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Analysis of FSI effects for a novel WEC using high-fidelity simulations
JASON EBENEZER JOHN JAWAHAR EDWIN
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
Wave energy is more reliable and continuous in time, compared to solar and wind
energy which are more periodic. The World Energy Council predicts that wave
energy has the potential to meet 10-20% of the world’s energy demands. A wave
energy converter (WEC) as the name suggests, harvests energy from the vertical
motion of waves. The WEC is anchored in an offshore location, using mooring lines
attached to the sea floor. The generated electricity is transmitted to a grid on-land,
since the WEC does not have an energy storage system, to keep the weight of the
WEC low. In this project, a WEC is studied using the commercial CFD code STAR-
CCM+. The WEC is designed by Novige AB called NoviOcean 500. The primary
objective is to study the forces acting on the surface of the buoy as a result of the
heave, surge and pitch motions, which affect the power generation and the stability
of the buoy in the waves. It is equally important to study the mooring line forces
of the WEC, for design estimations of the mooring line material and size. A mesh
independence study is done to ensure the results of the study are mesh independent.
The different wave generation models, the fifth order Stokes wave and irregular wave
models are considered, with the irregular wave model being found more suited for
short sea states, like stormy sea conditions. And the fifth order Stokes wave more
uniform and regular in nature. Various wave parameters which affect the heave
motion of the WEC, like wavelength and wave period are studied. A nominal wave
period between 5-9 seconds is used to depict normal sea wave conditions. Finally,
the linear spring and catenary coupling models are used to study the differences in
heave motion, coupling elongation and coupling forces. From the thesis work, it is
concluded that the use of the fifth order Stokes wave model, with a wave period of
between 5-9 seconds and a catenary coupling model for the mooring lines, is a good
simulation setup for the study of the NoviOcean 500

Keywords: WEC, buoy, CFD, wave energy, mooring, overset mesh, fluid structure
interaction
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Notations

Abbreviations
CAD Computer Aided Design
CFD Computational Fluid Dynamics
DFBI Dynamic Fluid Body Interaction
DOF Degree of Freedom
FSI Fluid-Structure Interaction
NS Navier-Stokes
PDE Partial Differential Equation
PTO Power Take Off
TWh Terawatt-hour
VOF Volume of Fluid
WEC Wave Energy Converter

Greek symbols
λ Wavelength
ρ Density
σ Stress tensor
τ Viscous stress tensor
ω Wave frequency

Roman symbols
fb Body force
fi Force component
H Wave height
Hs Significant wave height
k Kinetic energy
K Wave vector
keff Elastic coefficient
qi Heat energy
T Stress tensor
u Internal energy
UR Ursell number
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ẋ Relative velocity between the end points
xo Relaxation length of spring
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1
Introduction

1.1 Background
Ocean waves offer a lot of potential in the area of renewable and sustainable en-
ergy resources and offer a good alternative to many countries on the path of de-
carbonisation of their energy sources. Unlike solar and wind energy which are highly
dependent on seasons and other factors, wave energy is available throughout the
year. It can be mentioned that for the same surface area, the extractable energy
from waves is about 4 times more than wind power and 20 times more than solar
cells. Another advantage is that it also does not occupy real estate on land, since
these instruments are deployed in the oceans. Furthermore, the potential annual
global production is estimated at 29,500 TWh. This is almost ten times Europe’s
annual electricity consumption of 3,000 TWh [1].
The wave energy converter (WEC) NoviOcean 500 has a buoy whose general shape
is rectangular, with a curved profile on the side facing the oncoming waves. The
unit is shown in Figure 2.6. NoviOcean 500 is deployed at a water depth of 50-60
meters. The mooring lines are anchored to the sea-bed to hold the buoy in position.
NoivOcean 500, is a point-absorber type of WEC, which harvests wave energy at
the surface of the sea. The WEC converts the kinetic energy in the waves to useful
electrical energy, through a PTO unit place on-board the unit. For this reason, the
various forces acting on the WEC and the behaviour of the WEC are important in
predicting the power generation and survivability under different weather conditions
and mooring line requirements.

1.2 Problem statement
With growing interest in wave energy and the clear potential of wave energy [1] to
meet the world’s energy demands, wave energy is not being fully utilized. Due to
two major drawbacks: one is the nascent stage of development of the technology and
second the high costs of production of wave energy compared to other green and
renewable energy alternatives available [2]. While 70% of our earth is covered with
water, of which only 0.02% of that is all the lakes and rivers, it still accounts for a
quarter of world energy needs to be met. The potential with wave energy is high
and can be tapped into, by addressing the above two points working against it. In
NoviOcean 500, both points are being addressed by using a patented PTO system
concept, similar to the systems used in hydro-electric power generation and having
operating and total costs below the industry median [3]. The main objective of this
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1. Introduction

thesis includes studying the FSI of the WEC with the waves for various parameters,
using the commercial CFD code STAR-CCM+. These objectives include the de-
termination of the optimal wavelength and wave period parameters, optimal wave
generation model, coupling models that accurately depict mooring line behaviour
and the resultant effects on the heave motion of NoviOcean 500.

