4)

A = igH/2ω

The body surface boundary condition be expressed as:

∂φs
∂n

= −∂φw
∂n

(2.5)

The pressure and thereby the forces can then be calculated based on the linearised

Bernoulli equation when both incident wave potential and scatted wave potential are know:

p = −ρgz − ρ∂φ
∂t

(2.6)

In order to determine the incident and scattered wave potential, MacCamy and Fuchs

then utilizes a series Bessel functions. [Sarpkaya and Isaacson, 1981]

All this ends up with a function for the total force on the structure:

F =
π

8
ρgHD2 tanh(kd)Cm cos(ωt− δ) (2.7)

Cm =
4A(ka)

π(ka)2

A(ka) =
[
J ′1

2
(ka) + Y ′1

2
(ka)

]−1/2
δ =− tan−1

[
Y ′1(ka)/J ′1(ka)

]
F Total force on structure [N]
ρ Density of �uid (Water) [kg/m3]
H Wave height [m]
D Diameter of cylinder [m]
ω Wave frequency [Hz]
J ′m(ka) Bessel function of order m [−]
Y ′m(ka) Bessel function of order m [−]

7



Michael Nygaard 2. MacCamy and Fuchs

2.2 Results

The horizontal force per wave amplitude on the cylinder, expressed as Eq. (2.8), can then

be plotted as a function of the wave period, which is shown in Fig 2.4. For this case the

full scale monopile is used. This method of measuring force will be used throughout the

report.

Funit =
af
aη

(2.8)

Funit Force per wave amplitude [N/m]
af Force amplitude [N]
aη Surface amplitude [m]

Fig 2.4. Horizontal force per wave amplitude on given structure in relation to wave period.
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BOUNDARY ELEMENT

METHOD 3
In this chapter the forces on the construction are analysed using the Boundary Element

Method (BEM). This is used when constructions become too complex for analytical

methods.

3.1 Theory

BEM is generally based on the same theory as MacCamy and Fuchs, which was described

in Section 2.1, but this method uses sources to ful�l the boundary condition of no �ow

through the wall of on structure.

By adjusting the strength of the source in each element it is possible to ful�l the boundary

condition on the structure of no �ow through the walls. From the strength of the source,

forces on the element can be calculated using Bernoulli.

3.2 Programs

For this analysis, two di�erent programs are used and the solutions from both are evaluated.

3.2.1 Nemoh

Nemoh is an open-source program which is developed by LHEEA (Laboratoire de recherche

en Hydrodynamique, Énergétique et Environnement Atmosphérique) at the engineering

school Ecole Centrale Nantes in France. Being open-source it is free to use and it is

possible to modify the code in order to get the most out the program.

Nemoh consists of three programs which each have a certain purpose in the calculation.

What each program does can be seen in Fig 3.1.

Fig 3.1. The three program of which Nemoh consist.[LHEEA, 2016]

9



Michael Nygaard 3. Boundary Element Method

LHEEA has also made some MATLAB code which make it possible to run Nemoh in a

MATLAB environment.

They have also develop meshing tools, also in MATLAB, which can make it simple axis-

symmetric models. Because the models in this projects consist primarily of cylinders, this

is an ideal tools to generate the meshes. As part of this meshing tools is also a program

which converts the mesh into the format that Nemoh can read.

For this project, Nemoh is primarily used in the MATLAB environment and the meshes

are made using a script made from the meshing tools.

3.2.2 Wamit

Wamit is a commercial program and therefore require a license in order to use the program.

For this project, the license is provided by Aalborg University.

The program consist of a series of programs which are combined into a single �run� �le.

This �le reads a series of input �les which states the mesh and the overall geometry.

The meshes used for Wamit are the same as for Nemoh in order to make the results

comparable. In order to make sure that similar meshes are used in both programs, a

MATLAB code, which is part of a toolbox for Nemoh, converts a mesh from the format

used by Nemoh to the format used by Wamit.

3.3 Monopile model

The meshes being generated are only of half the structure because both programs can

operate with symmetry and this is used in order to keep the number of elements down. In

the models in the BEM-method the structure is only modelled up to MWL.

The code used to generate the meshes uses a speci�ed division of the perimeter and

height. A rule of thumb is to have the ratio height and width of each element to be 1:1

in order to get the best results. But the in�uence of this ratio is also considered when

choosing the appropriate mesh for this analysis.

For this model many di�erent mesh will be analysed in order to determine how �ne a

mesh is needed for the results to converge. The convergence is made by considering the

error between the forces calculated using MCF and the BEM-model. This is because they

are based on the same theory and should yield the same results.

