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Surface gravity waves carry enormous amounts of energy over our oceans, and if their energy
could be harvested to generate electricity, it could make a significant contribution to the worlds
power demand. But the survivability of wave energy devices in harsh operating conditions
has proven challenging, and for wave energy to be a possibility, peak forces during storms
and extreme waves must be studied and the devices behaviour understood. Although the wave
power industry has benefited from research and development in traditional offshore industries,
there are important differences. Traditional offshore structures are designed to minimize power
absorption and to have small motion response, while wave power devices are designed to
maximize power absorption and to have a high motion response. This increase the difficulty
of the already challenging survivability issue. Further, nonlinear effects such as turbulence and
overtopping can not be neglected in harsh operating conditions. In contrast to traditional offshore
structures, it is also important to correctly account for the power take off system in a wave
energy converter (WEC), as it is strongly coupled to the devices behaviour.

The focus in this thesis is the wave loads and the peak forces that occur when a WEC with a
limited stroke length is operated in waves higher than the maximum stroke length. The studied
WEC is developed at Uppsala University, Sweden, and consists of a linear generator at the
seabed that is directly driven by a surface buoy. A fully nonlinear CFD model is developed in the
finite volume software OpenFOAM, and validated with physical wave tank experiments. It is
then used to study the motion and the forces on the WEC in extreme waves; high regular waves
and during tsunami events, and how the WECs behaviour is influenced by different generator
parameters, such as generator damping, friction and the length of the connection line. Further,
physical experiments are performed on full scale linear generators, measuring the total speed
dependent damping force that can be expected for different loads. The OpenFOAM model is
used to study how the measured generator behaviour affects the force in the connection line.
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- What did the ocean say to the buoy?

- Nothing, it just waved.
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Nomenclature

Afrac - The fraction of the stator overlapped by the translator
Fline [N] Force in the connection line

Frro [N] Force from the power take off system
Fenasiop  [N] Force from the endstops

Fem [N] Electromagnetic force

Frric [N] Frictional force

Xp [m] Position of the buoy

X; [m] Position of the translator

my, [kg] Mass of the buoy

ny [ke] Mass of the translator

S [m?] Wetted surface of the buoy

Vv [m3] Submerged volume of the buoy

p [kg/m®]  Density

P [Pa] Total pressure

Piyn [Pa] Dynamic pressure

P, [Pa] Air pressure at the free surface

Y [kNs/m]  Generator damping coefficient

fel [Hz] Electrical frequency

E; [V] Induced voltage

B [T] Magnetic flux density

1 [A] Current in the stator winding

l [m] length of a conductor

U [V] Voltage

L, [H] Generator inductance

R, [Q] Generator resistance

R, [Q] Resistance in external load

Rior [Q] Total resistance in the circuit

T [m] Pole width

P [W] Power absorbed from the waves to the buoy
Poax [W] Maximum power absorbed from the waves to the buoy
P, [W] Power of the incoming waves passing the buoy
Prech [W] Mechanical power exerted by the buoy

P, [W] Electrical power in the generator

Py [W] Power loss

Continues on next page
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[m/s]
[m/s]
[m/s]
[m3/s]
[N]

[m]
[m~']
[rad/s]
[m]
[m/s]
[W/m]
[s]
[m]

[Ns/m]
[N/m]
[N]
[m]

[m]
[m]
[m]

Fluid velocity

Mean component of fluid velocity

Fluctuating component of fluid velocity

Fluid viscosity

External force

Scalar velocity potential

Surface elevation

Wave number

Wave angular frequency

Wave amplitude

Wave phase speed

Power transported per meter of a wave front

Wave energy period

Significant wave height

Scalar field used to track the free surface

Radiation damping

Stiffness of hydrostatic restoring force

Excitation force from the waves

Position vector of the buoy

Distance between the buoy and the anchoring position
Unit vector pointing from the buoy position to the anchoring position
Free stoke length of the translator

Total stoke length of the translator

Heaviside function used to define the free stroke length
Heaviside function used to define the total stroke length
Heaviside function used to define when the translator stands on the
bottom of the translator



Abbreviations

PTO
WEC
RANS
owC
Nd-Fe-B
FEM
FVM
SPH
VOF
CYL
CWM

Power Take-Off

Wave Energy Converter
Reynolds-Averaged Navier Stokes
Oscillating Water Column
Neodymium-Iron-Boron