1.3 Limitations
STAR-CCM+ is used to consider and simulate many non-linear effects, but not that
of the mooring lines. STAR-CCM+ uses a simplified linear-theory for determination
of mooring line forces rather than non-linear theories, which are considered more
accurate. As a future step in the study, this simplification can be addressed by
using a dedicated tool like SESAM for mooring line forces calculation, which can be
integrated with STAR-CCM+.

1.4 Thesis aims and layout
The aim of the thesis is to setup, simulate and study the results of the WEC in-
teracting with the waves for various parameters like wave height, wave time-period,
wavelength, water depth along with various coupling models like spring-damper and
catenary models.
The layout of the thesis is as follows:

• Chapter 2 presents about the physics of the simulation, the various types
of WEC’s available, the working theory of NoviOcean 500 and the coupling
systems used in the thesis.

• Chapter 3 gives an overview about the method of modelling NoviOcean 500
geometry and mesh strategy used in the thesis.

• Chapter 4 contains the mesh independence study, various wave models studied,
coupling models for the mooring lines and other wave propagation parameters.
The results of these studies are presented and discussed in the chapter.

• Chapter 5 gives the conclusion of this thesis and some perspectives for future
studies.

2



2
Theory

In this chapter, the theories relating to the wave generation model, force coupling
systems, type of WEC are discussed in detail to give the reader an understanding.
Also an overall view on the flow governing equations is also discussed to give insight.

2.1 Flow governing equations
The three main governing equations that govern any fluid flow are the continuity
equation, the momentum equation and the energy equation. These equations sig-
nify the fundamental physics of any problem and state the conservation of mass,
momentum and energy respectively. In any CFD problem, these equations have to
be solved to obtain the flow field.

2.1.1 The continuity equation
In fluid mechanics, the continuity equation states that the volume of fluid in a space
is affected by only the volume of fluid that flows in and out of that volume. The
’law of conservation of mass’ states that mass can be neither created nor destroyed
[4].

For an incompressible flow (ρ = constant) [4], it is:

∂vi

∂xi

= 0 (2.1)

2.1.2 The momentum equation
The second governing equation is the momentum equation, which is based on the
Newton’s second law of motion, which states when a body is acted upon by a force,
the time rate of change of its momentum equals the force acting on it. It can be
expressed as below:

ρ
dvi

dt
= ∂σji

∂xj

+ ρfi

where the term ∂σji

∂xj
denotes the net force due to surface force (σji is the stress

tensor), which also includes the viscous stress tensor (τij) and the term ρfi denotes
volume force. Further, substituting σij = − ∂P

∂xi
+ µ ∂2vi

∂xj∂xj
in the above equation, for
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2. Theory

an incompressible flow, we get the below equation, which is also called the "Navier-
Stokes equation"[4]:

ρ
dvi

dt
= −∂P

∂xi

+ µ
∂2vi

∂xj∂xj

+ ρfi (2.2)

2.1.3 The energy equation
The third governing equation with fluid dynamics is the energy equation, which is
concerned with the conservation of energy, is based on the first law of thermodynam-
ics. This law can be summarized as that "the rate of change of energy in a system
is equal to the sum of net flux of heat into the system and rate of work done, i.e.,
energy can neither be created nor destroyed" [4]. The energy equation is defined as:

ρ
d(u + k)

dt
= ∂σjivi

∂xj

− ∂qi

∂xi

+ ρvifi (2.3)

This equation denotes the sum of internal (u) and kinetic (k) energies. And qi de-
notes the heat energy [4].

Since in the thesis only laminar flow has been assumed and no turbulence is con-
sidered, the above discussed governing equations are sufficient to solve the flow field
and no turbulence modelling is needed.

2.2 Volume of Fluid (VOF)
Since the thesis involves a multi-phase problem (air and water), this section talks
briefly about the physics behind solving a multi-phase problem. The VOF model is
used to simulate flows of several immiscible fluids on a regular and stationary grid
which are capable of solving the interface between the two phases of the mixture
[10]. Further a phase indicator function is used to indicate the fractional amount
of fluid at a certain position. This method suits this study, since there is only a
small contact area between the phases (at the water surface). Also the free surface
remains relatively smooth, without much breaking of the water resulting in many
water droplets in the air, which then requires a too fine grid setup.
The governing equations mentioned under the previous section are now applied to
the multi-phase fluids and the continuity and the momentum equation are expressed
below [10]:

∂ρ

∂t
+ ∇.F.(ρu) = 0 (2.4)

∂

∂t
(ρu) + ∇.F.(ρuu) = −∇pI + ∇.F.T + ρg + fb (2.5)

where p is the pressure, I is the unity tensor, T is the stress tensor, fb is the vector
of body forces.

4



2. Theory

Figure 2.1: VOF grid representation, F is the phase-indicator function [13].