The di�erent meshes are named according to the number of elements there are around

the perimeter in the model, e.g. Mesh-10 has 10 elements around the perimeter. The

meshes considered ranges from very rough meshes with 3 elements around the perimeter

to very �ne with 30 elements around the perimeter. Illustrations of two di�erent mesh can

by seen in Fig 3.2 and 3.3.

10



3.3. Monopile model Aalborg University

Fig 3.2. Views of Mesh-7. Perspective - Top view - Front view.

Fig 3.3. Views of Mesh-20. Perspective - Top view - Front view.

3.3.1 Convergence analysis

Each mesh is analysed considering wave frequencies ranging from 0.1 to 2 Hz and the forces

using MCF are calculated considering the same wave frequencies. The percentage error in

relation to MCF is calculated for each point. The mean of these errors is the one being

considered in the convergence analysis.

In Table 3.1 are listed the meshes analysed with the number of elements in each model

and the error for both Nemoh and Wamit. Fig 3.4 and 3.5 displays the error in relation to

number of elements for Nemoh and Wamit respectively. In Appendix A the force curves

for MCF, Nemoh and Wamit are plotted to display the di�erence. This is for all meshes.

11



Michael Nygaard 3. Boundary Element Method

Mesh Name No. of elements Error Nemoh [%] Error Wamit [%]

Mesh−3 18 4.83 7.85
Mesh−4 32 0.96 4.49
Mesh−5 45 0.86 3.06
Mesh−6 66 1.19 2.11
Mesh−7 91 1.35 1.55
Mesh−8 120 1.41 1.19
Mesh−10 180 1.38 0.78
Mesh−12 264 1.28 0.54
Mesh−14 364 1.17 0.40
Mesh−16 464 1.05 0.31
Mesh−20 720 0.86 0.20
Mesh−30 1620 0.55 0.09

Table 3.1. Meshes with the error from both Nemoh and Wamit compared to MCF.

Fig 3.4. Error between Nemoh and MCF in
relation to No. of elements.

Fig 3.5. Error between Wamit and MCF in
relation to No. of elements.

3.3.2 Skewness analysis

A method to reduce the number of elements in the model is by increasing the ratio between

height and width of the elements. Previous this ratio was set to approx. 1:1, but in this

section this ratio is changed. The ratio is both increased, making the height larger than

the width, and decreased, making the height smaller than the width. The ratios considered

are 2:1, 1:2 and 1:4 apart from the original ratio of 1:1. The di�erences in the meshes are

illustrated in Fig 3.6.

12



3.3. Monopile model Aalborg University

Fig 3.6. Mesh-12 with ratio of: 2:1 , 1:1 , 1:2 , 1:4.

In Table 3.2 are shown selected meshes with the in�uence of the skewness on both

number of elements and error in Wamit and Nemoh. Also in Fig 3.7 - 3.10 the errors are

plotted for all tested meshes in relation to both number of elements and discretion of the

semi-circle.

Mesh Name Ratio No. of elements Error Nemoh [%] Error Wamit [%]

Mesh-10

2 : 1 360 1.58 0.62
1 : 1 180 1.38 0.78
1 : 2 90 1.37 1.39
1 : 4 50 2.70 3.04

Mesh-12

2 : 1 528 1.42 0.43
1 : 1 264 1.28 0.54
1 : 2 132 1.19 0.96
1 : 4 72 2.05 2.16

Mesh-14

2 : 1 728 1.27 0.31
1 : 1 364 1.17 0.40
1 : 2 182 1.06 0.70
1 : 4 98 1.63 1.62

Table 3.2. Meshes with the error from both Nemoh and Wamit compared to MCF.

Fig 3.7. E�ect of skewness on error for Nemoh
in relation to No. of Elements.

Fig 3.8. E�ect of skewness on error for Wamit
in relation to No. of Elements.

13
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Fig 3.9. E�ect of skewness on error for Nemoh
in relation to discretion of the semi-
circle.

Fig 3.10. E�ect of skewness on error for
Wamit in relation to discretion of the
semi-circle.

From the �gures it can be seen that Wamit gives approximately the same error for ratio

of 1:1 and 1:2 in relation to the number of elements and 2:1 and 1:4 gives higher error. In

relation to the discretion of the semi-circle, the mesh with ratio of 2:1 gives lowest error.

From this it can be deduced that Wamit gives the best results when having a mesh with

many elements and a ratio close to 1:1.

When looking at Nemoh the error in relation to discretion of the semi-circle it indicates

that Nemoh bene�ts from a good discretion of the semi-circle and isn't as susceptible to

the in�uence from the skewness as Wamit appears to be. This can also be seen when

looking at the error from Nemoh in relation to number of elements. Here it shows that

higher skewness gives better results, which seems counter-intuitive. Another thing worth

noticing is that Nemoh also shows an odd convergence when modelling with a skewness of

2:1 and 1:1. For ratios 1:2 and 1:4 gives a more expectable convergence curve. This could

indicate that a error in either the program or the meshing e.g Nemoh can't handle meshes

where the width of the elements are larger than the height.