Finite Element Method

Finite Volume Method
Smoothed-Particle Hydrodynamics
Volume Of Fluid Method
Cylinder buoy

Cylinder buoy With Moonpool
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1. Introduction

Surface gravity waves carry enormous amounts of energy over our oceans,
and if the energy could be harvested to generate electricity, it could make a
significant contribution to the world’s power demand. Wave energy as a re-
source is renewable, energy dense, and more predictable than for example
wind power. However, the power in a storm is several magnitudes higher than
during normal operating conditions. For wave energy to be a possibility, peak
forces during storms and extreme waves must be studied, and the dynamical
behaviour in harsh operating conditions must be understood.

The first wave energy patent was filed already in 1799 by Gerard and Son
in France [1]. However, it was not until the oil crisis in the 1970s that funding
of research regarding wave power technology started to increase, and thereby
the development. Today, a wide range of technologies and concepts are being
developed, and a handful of concepts have been tested offshore [2, 3]. Ensur-
ing survivability offshore and still keeping a reasonable manufacturing cost
has proven challenging [4, 5], and no device has achieved economic viability
yet. Wave power research has initially focused on methods of power extrac-
tion and maximizing energy absorption, using potential linear flow theory, and
commonly assuming power take-off (PTO) systems to behave as linear springs
and damper systems [6]. A very high power extraction has proven possible in
theory; for specific operating conditions, even more energy than what is cov-
ered by the buoy area is possible to absorbe in resconance [7]. The wave
power industry has benefited from research and development in traditional
offshore industries, but there are important design differences. Traditional off-
shore structures are designed to minimize power absorption and to have small
motion response, while wave power devices are designed to maximize power
absorption and to have a high motion response. This increases the difficulty
of the already challenging survivability issue, and the high motion response
violates the linear assumption of small motion. Further, nonlinear effects such
as turbulence and overtopping can not be neglected. In contrast to traditional
offshore structures, it is also important to correctly account for the PTO damp-
ing in a wave energy converter (WEC), as it is strongly coupled to the WECs
behaviour.

In recent years, several fully nonlinear high-fidelity models have been devel-
oped for different wave power devices. However, the dynamics and forces
involved are highly dependent on the structure being modelled, and for each
unique wave power device a numerical model must be developed and verified.
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1.1 Thesis aim

The aim of this thesis is to study the survivability of the wave power concept
of Uppsala University, in harsh operating conditions and during tsunami wave
events. The WEC utilizes a linear generator on the seabed as PTO, which is
directly driven by a point-absorbing buoy at the surface. The linear genera-
tor has a limited stroke length, and when it is reached in high waves, a peak
force will occur when the translator inside the linear generator hits the upper
endstop. The focus of this thesis is to study the force of those endstop hits,
and parameters that influence the magnitude of the force. The dynamics of the
WEC in harsh operating conditions and during tsunami wave events are also
studied.

1.2 Thesis outline

The focus of this doctoral project has been to develop a numerical model in
which both the endstop hits and the behaviour of the WEC in harsh operating
conditions and in tsunami waves can be studied. A fully nonlinear numerical
model has been developed in the open source software OpenFOAM, and vali-
dated with physical wave tank experiments. The model has then been used to
study the motion and the forces on the WEC in extreme waves; high regular
waves and during tsunami events, and how the WEC behaviour is influenced
by different generator parameters, such as generator damping, friction and
length of the connection line. Since the forces and the motion of the WEC are
highly dependent on the generator behaviour, the generator damping of two
different full scale linear generators has been studied during onshore experi-
ments. The RANS-VOF model was then used to study the consequences of the
discrepancies between the experimentally measured generator behaviour and
an assumed linear behaviour. Two papers using linear theory have also been
included in this thesis, showing that linear theory is suitable during normal
operating conditions, when the endstop is not hit. This thesis is comprised of
two parts.

Part I: Background, aims to introduce the research subject and give a the-
oretical background and a brief literature review. Chapter 2 is an introduction
to wave power technology with a focus on the wave power device of Uppsala
University. Chapter 3 is a theoretical chapter, which provides the theoretical
background of fluid flow and numerical simulations of linear and nonlinear
aspects of fluid flows. This is followed by a section that considers the theo-
retical background of numerical modelling of wave energy converters. Last, a
literature study of numerical modelling of tsunami waves is provided.