2.3 Wave energy

Under this section, the most commonly used methods of wave energy generation are
discussed, to give the reader a brief insight into this field. Further towards the end,
a section discussing NoviOcean 500 WEC is also included.

Wave energy is a form of renewable energy that can be harnessed from the kinetic
motion of the waves. The waves itself are generated as a result of different lunar
cycles and wind patterns, which determine the wave height, wavelength, wave speed
and wave density. The kinetic energy from these waves can be harnessed through
various devices that are placed either at the surface or submerged in a ocean and
can be used to generate useful mechanical or electrical energy called a wave energy
converter (WEC).
Though wave energy is considered to have the biggest potential among all renewable
sources of energy, it is often constrained by the wave characteristics at different parts
of the world. For example, the coasts of Norway are 10 times more energy dense
than the coasts of Sweden for wave energy. The Figure 2.2 is a energy density map
for wave energy, which shows the potential for wave energy harnessing.

2.3.1 Wave Energy Converter (WEC)

There are various types of WEC, a few examples of the various designs are introduced
in this section and discussed briefly with respect to their working designs.

5



2. Theory

Figure 2.2: Global distribution of offshore wind and wave energy resources.
Wave energy density is denoted by the number scale [5].

2.3.1.1 Point type wave absorber

The point type wave absorber is a surface-type absorber that harvests kinetic energy
contained from the vertical motion (heave) of waves. In this type of WEC, the upper
end is floating at the surface and moves freely with the wave motion, and the lower
end is usually fixed to the sea-bed, as shown using the below figure.

Figure 2.3: Design layout of point type absorber [7].

2.3.1.2 Oscillating water column

The oscillating water column type WEC has a water column with air in it’s chamber.
As the water level rises during the crest of the wave, this compresses the air inside

6
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the column. The pressurized air is then forced to exit through a small passage
containing the turbine generating electricity. A schematic layout of such a WEC is
shown in the below Figure 2.4.

Figure 2.4: Design layout of an oscillating water column [8].

2.3.1.3 Attenuators

This type of WEC is placed in a direction that is perpendicular to the direction of
the waves, and generates electricity through the flexing of the joints.

Figure 2.5: Attenuator setup [9].

2.3.2 NoviOcean 500
Now the WEC in this study is NoviOcean 500, which fundamentally works with
the same concept as the point-type WEC discussed in the previous section. The
clear advantages of this type of WEC, is that there is no permanent structure, as
in the oscillating water column. And the NoviOcean 500 can orient itself to face
the waves headlong, thereby always harvesting full potential of wave energy. The
disadvantages of such a design is the survivability of the WEC in severe sea states
and size of the PTO unit on the top, which is limited by size of the buoy.

7



2. Theory

The upper end of the WEC is floating on the sea-surface, as can be seen in the
Figure 2.6. The lower end is fixed to the sea floor, as seen in the simple sketch
depicting NoviOcean 500 in Figure 2.7. The lower part of the WEC which is par-
tially submerged on the water surface moves vertically with the heave motion of
the oncoming waves, the base of the WEC is fixed to the sea-bed. Sea water fills
the tube structure which is being compressed due to the heave motion of the WEC.
The compressed sea water is then sent to the inverted PTO unit which is placed
at the top of the WEC (see in Figure 2.6), from the cylinder in the bottom. This
pressurized water is used to drive a turbine and generate electricity. So with each
incoming wave, the WEC rises and falls along with the waves to compress water,
which is then converted to usable energy resource.

Figure 2.6: NoviOcean 500 scale prototype, source: Novige AB.

2.4 Wave generation model
This section gives the reader an overview about the wave-generation model theory
that is being used in STAR-CCM+ to generate and simulate waves.

2.4.1 Fifth-order Stokes wave model
Fifth order Stokes waves are modeled using the fifth order approximation for the
Stokes theory of waves. The theory is valid for large wavelengths and intermediate to
deep water depths [14]. Wavelength is defined as the distance between two successive
crests or troughs. The fifth order Stokes wave model is used in comparison to the
other available models like first order waves, cnoidal waves, irregular waves, because
of its closer resemblance to actual physical waves [10]. The wave profile and velocity
are given based on parameters like water depth, wave height. An non-dimensional
number called the Ursell number (Stokes parameter) is used to check the valid use
of the wave theory to the defined parameters. It is defined as:

8



2. Theory

Figure 2.7: NoviOcean 500 simple sketch, Side view.

Figure 2.8: Wave characteristics [11].

UR = Hλ2

d3

where H is the wave height, λ is the wavelength and d is the water depth. For values
of Ursell number below 30, the fifth-order Stokes wave model can be used accurately
[10].

2.4.2 Irregular wave model
An irregular wave model is used to model wind seas (a short-term sea state) with
a wave spectrum, that is, the power spectral density function of the vertical sea
surface displacement. Here the Pierson-Moskowitz spectrum is used. This spectrum
describes the wind sea conditions that occur for severe sea states [10].