3.3.3 Choosing a mesh

In order to be able to choose an acceptable mesh, it must be determined how large an

error can be accepted from the results. In this case an error of 0.5% would be considered

an acceptable result and for some parts an error of 1% can be accepted.

Based on this and with the consideration of both the �neness of the mesh and the

skewness of the elements, Mesh-20 with a skewness of 1:2 is considered suitable. The

relatively high errors that Nemoh outputs makes it hard to live up to requirements. Also

the odd convergence when modelling with a skewness of 2:1 and 1:1 with Nemoh isn't

preferable. For further analysis in this report Wamit will be used.

3.4 Boat Landing model

Modelling this model can be done in two di�erent ways, using only one or two mesh

�les. The di�erence is when using one mesh �le, the monopile and secondary structure is

14



3.4. Boat Landing model Aalborg University

together and the calculations consider them as a single 6-DOF construction from which

reactions can be extracted. Using two mesh �les, the mesh of the monopile and secondary

structure are separate and is considered as two 6-DOF constructions for a total of 12 DOF.

In this project both methods are utilised and they are compared in order to validate that

resulting reactions equals each other.

3.4.1 Meshing

In the previous section, the mesh for the monopile was selected and in this model

the secondary structure also needs to be meshed. Because the secondary structure is

signi�cantly smaller than the monopile, it would results in an excessive amount of elements

if this would be meshed using the same conditions as for the monopile. Because the forces

from the secondary structure also would contribute with relatively small amount of the

total forces, a mesh with a larger skewness and lesser discretion of the semi-circle would

be allowed. A mesh for the secondary structure with a discretion of the semi-circle of 8

and a skewness of 4 would give a mesh with 464 elements for the secondary structure,

which seems reasonable considering the mesh of the monopile consist of 360 elements.

Illustrations of the chosen mesh are shown in Fig 3.11

Fig 3.11. Views of Mesh for Boat Landing model. Perspective - Top view - Front view.

3.4.2 One or two mesh �les

In this section, results from the calculations with one and two mesh �les will be compared.

Because the structures are not hit by the wave at the same time there is a phase shift

between the two forces in the x-direction for the separated mesh and this needs to be

considered. The wave force as stated in Eq. (2.2) can also be expressed as complex

numbers shown in Eq. (3.1), which is the method that Wamit used to represent its results.

The complex notation doesn't have the phase and therefore can the results simply be added

together with basis of the super position principle.
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F (t) = Re
(
afe

iωt
)

= |af | cos(ωt+ δ) (3.1)

F (t) Force [N]
af Force amplitude [N]

It can be seen on Fig 3.12 that there is no signi�cant between using one or two mesh

�les. Therefore it would be safe to use results from either model depended on the purpose

of compare.

Fig 3.12. Comparison between one and two mesh �les.

3.4.3 Forces on secondary structure

It is also relevant to consider the magnitude of the forces on the secondary structure

compared to the monopile in order to determine if BEM is a viable method to determine

the forces on the secondary structure. On Fig 3.13 the forces on both the monopile and

secondary structure is plotted. The forces on the secondary structure is barely visible, so

on Fig 3.14 there is zoomed in on the force on the secondary structure.

Fig 3.13. Forces on monopile and secondary structure.
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3.4. Boat Landing model Aalborg University

Fig 3.14. Zoom on the forces on the secondary structure.

The forces on the secondary structure are more than 100 times smaller than the forces

on the monopile and could under normal circumstances be neglected. By only considering

the secondary structure, it would drag dominated and BEM don't consider drag and forces

on the secondary structure in real life would probably be larger because of drag. Therefore

the force obtained from the model with two mesh �les will be compared with results from

the CFD-method and the physical model tests, which both consider drag.

3.4.4 In�uence of secondary structure

It is also relevant to investigate the in�uence of the secondary structure on the forces on

the monopile. This can be done comparing the results from the Monopile model and Boat

Landing model with two mesh �les and only consider the forces on the monopile. In Fig

3.15 the forces are plotted. It can be seen that the di�erence is less than 0.5 % and this

can almost be counteracted by model uncertainties.

Fig 3.15. Force on monopile with and without secondary structure.

The increase of the total forces on the Boat Landing model can also be compared with

the Monopile model to determine how much the secondary contribute to the total forces.
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On Fig 3.16 this is plotted. The di�erence is here less than one percent, which can be

considered insigni�cant.

Fig 3.16. Total force on construction with and without secondary structure.