Part II: Modelling of forces on a point-absorbing wave energy converter
is based on the papers included in this thesis. Chapter 4 describes the methods

14



used in this thesis. Section 4.1 describes the fully nonlinear Reynolds-Average
Navier Stokes (RANS) model that has been developed, and in section 4.2, the
experiments that were performed on two full scale WEC prototypes are de-
scribed. Chapter 5 describes and discusses the results of the papers included
in this thesis. Section 5.1 compares forces modelled with the RANS model
with experimental wave tank data, showing good agreement. In section 5.2,
the RANS model is used to study different aspects influencing the peak forces
in the connection line during high regular waves, such as buoy geometry, over-
topping waves, linear damping and friction. In section 5.3, the WEC surviv-
ability in tsunami waves is studied. Section 5.4 considers the nonlinear aspects
of the PTO-system, that were experimentally measured for the full scale pro-
totypes. The RANS model is used to study how the discrepancies between
the measured PTO behaviour and an assumed linear PTO system influence
the peak forces of a WEC. Chapter 6 provides discussion and conclusions. A
summary of the papers that this thesis is based on is found in chapter 7.
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Background






2. Wave power

2.1 Wave power

Wave power technology is not yet a mature industry, and there exist a large
number of different concepts. They are commonly divided into groups, in
reference [3] Falcao et al. described three groups:

Wave power technologies
I. Oscillating water columns (OWC); where the waves are pressurizing air
in a chamber and pressing it through an air turbine that drives a gener-
ator. An example of an on-shore OWC is the "Picoplant” [8], while the
"Backward Bent Duct Buoy" is a floating OWC [9].

II. Overtopping devices; where the waves are overtopping a reservoir, and
the water then flows back to the ocean trough a water turbine. The "Wave
Dragon" [10] is a floating overtopping device.

III. Oscillating body systems; where the motion of the waves are used to
oscillate rigid bodies. A power take off (PTO) system is needed to trans-
form the motion to power. Hydraulic PTO systems can be used, as well
as electrical generators.

The groups are commonly further categorized, for example in bottom mounted
or floating structures, semi-submerged or fully submerged structures, onshore,
near-shore or offshore structures. Oscillating body systems can be categorized
based on the their motion; heaving, pitching, surging, rotating etc. In reference
[11], oscillating body systems are categorized as:

Oscillating body systems
I. Attenuators; the device is floating parallel with the wave direction, per-
pendicular to the wave fronts. Examples are the "Pelamis" [12] and
"ANACONDA" [13] concepts.
II. Point-absorbers; where a PTO system is driven by a floating [14] or
submerged [15] buoy that is small in comparison to the wave length. As
a consequence of their small dimensions they are omnidirectional. They
will also have a resonance frequency where they possibly can absorb
even more energy than is passing the buoy [16].

III. Terminators; where the structure is aligned parallel to the wave front,
and theoretically can absorb all the wave energy and "terminating" the
wave. "Salter’s Duck" [17] is a famous example of a terminating wave
power concept.

This thesis is focused on the point-absorbing wave power concept developed
at Uppsala University, Sweden, which will be further described in section 2.2.
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2.2 The wave power concept of Uppsala University

At Uppsala University, Sweden, a wave power concept has been developed
since 2002 and several patents have been filed. The wave power device con-
sists of a linear generator placed at the seabed, that is directly driven by a semi-
submerged point-absorbing buoy at the sea surface connected with a steel line.
Inside the generator, a translator with permanent magnets are moving inside
a stator winding, generating electricity. The translator rolls on rubber coated
wheels to keep it centered. In 20006, the first prototype, referred to as L1, was
deployed and operated off-shore at the Lysekil test site at the west coast of
Sweden [18, 19, 20, 21]. Since then, several prototypes have been deployed,
both at the Lysekil test site and at the Hammarudda test site in the archipelago
at the east coast of Sweden.

The prototype L1 was operated both individualy [22, 23, 24, 25] and in a park
together with the prototypes L2 and L3 [26]. An underwater substation was
developed and used for the park operation [27, 28, 29]. For the L1, L2 and
L3 prototypes, retraction springs were used to pull the translator down in the
wave trough. For the newer models, gravity is the only retraction force, and
the mass of the translator has been increased to increase the retraction force
[30]. Other examples of product developement includes the electrical design
of the control system [31, 32, 33, 34] and a change of magnetic material of the
translator; the magnetic material in prototype L1 to L10 is Neodymium-Iron-
Boron (Nd-Fe-B), while ferrite is used for later prototypes [35].