SP M(ω) = 5
16(H2

Sω4
p)ω−5exp(−5

4 ( ω

ωp

)−4)

9



2. Theory

where ωp = 2π
TP

represents the angular spectral frequency.
This wave model is used to study severe sea states, similar to those occurring during
storms.

2.5 Body Couplings
The WEC in the simulation setup is assigned as the Dynamic Fluid Body Interaction
(DFBI) since the WEC moves with the waves and is not stationary in the simulation.
This option enables to solves all 6 DOF motion associated with the body. Since the
WEC is anchored to a certain location using mooring (anchor) lines, it is important
to simulate such mooring line forces as part of the simulation. For this reason,
body couplings, to model an actual mooring line are used. These are the spring-
damper coupling and the catenary coupling, which are discussed in brief in the below
sections.

2.5.1 Spring-Damper coupling
As the name suggests, this coupling element models a realistic spring between the
WEC and the environment, where a damping force is applied through the spring.
This damping force ensures that a force is applied to the WEC, that keeps its
position relatively constant [10] [18]. One end of the spring is fixed at a position
close to the center of the buoy and about one-third of the distance from the bottom
of the WEC. And the other end is fixed in the environment. A relaxation length is
set, to ensure that no spring force is exerted on the WEC at this length.

2.5.2 Catenary coupling
This coupling element, which maybe more closely represents the mooring lines, mod-
els a quasi-stationary, elastic catenary (a curve formed by a wire, rope, or chain
hanging freely from two points that are not in the same vertical line) between the
WEC and the environment as shown in the below Figure 2.9. The catenary relax-
ation length (at which no force is applied) or the pretension force are defined in the
simulation.

,

Figure 2.9: Catenary coupling schematic between a body and the environment
[10].
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3
Methodology

Under this chapter, the methods used in this project are discussed, which includes
the modeling of the geometry using CATIA V5, the mesh strategy used for the
simulation setup.

3.1 Modeling of geometry

The modelling of the buoy geometry was done using CATIA V5, using the surface
modelling options. The CAD model was provided and the modeling was done based
on the given dimensions. Below Figures 3.2 and 3.1 are drawings of the WEC, to
understand the dimensions and profile. Figure 3.3 shows the modeled geometry using
CATIA V5, with the cylinder included. If we refer to Figure 2.6 on the prototype
model, it can be seen that the inverted PTO unit at the top is not included in this
simulation to simplify the design. But the weight of the PTO is included in the
overall weight of the WEC which is 150 tons.

Figure 3.1: Geometry of NoviOcean500, Side profile. All dimensions in mm.
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3. Methodology

Figure 3.2: Geometry of NoviOcean500, Front view. All dimensions in mm.

Figure 3.3: Modeled geometry using CATIA V5

In Figure 3.3, the first view on the left represents the side of the WEC that would
be placed facing the waves, the curved profile helps the WEC to have a high wetted
area and thereby harvest more kinetic energy from the waves.

3.2 Mesh strategy
The mesh strategy used here is the overset mesh in STAR-CCM+, since the body
is in dynamic motion and transient with the waves [14][15]. The overset mesh is
a meshing strategy where there is a secondary meshing region created around the
moving body (in this case the WEC) and over the background meshing region. This
overset mesh region moves relative to the body motion and information is trans-
ferred between the background and the overset region. This information transfer
happens through what are called acceptor cells which act as the interface between
the background and overset mesh regions. In these locations, seen in Figure 3.4, the
mesh density difference between the background and oveset region must not be high,
as this can lead to the solution divergence. The mesh refinement regions were done
by using region based meshing and by creating parts in the domain to represent the
various meshing regions, which then are controlled using volumetric mesh control.
The wave refinement region exists to capture the wave propagation characteristics,
as per STAR-CCM+ recommendation [10] of 30-50 cells height-wise and 50-100 cells
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3. Methodology

span-wise. The ’Extruded region’ of the domain is where a wave-damping force is
used to dampen the incoming waves into this region. This is done with the view to
prevent the reflection effects of the wave on the WEC and to keep the computational
domain small.

Figure 3.4: Overset mesh strategy, side view.

3.3 Interested results

In this section, the interest in the results to be analyzed further in the next chapter
are discussed. The WEC has 6-DOF motions as shown in Figure 3.5, but the most
important and central focus of this study is the ’heave motion’ which is in the vertical
direction (z-axis). Since, this motion has direct correlation to the power generated
by the NoviOcean 500 in different sea waves. An heave motion plot monitor is setup
in STAR-CCM+ for every simulation, to monitor the relative motion of the WEC
with respect to the initial water surface. The heave monitor plot helps us further
understand the interaction effects of the NoviOcean 500 with the incoming waves.
Further, when using coupling models as part of the simulation. It is interesting to
study the coupling elongation lengths and forces. As this helps in understanding
the stresses of the coupling link as function of the stiffness and damping values
and also to compare the behaviour of the different coupling systems available in
STAR-CCM+. These results are of particular interest, since the focus of the study
is to study the non-linear effects of hydrodynamic forces and motion acting on the
WEC due to the motion of waves. STAR-CCM+ contains various wave generation
models which closely depict the actual sea wave conditions. Also the tool SESAM
is more focused on structural analysis of the WEC, which is useful when focusing
on mooring line forces in particular.
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3. Methodology