It is also relevant to consider the in�uence of the monopile on the forces on the secondary

structure. On Fig 3.17 it can be seen that there is a signi�cant di�erence. When the

monopile is present the forces on the secondary structure is approx. 50 % larger compared

to when there isn't any monopile.

Fig 3.17. Force on secondary structure with and without monopile.
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CFD-METHOD 4
In this chapter the construction is analysed using CFD simulations.

4.1 Theory

The problem that needs to be solved in this project is a free-surface problem and for this

purpose the Volume of Fluid (VOF) method can be used for the analysis.

VOF is a method for tracking and locating the free surface and in an Eulerian approach.

The advantage of this method is that it only adds one additional variable to located the

free surface. This is done using a fraction function, F, which is a scalar function that

speci�es the amount of �uid in a cell with a value between zero and one. F can be in three

states.

� F = 0, the cell is empty

� F = 1, the cell is completely full

� 0 < F < 1, the cell is partially full

The free surface would in most cases intersect a mesh cell in the domain and this particular

cell would therefore not be either full or empty. I can be deduced that the free surface has

to be in a cell with 0 < F < 1. On Fig 4.1 this is illustrated.

Fig 4.1. Locating free surface with fraction function.

The VOF is only for locating the free surface and the Navier-Stokes also have to be

solved in order to describe the �ow in the control volume.
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4.1.1 Program

To make the CFD simulations, the program Star-CCM+ version 10.06 is used. One of the

advantages of this program is that it is possible to generate waves using so-called VOF-

waves. This can generate di�erent types of waves and in order consider non-linear e�ects

of the waves a 5th order stokes regular waves are used. This is the most non-linear regular

wave the program can generate.

4.2 Model considerations

In order to make a good model many di�erent aspects needs to be considered when making

the model in order to produce acceptable results. According to CD-adapco [2015] there is a

series of best practices which are used for this project. The model is made using measures

based on the physical model test. This is done in order to avoid possible scaling errors

between model tests and CFD simulations.

4.2.1 Domain size

When modelling the domain it is important to consider the �ow within the domain and in

this case the waves. The waves used are based on the waves measured in the model tests,

listed in Table 5.1.

The domain is modelled such that there would be approx. one wave length before the

construction, one wave length after before wave damping starts and one wave length of

damping. This totals to three wave lengths in the x-direction. In y-direction the domain is

sized of what is assumed appropriate. For z-direction the water level and wave height are

the main things to consider. From the bottom to MWL is 0.45 m as stated by the model

and from MWL to top the domain is chosen to make sure waves would stay in the domain

and possible splash from hitting the construction wouldn't leave the domain.

Because there are three di�erent wave periods of the waves and this is a key parameter

for the wave length, three di�erent domain were made with di�erent length. These are

listed with dimensions are listed in Table 4.1.

Model Wave length x-direction y-direction z-direction
[m] [m] [m] [m]

Waves 1-2-3 2.15 6.00 0.64 0.75
Waves 4-5-6 3.66 10.48 0.64 0.75
Waves 7-8-9 5.07 14.96 0.64 0.75

Table 4.1. Domain sizes for the di�erent CFD-models.
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4.2.2 Mesh

One of the most important consideration must be the mesh. If the mesh is too coarse,

the waves will not be modelled su�ciently well and the results would not be usable. If

the mesh is too �ne the computational time would be very long. In order to model the

waves su�ciently well the mesh around the waves should sized according to the wave. The

recommendations according to CD-adapco [2015] can be seen below.

Element size

x-direction 1/80 of the wave length
y-direction 1/80 of the wave length
z-direction 1/20 of the wave amplitude

This modi�cation of the mesh can be applied using volume control, which means that

within a certain volume these are the mesh requirements. Therefore it is not necessary to

model the entire domain with these conditions.

Star-CCM+ uses a method of meshing where the elements are halved in size and the

requirement listed in the volume control is the maximum size, meaning the program would

rather make a step �ner than coarser. Therefore it is a good idea to choose the base size

of the elements based on the sizes stated in the volume control for the wave, which is the

important part. On Fig 4.2 - 4.4 illustrations of the mesh is shown.

Fig 4.2. Illustration of the surface mesh of the domain and monopile model for Waves 1-2-3.

Fig 4.3. Illustration of the mesh in the domain with displayed volume fraction (Blue: F = 1 -
Red: F = 0).
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Fig 4.4. Illustration of the mesh near a wave with displayed volume fraction.

4.2.3 Wave Damping

The domain modelled is to be considered as a small section of a much larger domain and

no wave re�ection would occur, but this can happen in the model. Therefore it is good

idea to have wave damping at outlet. This would extract energy out of the system that

would in other cases be re�ected. This can be done using a combination of implementing

a damping term and making the mesh coarser at the outlet. The mesh damping can be

seen on Fig 4.3.