2.2.1 Motion and forces on the WEC

The generator prototype L10 is seen in figure 2.1, together with a schematic
figure of how the translator moves inside the generator hull. As a consequence
of the linear machine, the translator motion is restrained by an upper and a
lower endstop, limiting the stroke length. Endstop springs are used to dampen
the motion before the endstop is hit, to decrease the peak force of an endstop
hit. If a wave peak is high enough to lift the translator to exceed the free
stroke length, as seen in figure 2.1 b), a peak force will occur when the end-
stop spring is hit. If the wave is high enough for the translator to reach the
total stoke length, the endstop spring is fully compressed and a second peak
force occurs. The magnitude of the peak forces depend on the motion of the
translator as well as the spring constant of the endstop spring and the elasticity
of the connection line.

The dynamic behaviour of the WEC when deployed offshore is described
by the equations of motion for the buoy and the translator respectively, Eq.
(2.1) and Eq. (2.2). The translator and buoy are connected by the line force
Fine, which drives the motion of the translator. When the connection line
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Figure 2.1. The linear generator is placed on the seabed. The translator is moving
inside the stator, and electricity is generated in the stator windings. a) The translator
in middle position. b) Free stroke length, translator does not compress the endstop
spring. c) Total stroke length, the endstop spring is fully compressed.

is stretched, the equations are coupled by Fj;,., and when the line is slack,
Fiine = 0. The buoy moves in six degrees of freedom, while the translator is
restrained to vertical movement.

mbx_b(t) = /dends__pgv(jb) +mb§_Flinea (2.1

m % (1) = Fiine — Fpro +m g + Fendstop: (22)

where ¥, and x; represent the position of the buoy and the translator. The buoy
mass and translator mass are described by mj, and m,. In Eq. (2.1), [ dendS_
and pgV (x) represent the hydrodynamic and the hydrostatic force, where V ()
is the submerged volume, p is the water density and Py, is the dynamical pres-
sure. The PTO force, Fprp, represents the damping of the generator. When
the translator hits the upper or lower endstop springs, endstop forces will be
added, F,,450p. A unique property of a linear generator is that the translator-
stator overlap can be partial, as can be seen in figure 2.1. In Eq. 2.2, this must
be compensated for by multiplying Fpro with a factor A;m o» Where A gy is
the fraction of the stator covered by the translator. In figure 2.1 (a), A = 1,
and in figure 2.1 (b) and (c), A s/ is less than 1.

21



A linear model of the force in the connection line was developed by Eriks-
son et al. [36, 37] which showed good agreement in the frequency domain
with an offshore experiment where a buoy was moored with linear springs.
Linear models are fast and show good agreement during normal operating con-
ditions, and are suitable for optimization and wave-to-wire modelling [38, 39,
40, 41, 42]. However, nonlinear effects such as overtopping and turbulence
must be considered in harsh operation conditions and extreme wave events,
such as storm surges and tsunami waves. The line force has been measured
offshore in both full scale, during normal operating conditions [19, 43], and
in scaled model tests with linear springs instead of a generator in more en-
ergetic sea states [44]. The forces in the inner framework of the generator
and the lateral forces have been measured offshore by Savin et al. [45, 46, 47],
and Gravrakmo compared a cylinder buoy and a torus shaped buoy [48]. How-
ever, although offshore experiments are necessary for proving a concept before
commercialization, it does not provide the controlled environment needed to
make a qualitative analysis of specific parameters. The peak force of endstop
hits are studied in a 1:20 scaled physical wave tank experiment by Géteman et
al. [49], where the PTO force was approximated as friction damping, and the
endstop forces were seen to decrease with increased friction damping.