Figure 3.5: WEC various DOF’s of motion [19].
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4
Results and Discussion

4.1 Mesh independence study
The first section in the chapter discusses about validation of the mesh strategy
used. This mesh dependence study was carried out by using only 1-DOF of motion
for the WEC and no body couplings were used. The objective of the study was
to understand the dependence of the results on the mesh size and to have a mesh
strategy that was accurate and computationally efficient as well.

4.1.1 Simulation setup
First the configuration of the computational domain is discussed as shown in Fig-
ure 4.1. The domain is sized based on the parameter of wavelength. The wave
originates from the velocity inlet boundary condition and propagates towards the
pressure outlet. The streamwise distance before the WEC from the velocity inlet
is recommended to be of 2 times wavelength. The streamwise distance after the
WEC is taken as 4 times wavelength, which is again STAR-CCM+ recommendation
[10]. The region of wave-damping is 2 times wavelength, where the incoming waves
into this region are damped by a force to prevent wave reflection. The depth of the
domain is around 60 m from the free surface. Also, the colour difference indicates
the different phases present in the domain, where the region represented in red is
air and the region represented in blue is water.
The boundary conditions are defined as velocity inlet on the right face and pressure
outlet on the left face, as illustrated in Figure 4.1. The lower boundary is specified
as sea-floor is wall, with no-slip boundary condition. The upper and side-boundaries
are also specified as velocity inlet boundary condition[14] [16].

4.1.2 Results
The results are discussed on the basis of the value of heave motion measured on
the body for the different mesh sizes, since this is the focus of the study. The mesh
study was undertaken for mesh sizes ranging from 7.1 million total cell count to 1.8
million total cell count and classified as below with the number of cells. Note, that
during the change in the overall mesh sizes, the ratio of difference in the number
of cells in the background and overset mesh regions were kept close to constant to
avoid divergence in the results.
These values of the study are summarized in Table 4.2. The heave motion at certain
physical time milestones are taken from each mesh size and compared. The heave
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4. Results and Discussion

Figure 4.1: Computational domain 2D.

Figure 4.2: Computational domain configuration.

Table 4.1: Mesh independence study, mesh sizes.

Parameter No of cells
Mesh strategy A 7,153,456
Mesh strategy B 3,796,853
Mesh strategy C 1,882,728

motion data of mesh strategy C was compared with the results of mesh strategy B.
The percentage of difference between these two mesh strategies are summarized in
the last column of the table, to show that the variance in the heave motion values
is acceptable and the results are mesh independent.
In Figure 4.3, a graph showing the heave motion plots for the various mesh strategies
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4. Results and Discussion

Table 4.2: Mesh independence study result summarized.

Heave motion (m) % of change b/w
(B) and (C)Physical

time (s)
Mesh

strategy A
Mesh

strategy B
Mesh

strategy C
5 1.2606 1.34634 1.33248 -1.02
10 1.0661 1.13409 1.15835 2.14
15 0.99441 1.00778 1.01745 0.95
20 1.27182 1.29427 1.30006 0.47

are shown. The initial jump in the heave plot is not physical and is observed as a
result of the first wave interacting with the WEC. But as it is observed as the
physical time mature, there is a close agreement in the values of heave motion of
mesh strategy B and strategy C.

Figure 4.3: Comparison of heave plots between the different mesh strategies.

Based on the this study, the mesh strategy C is chosen for all the further simulations
used in this project.

4.2 Irregular and fifth order Stokes waves

4.2.1 Simulation setup
In this section, the differences between the two wave-generation models which are
closest to the physical world are compared. An irregular wave models wind seas
with a wave spectrum, that is, the power spectral density function of the vertical
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sea surface displacement. In this case the Pierson-Moskowitz spectrum is used. This
spectra describe wind sea conditions that often occur for the most severe sea states
[10]. Now for the irregular waves, the significant wave height (Hs) is mentioned
as 1.75 m and the peak wave period as 5 s. The significant wave height definition
differs from the wave height definition in the fifth order Stokes wave model, in that
it is the average height of the highest one-third waves [10].