4.2.4 Time-step

Having a appropriate time-step would make sure that the solver is stable and also that

the wave are modelled correctly. If the time-step isn't set correctly, it could result in

the modelled not converging and the residuals constantly increasing until the solver can't

handle it. Following Eq. (4.1) stated by CD-adapco [2015] will give an appropriate time-

step. Based on this a time-step ∆t = 0.005 s will be used for all models.

∆t =
P

2.4n
(4.1)

∆t Time-step [s]
P Wave Period [s]
n Graduation of wavelength to mesh size in x-direction, e.g. n=80 [-]

4.2.5 Turbulence model

There are four turbulence models incorporated into Star-CCM+ which are:

� Spalart-Allmaras

� K-Epsilon

� K-Omega

� Reynolds Stress Transport

The four models all have pro and cons but for this project, the K-Epsilon model has been

preferred. The reason for this that both K-Epsilon and K-Omega utilizes wall functions

which interpolates the �ow towards walls in the domain. This makes it possible to have

more coarse mesh close to constructions, but without major compromises in the results.
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Between K-Epsilon and K-Omega, the latter require more computational power, but can

produce slightly better results, but not enough to be chosen over K-Epsilon.

Spalart-Allmaras has been considered to simple and performs poorly in �ows with

separation. Reynolds Stress Transport is much more computational heavy and was opted

out on this point.

4.2.6 Symmetry

CFD-simulations are very time consuming and a method to reduce this is by using

symmetry in the model. For the models with only the monopile this would not represent

any issues, but the models with the secondary structure, it can be an issue. Using symmetry

would cause that there would be two secondary structure, as seen on Fig 4.10, and therefore

must the e�ect of the secondary structure on monopile be investigated. This will done by

making a simulation using symmetry and a simulation with the full domain and compare

the di�erence between the forces on the monopile. On the following �gures the di�erences

between modelling without and with symmetry is shown. The number of elements when

not using symmetry is 578 450 elements and when using symmetry it is 191 401 elements

which is a signi�cant di�erence.

Fig 4.5. Mesh without symmetry. Fig 4.6. Mesh with symmetry.

Fig 4.7. Mesh around model without symme-
try.

Fig 4.8. Mesh around model with symmetry.
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Fig 4.9. Model and free surface without sym-
metry.

Fig 4.10. Model and free surface with symme-
try.

4.3 Data treatment

In this section the data treatment of a simulation of Monopile model under excitation of

Wave 2 is done as an example. Same procedure is done for all tests. The wave signal is

determined from a simulation where the structure was not present in the domain. Wave

signal and forces in x-direction can seen on Fig 4.11

Fig 4.11. Wave signal and forces on the structure in x-direction.

The forces on the structure and the corresponding wave height is determined from a

single wave. The chosen wave is indicated with a box that has the width of one wave

period as seen on Fig 4.11. The values in this box are considered.

The wave height of the selected wave is determined by the distance between minimum

and maximum amplitude of the wave signal. The maximum force, Fmax, is maximum

value of the force signal and for the selected wave it is indicated with a × on Fig 4.12.
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Fig 4.12. Zoom on the selected wave.

In order to being able to compare the results with the other methods, a force per wave

amplitude is calculated using Eq. (4.2).

Funit =
Fmax
(H/2)

(4.2)

Funit Force per wave amplitude [N/m]
Fmax Maximum Force [N]
H Wave height [m]

4.4 Results

4.4.1 Monopile model

The results from simulations of Monopile model are presented in Table 4.2 and plotted

with MacCamy and Fuchs in Fig 4.13

Wave 1 2 3 4 5 6 7 8 9

H 0.032 0.067 0.243 0.026 0.065 0.248 0.027 0.053 0.207

Fmax 5.210 10.909 40.363 3.338 8.531 42.733 2.833 5.902 32.008
Funit 326.814 324.755 331.839 257.867 262.985 344.383 208.803 221.974 310.058

Table 4.2. Results from CFD simulation with monopile.

From Fig 4.13 it can be seen that the short and small waves which causes the forces to

be inertia dominated, the forces from the CFD-simulations aligns close to the solution by

MCF. When the waves become long and large and drag thereby have more in�uence, the

forces increases above solution from MCF.
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Fig 4.13. Results from CFD simulation with monopile plotted with MCF.