2.2.2 Generator damping

The PTO system of a WEC is commonly characterized by a constant damping
factor 7, so that the PTO force is described as Fprp = yx, where X is the speed
of the moving parts of the system. In the Uppsala University WEC, X; is the
speed of the translator as it moves inside the stator in the generator. When the
connection line is tense, X; equals the speed of the buoy in the direction point-
ing towards the connection point at the generator. When the translator with
permanent magnets moves inside the stator, the stator windings are exposed to
a magnetic field B and there will be an electromagnetic damping force in the
generator. If the conductor has the length /, the Lorentz force is [50]:

FEM = (B X i)l (2.3)

It can be seen that Fgys, and consequently also Fprp, depends on generator
design parameters and the connected load. The mechanical power, force and
damping are directly connected as:

Fmech P
y= Lo - “med 2.4)
Xb Xp

where xj, is the speed of the buoy and P, is the mechanical power exerted
by the buoy, Pech = FiineXp. If assuming an ideal generator without losses and
that X, = xj,, then P,,..;, equals P,;, and the ideal damping and PTO force can
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Figure 2.2. One phase equivalent circuit model of the generator connected to an resis-
tive load.

be derived from the generated output power, P,; = IU, where U is the volt-
age output of the generator. It should be noted that the damping factor 7y is
constant if, and only if, P,; is proportional to x>. To find P,;, the generator is
often represented as a one phase circuit model, as the one presented in figure
2.1, where E; is the induced voltage, R, is the winding resistance, and L, the
generator inductance and R; is a resistive load connected to the generator. E;
increases linearly with translator speed, and if the circuit would be resistive
(no inductance), P,; would be proportional to x%. However, the inductance
will introduce a phase shift between voltage and current, affecting P,;. The
consequence is a speed dependence of ¥ unless the inductance is neglectable.

The PTO damping force of the circuit in figure 2.2, assuming resistive external
load, full stator overlap and a non salient linear generator, is [36]:

el P, el 3Ei (xl)2Rtot
Fpro=—=

Y B (Ry+ X(5)D) )

where the total resistance is R,,; = R, + R; and the reactance X = 27 ;L. The
electrical frequency of the generator, f,;, is related to the translator speed, x;,
and the pole width, 7, as: f,; = % This model includes copper losses, due
to the winding resistance Rg, but neglects iron losses and mechanical losses,
thus underestimates the connection line force needed to drive the generator. If
Eq. (2.5) is put into Eq. (2.4) to derive a value of 7, it is seen that 7 is speed
independent only if there is no reactance X. This means that the assumption
of a constant 7y is only a good approximation if the inductance, L, is low in

comparison with the total resistance, and for low speeds.

In order to study WEC behavior and to optimize power absorption, the PTO
damping of specific generators has been both modelled and measured. In [51],
a lumped circuit analysis, as described above, was used to find a speed depen-
dent PTO damping which was used to simulate WEC absorption. The absorp-
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tion for the L1 generator was simulated for 3 levels of external resistive loads;
2.2Q,4.9 Qand 10 Q, and compared with offshore experimental data. It was
seen that for the load cases of 4.9 Q and 10 €, the speed dependence was low
and 7y could be approximated as 45 kNs/m and 28 kNs/m respectively. For the
2.2 Q load, ¥ had a value of approximately 68 kNs/m for low speeds, but de-
creasing with increasing speed. The hydromechanical forces on the buoy were
calculated using linear potential wave theory, and good agreement was found
between the simulations and the experiments, and it was concluded that this
modelling could be used with good accuracy to design and optimize wave en-
ergy converters in normal operating conditions. The generator damping was
simulated and shown as a function of load and generator speed in [52, 53],
where Y for resistive external loads was compared with when the generator
was connected to a constant DC level. In [22], the output power of the same
generator, L1, was measured during offshore operation. In this paper, y was
assumed constant and was calculated from the measured voltage and translator
speed. v was calculated as 38.1 kNs/m, 25.6 kNs/m and 15.7 kNs/m for the
load cases of 2.2 Q, 4.9 Q and 10 Q respectively.