4.2.2 Results
In Figure 4.5 the irregular wave state at a physical time of 25 s is shown, this is
compared with the fifth order Stokes wave model heave motion shown in Figure
4.7. As it can be seen , the heave plot of the irregular wave model is very erratic
and this is understandable, since this model is particularly used for predicting and
simulating rough sea conditions [10]. This is in contrast with the fifth order Stokes
model, which has a very periodic and uniform sine wave, in the heave motion plot
shown in Figure 4.7. Further talking about the heave amplitude, it is observed that
the fifth order Stokes model has a more uniform heave amplitude of around 2 m at
the wave crest, in contrast to the irregular wave model. The irregular wave model
has erratic heave amplitudes ranging from 1-2 m at the wave crest. Further, the wave
periods observed for a simulation time of 25 s is not uniform for the irregular waves
and is more periodic and uniform for the fifth order Stokes wave. Therefore, for all
simulation settings used further in this project, the wave propagation model used is
the fifth order Stokes wave model, since the focus of the study is the performance
of NoviOcean 500 in regular sea-conditions.

Figure 4.4: Water surface for Irregular waves at simulation time, t=25 s.

4.3 Wavelength and wave period

4.3.1 Simulation setup
The Figure 4.8 shows the co-relation between significant wave height (Hs)(along the
vertical axis) and the corresponding wavelength (along the horizontal axis). This is
called a scatter plot or graph, which using the Cartesian coordinates displays the
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4. Results and Discussion

Figure 4.5: Heave plot for Irregular waves at simulation time, t=25 s.

Figure 4.6: Water surface for fifth order Stokes wave at simulation time, t=25 s.

values for two variables for a set of data, which in this case is from one of the test
sites of NoviOcean 500. The corresponding value in the table signifies the index for
power generation capability for various co-relations and as it can be seen that for a
Hs = 1.75 m and wavelength of 7.5 m, that the index is maximum, meaning these
conditions are now used as parameters for the simulation setup. Since, the WEC’s
are not too far from the shore, the water depth is in the range of 50-60 m. And for
these simulations, water depth is taken as 50 m and the wave height is 1.75 m as
deduced from the scatter plot data.
The Table 4.3 shows the difference in wavelength and wave period for two cases,
which will be discussed under this section. In case 1, the wavelength (λ) is specified
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Figure 4.7: Heave plot for fifth order Stokes wave at simulation time, t=25 s.

Figure 4.8: Wave scatter data, source: Novige AB.

based on the scatter diagram as 7.5 m. Since, STAR-CCM+ allows the wave char-
acteristics to be based upon the definition of only one parameter, which is either
wavelength specification or wave period specification. So, when the wavelength was
specified the wave period is calculated by default. The below equations define the
calculation methodology used in STAR-CCM+.
The wave period T is defined as:

T = 2π

ω
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where ω is the wave frequency The wavelength (λ) is defined as:

λ = 2π

K

where K is the magnitude of wave vector[10]

Table 4.3: Wavelength and wave period

Case Water depth
(m)

Wavelength
(m)

Wave period
(s)

1 50 7.5 1.68s
2 88.02 7.5

4.3.2 Results
Based on the discussion in the previous section of the chapter, it can be understood
that the wave period is calculated by default when the wavelength is specified and
vice-versa. For case 1 as in Table 4.3, with wavelength of 7.5 m, the time-period of
1.68 s calculated by STAR-CCM+ is too small and non-physical. This means the
WEC does not effectively interact with the heave motion of the waves, as can be
seen from the heave plot for this case in Figure 4.9. Since the waves are too quick to
interact with the WEC, before the WEC moves with the crest of the wave, the heave
motion of the WEC is relatively flat throughout the physical time of simulation.

Figure 4.9: Heave plot diagram for case 1 at simulation time t=25 s, see Table
4.3.

So, a wave period close to 5-9 s which is desirable since it is more physical in nature
is chosen for case 2. The wave period is then set at 7.5 s, which is the time between
two successive crests or troughs to interact with the WEC. And the wavelength,

21
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though not physical is calculated by STAR-CCM+ to be 88.02 m as seen from
Table 4.3. When the results are seen and compared with case 1, the case 2 results
are more realistic and close to the expected result, with more periodic heave motions
resembling the crests and troughs of the waves.

Figure 4.10: Heave plot diagram for case 2 at simulation time t=25 s, see Table
4.3

4.4 Coupling models

4.4.1 Without coupling and with coupling
In this section, the results with damping force applied and without damping are
compared. As it can be seen from Figure 4.12 the difference is that only 1 DOF
motion is enabled for the without coupling simulation setup and for the linear spring
simulation, all 6 DOF’s is enabled. This is in contrast to Figure 4.14 where the linear
spring coupling is enabled and hence a damping force is being applied on the WEC.
The difference can be seen in the heave motion plots for both the cases, where the
case without coupling has higher heave motion values compared to the case with
coupling, which have slightly lower heave motion values. This is expected because
of the damping force applied on the WEC by the linear spring system.
The elastic and damping coefficients are defined as given in Table 4.4, for the linear
spring coupling system. The elastic and damping forces based on the coefficients
are summed up to give the force acting on the first end of the position vector and
the equal and opposite force is applied on the second end of the position vector.

f1(x) = keff (x − xo) + kdẋ

f2(x) = −f1(x)
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x is the scalar distance between the two end points, xo is the relaxation length of
the spring (at which elastic force vanishes), keff is the elastic coefficient, kd is the
damping coefficient, ẋ is the relative velocity between the two end points of the
system.