4.4.2 Boat Landing model

For this model the results are listed in Table 4.3. In this table, the di�erence between the

forces on the monopile and the secondary structure are also shown and

Wave 1 2 3 4 5 6

H 0.032 0.067 0.243 0.026 0.065 0.248

Monopile
Fmax,m 5.265 11.009 40.983 3.383 8.624 43.638
Funit,m 330.245 327.747 336.937 261.338 265.863 351.674

Secondary
Fmax,s 0.035 0.110 1.363 0.026 0.121 2.005
Funit,s 2.171 3.261 11.206 2.025 3.724 16.156

Funit,m/Funit,s 152.1 100.5 30.1 129.1 71.4 21.8

Wave 7 8 9

H 0.028 0.053 0.207

Monopile
Fmax,m 2.868 5.908 32.584
Funit,m 208.805 222.191 315.645

Secondary
Fmax,s 0.029 0.094 1.327
Funit,s 2.089 3.517 12.850

Funit,m/Funit,s 100.0 63.2 24.6

Table 4.3. Results from CFD simulation with monopile and secondary structure.

It is clear that larger and longer waves become more drag dominated and a larger share

of the total forces can be contributed to the forces on the secondary structure. For Wave

1 the forces on the monopile is 150 times greater than on the secondary and for Wave 9

the forces on the monopile is only 25 times greater than on the secondary.

In relation to the consideration of symmetry in the model, tests show that there is

di�erence of 5.3 % on the forces on the monopile and 3.7 % on the secondary structure.

For both the results without symmetry are larger than with. This is relevant to notice

when comparing and concluding on the results.
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4.4.3 In�uence of structure on waves

In this sections a number of �gures illustrating the in�uence the structure has on the waves

compared to undisturbed waves.

The �rst four �gures shows results from a simulation with Wave 2, all for the same

time-step. Fig 4.14 and 4.15 shows plots of the surface elevation as seen from above and

Fig 4.16 and 4.17 show the volume fraction of water in a X-Z plane section through the

middle of the construction. It can be seen that the construction has an in�uence on the

waves, but the di�erent isn't very big because Wave 2 is considered a small wave.

Fig 4.14. Plot of surface elevation without
construction in domain.

Fig 4.15. Plot of surface elevation with con-
struction in domain.

Fig 4.16. Plot of Volume Fraction of Water
without construction in domain.

Fig 4.17. Plot of Volume Fraction of Water
with construction in domain.

The next four �gures show results from a simulation with Wave 3, all for the same

time-step. Fig 4.18 and 4.19 shows plots of the surface elevation as seen from above and

Fig 4.20 and 4.21 show the volume fraction of water in a X-Z plane section through the

middle of the construction. Because Wave 3 is considered a large wave the di�erences are

much clearer. It can be seen that a signi�cant amount of run-up on the construction and

in the wake of the construction the surface elevation is visibly lower. This would without a

doubt have in�uence on the forces on the structure. I can also be seen on Fig 4.19 that to

the side of the construction the surface elevation is larger than without the construction.

This could be an e�ect of the re�ected wave from the construction.
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Fig 4.18. Plot of surface elevation without
construction in domain.

Fig 4.19. Plot of surface elevation with con-
struction in domain.

Fig 4.20. Plot of Volume Fraction of Water
without construction in domain.

Fig 4.21. Plot of Volume Fraction of Water
with construction in domain.
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COMPARISON 5
In this chapter a comparison between the methods used will be made. Results from physical

model test will be used in this comparison. These physical model tests were performed by

a fellow student, Ammar Galib Al-Faili.

5.1 Physical model tests

In this section, a quick review of the model testing will be made. The model is scaled

using Froude Number with a length factor of 40. The dimensions of the model are listed

in Table 1.1. A picture of the model is shown on Fig 5.1. The test were performed in a

wave basin located at Aalborg University and a layout of the basin can be seen on Fig 5.2.

Worth mentioning is that during the test one of the paddles on the wave generator had a

malfunction which wasn't discovered until afterwards and this might have had a in�uence

on the results. This is will be considered in the conclusion.

Fig 5.1. Photo of the model used
for testing.
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Fig 5.2. Layout of the wave basin for model testing.

Nine di�erent wave condition with varying wave period and wave height were used in

the physical model tests. The data treatment is done similar to the CFD model and can

be seen in Appendix B.

18 test were performed with 9 on Monopile model and 9 on Boat Landing model. The

waves used can be seen in Table 5.1. In order to keep the variables down, the waves

measured from Monopile model and Boat Landing model are averaged and parameters

calculated based on these data.
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Monopile Boat Landing

Test H T H T Havg L ηmax H/L KC Re ηmax/H
[-] [m] [s] [-] [m] [s] [m] [m] [m] [-] [-] [-]

1 0.028 1.26 0.031 1.26 0.030 2.15 0.015 0.014 0.68 15609 0.50
2 0.060 1.26 0.067 1.26 0.065 2.15 0.034 0.030 1.47 33547 0.52
3 0.193 1.26 0.227 1.26 0.214 2.15 0.132 0.100 4.85 110789 0.62
4 0.028 1.90 0.024 1.90 0.026 3.66 0.014 0.007 0.80 12078 0.52
5 0.066 1.90 0.051 1.90 0.060 3.66 0.036 0.016 1.80 27296 0.61
6 0.244 1.90 0.216 1.90 0.235 3.66 0.165 0.064 7.13 107877 0.71
7 0.025 2.53 0.027 2.53 0.027 5.07 0.014 0.005 1.03 11702 0.53
8 0.056 2.53 0.062 2.53 0.060 5.07 0.034 0.012 2.33 26533 0.56
9 0.209 2.53 0.218 2.53 0.214 5.07 0.153 0.042 8.28 94101 0.72

Table 5.1. Waves used for Physical model test for Monopile model and Boat Landing model.

In order to be able to make visual comparison between the di�erent waves, they have

been placed in a matrix depend on wave height and wave period. Fig 5.3 shows the

distribution of the tests. For each wave condition the corresponding Keulegan-Carpenter

number, KC will be calculated. This is done using Eq. (5.1). KC shown in Table 5.1 is for

the monopile. Other parameters such as the ratio H/L is calculated, which describes the

steepness of the waves and ηmax/H, which describes how non-linear the waves are. These

parameters are shown in matrix form in Fig 5.4.

Fig 5.3. Distribution of the waves in matrix form.

KC =
UmaxT

D
(5.1)

Umax Max horizontal velocity [m/s]
T Wave period [s]
D Diameter of construction [m]

KC ≤ 5 Potential theory usable
KC > 5 Potential theory not usable

The max horizontal velocity, Umax is based on linear 1. order theory.
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5.2. Monopile model Aalborg University

Fig 5.4. The parameters KC, H/L, Re, ηmax/H from physical model tests in matrix form.

When increasing the wave height and wave period, this results in higher Keulegan-

Carpenter number and more non-linear waves. This would cause MCF and BEM to no

longer be valid because these are based on potential �ow and linear theory. Therefore a

deviation of the results from these would be expected when comparing with results from

model test and CFD.

5.2 Monopile model

In order to have a comparison with BEM, Funit from CFD and Model test are visualised

as the relative to BEM. These can be seen in Fig 5.5.

Fig 5.5. Forces from Model test, CFD and BEM relative to each other.

It can be seen on Fig 5.5 that the results from the model tests and CFD looks very

similar. Also both looks to be depending on KC which was also expected.

Looking at the relative di�erence between the experimental results and CFD it can be

seen that for this model there is only a little di�erence.

5.3 Boat Landing model

The forces considered are the combined forces from the monopile and secondary structure.

Similar to Monopile model, it is expected that the forces from CFD and model tests would

be higher when treating drag dominated waves. There is expected to be a slight increase

in the forces, also for the waves where the monopile is inertia dominated, because the

secondary structure would be drag dominated in all cases.
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Fig 5.6. Forces from Model test, CFD and BEM relative to each other.

It can seen on Fig 5.6 that there is a similar di�erence between BEM and the other

methods. Especially when the waves are drag dominated. It can also be seen that the

results in the second column for the experiments looks to be much larger than expected.

This could be due to an error with measurement of the test. The other results seems to

follow the expectations. From the comparison between experiments and CFD shows that

there are indications that CFD di�ers more from experiments with increasing KC.

It is also relevant to consider the force only on the secondary structure. Here there is

only results from BEM and CFD available. Only looking on the secondary structure, it is

also relevant to consider the Keulegan-Carpenter number for the secondary structure.

Fig 5.7. KC and Forces on secondary structure from CFD and BEM relative to each other.

KC for the secondary structure shows that it's drag dominated for all waves and

particularly for the long and large waves. This drag dominance also clearly shows when

comparing the forces between BEM and CFD, where Waves 8 and 9 gives 10 times larger

forces than BEM calculates and this is a signi�cant di�erence.
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The main purpose of this project was to determine whether it is possible to use numerical

models to determine the hydrodynamic forces on a monopile with secondary structures.

Based on the models made it can be concluded that if it is the forces on the secondary

structures that needs to be determined, then BEM isn't a usable method because the

secondary structure would be drag dominated and this is beyond the validity of BEM. Even

when considering the entire construction BEM still isn't a good method to use because for

large waves the contribution from drag becomes so signi�cant that BEM only estimates

forces with a magnitude half of that produced from physical model tests.

Looking at the CFD models, they produce results which get closer to the results from

the physical model test. But still there are some indication that the CFD models are

sensitive to conditions with high Keulegan-Carpenter number. This could be a result of

the chosen turbulence model and another turbulence model might be able to deal with

higher Keulegan-Carpenter number. But CFD is a more accurate method of determining

the forces on a monopile with secondary structure than BEM, but it is also much more

time consuming.

This project shows that there are possibilities in using CFD models in order to determine

forces on o�-shore construction, but not everything have been investigated in this project

and further studies needs to be done in order de�nitively determine the viability of these

methods.