Figure 4.11: Water surface without damping force at simulation time, t=50 s.

Figure 4.12: Heave plot without damping force at simulation time, t=50 s.

Table 4.4: Without coupling and with coupling simulation parameters

Case Wave period
(s)

Elastic coefficient
(N/m)

Damping coefficient
(N/s-m)

Without coupling 5 0 0
With coupling 75,000 75,000
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Figure 4.13: Water surface with damping force applied at simulation time, t=50
s.

Figure 4.14: Heave plot with damping force applied at simulation time, t=50 s.

4.4.2 Linear spring and Catenary coupling models
Under this section, the two-different coupling models which are most similar in
resemblance to the actual mooring lines are included in the simulation setup. First,
to begin with the mooring lines in NoviOcean 500 prototype can be seen in Figure
2.6 where they are coupled to the WEC close to the center and in the lower one-
third of the geometry. The physical principle of these systems are discussed in the
previous chapter 2.5 and can be referred to for deeper understanding.
The Figure 4.15 shows the layout of the linear spring damper and catenary coupling
systems. With one end of the system coupled to the mooring point is on the WEC
and the other end is defined in the environment. The major difference between the
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linear spring and catenary coupling models is in the heave motion characteristic.
For the linear spring model a smooth and uniform heave motion curve as seen in
Figure 4.14, whereas for the catenary coupling model at the crest of the wave, it can
be observed that there is a slightly erratic curve in Figure 4.17.

Figure 4.15: Coupling model layout, top view.

The Table 4.5 gives the simulation setup parameters for both the coupling models
used in this project. For the catenary system, the mass per unit length, which is the
’linear density’ was calculated by assuming a commonly used mooring line material
’polyester’ from among other options like polypropylene, polyethylene, polyamide
and aramid fibers. Polyester was chosen because of it’s high-resistance to UV, it
does not lose strength when wet and higher coefficient of friction . The diameter of
the mooring line is assumed to be 0.1 m, the density of polyester is approximately
1200 kg/m3, then the area is computed to be approximately 0.007 m2. This gives
the linear density of the material as approximately 8.4 kg/m, which has been used
in the simulation parameters. The relaxation length was assumed to be 5 m for both
simulation cases.

Table 4.5: Simulation setup for the different coupling models

Case
Elastic coefficient/

Stiffness
(N/m)

Damping coefficient
(N/s-m)

Mass per
unit length

(kg/m)
Linear spring system 75,000 75,000 NA

Catenary system 85,000 NA 8.4
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Figure 4.16: Water surface when catenary coupling model is used, at simulation
time, t=50 s.

Figure 4.17: Heave plot when catenary coupling model is used, at simulation time,
t=50 s.

Further, the mooring length variation during the wave propagation is shown in
Figures 4.18 and 4.19. The mooring length for both the catenary and linear spring
are set at the same length of 43.05 m, this is actually determined by the end position
points and not set manually. Further, the elongation plot shown in the below plots
corresponds to the coupling 1 (spring-damper 1), whose position is shown in Figure
4.15. The position of the catenary couplings is also in the same configuration as
shown in Figure 4.15. Since, the stiffness, damping coefficients and mass per unit
length parameters are the same, the elongation of only one coupling is shown here.
As it can be seen in Figures 4.18 and 4.19 the profile of the curves is very similar for
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both coupling models, the only difference is observed in the spring elongation length
for the catenary coupling which is larger than the linear spring coupling model. At
the highest peak, the linear spring has a elongation of 0.94 m compared to catenary
coupling which has 1.7 m, this is more than a 40% more increase in the elongation
when using the latter mentioned coupling model. This could be since the catenary
model as discussed in the previous Section 2.5, is a elastic catenary and is modeled
as a curve formed by a wire under no tension. This is very close to the physical
behaviour of the mooring lines coupled to a WEC.

Figure 4.18: Elongation plot of catenary coupling at simulation time, t=50 s.

Figure 4.19: Elongation plot of linear spring coupling at simulation time, t=50 s.

Also it is interesting to look at the coupling forces during the wave propagation, as
this helps understand better the type of mooring lines and failures, which can aid in
the real world testing of NoviOcean 500. The Figures 4.20 and 4.21 show the coupling
forces (Newton) acting on the system. Again as mentioned above, the coupling
1, whose position is shown in Figure 4.15 is used to make the comparison. The
maximum coupling force observed in Figure 4.21 is 1,731,190 N which is for the linear
spring and the maximum force observed at the same point for the catenary coupling
is 1,872,900 N, which is around 7.5% more than the linear spring model. These
values of coupling forces are very high and this is because of the small relaxation
length and the high stiffness value in the spring and catenary coupling. An high
stiffness value had to be used in the coupling to keep the WEC stable during the
wave propagation.
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Figure 4.20: Coupling forces, catenary coupling at simulation time, t=50 s.