Further Studies

In this section a couple of the things that could be investigate further are mentioned in

order to show what the next step could be.

As mentioned in Section 4.2 only one turbulence model was used in the CFD models

for this project. An investigation into the in�uence of turbulence model could a valuable

because if another turbulence model would model the �ow better than the one used, then

this might lead to more accurate determination of the forces in the model.

Another thing worth investigating is the placement of the secondary structure relative

to the monopile. In this project only one placement was analysed, but it might be that

another placement could be more critical for both the total forces, forces on the monopile,

and forces on the secondary structure. Placements relative to the monopile could be in

front, behind, or placed so the wave hit the secondary and monopile at the same time. The

distance to the monopile could also be changed to see if placing the secondary structure

closer or further from the monopile could lead to a decrease in the forces.

It could also be bene�cial to analyse the in�uence of the surface roughness of

the monopile and secondary structure. Knowing that for some wave conditions the
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construction would be drag dominated, would lead to the surface roughness having a

signi�cant in�uence on the forces. This surface roughness would correspond to marine

growth on the construction and therefore something that should be expected during its

lifetime.

Knowing that there might have been a critical error during the physical model test

caused be the malfunctioning wave generator, it might be a good idea to make new model

tests to have for comparison in future analysis.

This project only utilised MacCamy and Fuchs as the analytical solution, but knowing

that for part of the conditions drag had an in�uence, then it could be advantageous to

make comparison to Morison equation which consider both drag and inertia forces.
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RESULTS CONVERGENCE

MONOPILE RATIO 1:1 A
Mesh Name No. of elements Error Nemoh [%] Error Wamit [%]

Mesh−3 18 4.83 7.85
Mesh−4 32 0.96 4.49
Mesh−5 45 0.86 3.06
Mesh−6 66 1.19 2.11
Mesh−7 91 1.35 1.55
Mesh−8 120 1.41 1.19
Mesh−10 180 1.38 0.78
Mesh−12 264 1.28 0.54
Mesh−14 364 1.17 0.40
Mesh−16 464 1.05 0.31
Mesh−20 720 0.86 0.20

Table A.1. Meshes with the error from both Nemoh and Wamit compared to MCF.

Fig A.1. Mesh 3 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.2. Mesh 4 and the force from Nemoh and Wamit compared to McCamy-Fuch.

37



Michael Nygaard A. Results Convergence Monopile Ratio 1:1

Fig A.3. Mesh 5 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.4. Mesh 6 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.5. Mesh 7 and the force from Nemoh and Wamit compared to McCamy-Fuch.
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Fig A.6. Mesh 8 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.7. Mesh 10 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.8. Mesh 12 and the force from Nemoh and Wamit compared to McCamy-Fuch.
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Fig A.9. Mesh 14 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.10. Mesh 16 and the force from Nemoh and Wamit compared to McCamy-Fuch.

Fig A.11. Mesh 20 and the force from Nemoh and Wamit compared to McCamy-Fuch.
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DATA TREATMENT OF

EXPERIMENTS, MONOPILE

MODEL B
The data and script used for this data treatment can be found in Annex IV. The script is

MichaelLoad.m

In this script a tchosen is used for each wave. These are listed below:

Wave 1 Wave 2 Wave 3 Wave 4 Wave 5 Wave 6 Wave 7 Wave 8 Wave 9

11.7 11.7 11.7 13.7 16.7 12.7 11.7 11.7 11.7

Fig B.1. Time series of surface elevation and force for Wave 1. With selected wave.
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Michael Nygaard B. Data treatment of Experiments, Monopile Model

Fig B.2. Time series of surface elevation and force for Wave 2. With selected wave.

Fig B.3. Time series of surface elevation and force for Wave 3. With selected wave.

Fig B.4. Time series of surface elevation and force for Wave 4. With selected wave.
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Aalborg University

Fig B.5. Time series of surface elevation and force for Wave 5. With selected wave.

Fig B.6. Time series of surface elevation and force for Wave 6. With selected wave.

Fig B.7. Time series of surface elevation and force for Wave 7. With selected wave.
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Michael Nygaard B. Data treatment of Experiments, Monopile Model

Fig B.8. Time series of surface elevation and force for Wave 8. With selected wave.

Fig B.9. Time series of surface elevation and force for Wave 9. With selected wave.
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ANNEX DISC C
I MacCamy-Fuchs - MATLAB scripts for calculating MacCamy-Fuchs

II Buoundary Element Method - Models for BEM calculations

III CFD - Models and Data from CFD-simulations

IV Physical Model Tests - Data from Physical Model Tests and scripts for analysis

V Comparison - Scripts for plotting �gures for Comparison
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