Figure 4.21: Coupling forces, linear spring coupling at simulation time, t=50 s.

4.5 Catenary coupling model with bottom fixed

4.5.1 Simulation setup
In this final section of the results chapter, based on the conclusions drawn from
the previous sections, the simulation parameters are setup to simulate the actual
configuration of the WEC, shown in Figure 2.7 where the bottom of the hydraulic
cylinder is fixed to the sea-floor and this helps with latching with the incoming waves
and generating the lift force necessary. So a catenary coupling model is chosen for
this simulation, given the more closer resemblance with real mooring line behavior.
Further to arrest the motion of the bottom of the hydraulic cylinder, a spring damper
system is used which then depicts the damping force applied by a fixed constraint.
The same simulation setup parameters as used in Table 4.5 are used for both of the
coupling models.

4.5.2 Results
The Figure 4.23 shows the water surface and the heave motion plot for the sim-
ulation with the bottom fixed. This can be compared with the simulation results
of the catenary coupling model shown in Figure 4.17 with the curve characteristics
remaining the same, but the changes are observed in the amplitude of heave mo-
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tion, because of the damping when the bottom is fixed, we see that the maximum
amplitude is 1.237 m which is smaller in comparison to 1.81 m observed without
the bottom being damped. Also, the results can be said are more close to physical
conditions, since the amplitude of the heave motion is around 1.1-1.2 m as seen in
Figure 4.23, which is around 65-70% of the specified wave height of 1.75 m specified
in this case. This result is well agreeable with the physical tests in which the heave
amplitude corresponds to around 60% of wave height.

Figure 4.22: Water surface with bottom of cylinder fixed at simulation time, t=120
s.

Figure 4.23: Heave motion with bottom of cylinder fixed at simulation time, t=120
s.

The below velocity contours in the wave propagation direction are interesting to
discuss, because of how well they illustrate the working of the wave force damping
model at the pressure outlet. The region which is 2 times wavelength observed in
Figure 4.24 shows how in this region the flow velocity of the propagating wave is
arrested and there is no flow reversal, meaning the WEC is not affected by the effects
of wave reflection of the boundary. Also, as expected there is flow reversal in the
region immediately before and behind the WEC, as seen from Figure 4.25. Also this
shows that the kinetic energy 0.5 ∗ m ∗ v2 which is a function of velocity, is being
harnessed by the WEC effectively in these regions. The wave velocity is found to be
maximum at the regions which are the wave troughs, where the wave is accelerating
because of gravity.
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Figure 4.24: Velocity contour, side view.

Figure 4.25: Velocity contour, front view.
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5
Conclusions

In this thesis work, NoviOcean 500 was studied using the commercial CFD code
STAR-CCM+. The focus of this study has been to have a simulation setup that
can accurately analyze the various forces acting on the WEC, along with the moor-
ing forces in STAR-CCM+. The study has considered several relevant parameters
and simulation settings available in STAR-CCM+ and of importance to the project.
These include the various wave generation models, different wavelength, wave pe-
riods and different WEC coupling models for mooring lines. The results of these
various simulation cases have been discussed and were compared with each other to
work towards an simulation setup that can closely capture all the physical effects
accurately, which then in a later work can be compared with experimental and test
data of NoviOcean 500. It is found that the use of the fifth order Stokes wave model
gave results which corresponded well with the regular sea state. The irregular wave
model corresponded well with severe sea states, which can be useful to study the
survivability of NoviOcean 500 during storms and adverse weather conditions.
It is also proved that, the use of the wave period as wave generation parameter is
more accurate than using wavelength, since the wave periods are calculated to be
too small when using wavelength as a parameter. Further in the study, the difference
in heave motion amplitude with and without coupling models is shown. It can be
concluded that, the use of the coupling models dampen the heave amplitude to an
extent. Finally, the use of coupling models gave some results like the coupling forces
which were not physical and too high and this was concluded to be due to the small
relaxation length and high stiffness coefficient values.
Overall, the project provides a simulation model to effectively study and accurately
analyze the FSI effects acting on NoviOcean 500 using the commercial code STAR-
CCM+.
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6
Future work

A few questions which arose during this thesis work, that can be addressed in the
future work pertaining to the study of NoviOcean 500. These questions are listed
as below:

• The study of mooring forces. In this project, the mooring forces were studied
using the simplified systems of coupling available which use a linear theory to
resolve the coupling forces acting on the WEC. But the use of dedicated tools
like SESAM, which work on non-linear theory, can better help in resolving the
mooring forces.

• Since, the WEC’s are deployed on-site in a structured setup, similar to wind
farms, the effect of wake propagation and wave reflection effects in such a
setup, would help in understanding the potential of NoviOcean 500 better.

• Also including more physical parameters like wind speed and current speed
in the simulations and studying the change in behaviour of NoviOcean 500,
would help predict the performance under various weather conditions and in
different ocean currents.

Addressing these questions would further enhance the complete high-fidelity study
of NoviOcean 500, taking into account more simulation parameters.
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