It should be noted that for the damping factor derived in [51, 52, 53, 22], both
frictional and iron losses were neglected, and that the damping experienced
by the WEC was thereby underestimated. As was concluded in [51], the gen-
erator damping as expressed in Eq. (2.4) give satisfactory results considering
absorbed energy during normal operating conditions. However, it is possi-
ble that the differences between FIS"ZTO and F;,’;f"gh will lead to non neglectable
differences for the survivability. A more realistic model of the PTO should in-
clude the losses. The total power absorbed from the wave can be summarized
as:

Prech = Py ++ PLOPPET 4 piron 4 pmech (2.6)

loss loss

. copper . iron
where the losses are separated into copper losses, P, ", iron losses, P27,

and mechanical, frictional, losses, Pl"ofs‘h Copper losses, which are due to in-
ternal resistance in the generator and/or cable, can be modelled in the same
way as the output power and thus added directly to P, in Eq. (2.6). P,; and
P°PP" are most often modelled as RI?, where R is the winding resistance,
and are thus load dependent. Iron losses can be further divided into hysteresis
losses, eddy current losses and excess losses. These can be estimated from
generator specifications or measured. They are often considered independent
of load, but are directly dependent on the electrical frequency, f,;, thus de-

pendent on the translator speed. The hysteresis losses are linear dependent

on f,, so that Pfggem o< x. The eddy current losses depend on fezl so that

. 2 .
o %2, and the excess losses depend on fj/ s0 that P&XCess oc 33/2,

eddycurrent
P loss

loss

24



Mechanical losses, mainly found in the mechanical piston lead-through and
in the guiding wheels on which the translator rolls, depend of the mechanical
design of the WEC. The lubricated friction in the piston lead-through can be
assumed to depend on the viscosity of the lubricant, which is speed dependent.
Pure rolling friction is low and independent of speed. However, since the rub-
ber coated wheels are pretensioned to ensure that the translator is centred, the
rubber is deformed and speed dependent visco-elastic friction losses should be
expected. The losses will also depend on the pretension.
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3. Theory

3.1 Fluid dynamics
3.1.1 Fluid flow

A definition of a fluid is written in [54] as:

Definition: A Newtonian fluid is a substance that may resist shearing (tan-
gential) stress no matter how small only by continuous motion.

This means that a fluid is a material that always deforms if shear stress is
applied. Fluids includes liquids, gases and plasmas. Plastic solids may also
to some extent be considered as fluids; if the considered time span is long
enough, plastic solids, for example glaciers, will flow. By describing the trans-
fer of mass and momentum, the behaviour of fluid flow can be understood.
This is described in the continuity equation, Eq. (3.1), and the equation of
motion, Eq. (3.2):

dp N

§+v-(pu)_0, (3.1
@+(-.V)-——1VP+VV2‘+lf (3.2)
gr TEE T el ‘

where i is the velocity vector, p is the fluid density, P is the pressure field, v
the fluid viscosity and f is external force. Incompressible flow is assumed in
this formulation.

Navier-Stokes equations, Eq. (3.1) and (3.2), was written down in the 19th
century, and has proven great engineering and scientific value. However, not
only is there no general analytical solution, but it has not even been proved
that smooth solutions always exist for three-dimensional systems of equations.
But Navier-Stokes equation can be solved numerically, and is then providing
a good description of fluid dynamics, considering both turbulence, viscosity
variations and surface tension. In the scientific field of computational fluid dy-
namics (CFD), time and space are discretised and Navier-Stokes equations are
solved numerically, and the accuracy will depend on the resolution of the dis-
cretisation as well as further assumptions. CFD modelling, further described
in section 3.2, provides a very useful tool with accurate results, but has a high
computational cost. Although CFD methods are necessary when nonlinear
effects can not be neglected, linear approximations are often valid, and for
example in wave power, linear potential flow theory is widely used.
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3.1.2 Linear potential flow theory

Linear potential flow theory is a common linearisation, that has proven to give
accurate results for point-absorbing wave energy devices during normal op-
erating conditions. Due to it’s low computational cost, it is well suited for
optimizing wave energy devices to specific sea states and for park simula-
tions, with many separate WECs in operation, as well as for wave-to-wire
approaches. For water, the viscosity V is low, and the viscous term in Eq. (3.2)
can be neglected except in regions of large velocity gradients and strong vortic-
ity. Further, if irrotational flow, V x @i = 0, and constant density are assumed,
the velocity i can be expressed as the gradient of a scalar velocity potential ®:

i= V. (3.3)

For an incompressible fluid, the velocity potential ®(x,y, z,) satisfies Laplace’s
equation:

V2P = 0. (3.4)

The Bernoulli’s equation, relating the velocity potential and the pressure in a
fluid, can be derived from Eq. (3.2) by assuming that gravity is the only exter-
nal force and integration with respect to the space variables:

P o0 1, .,
S i | v .
> =ET +5 VeI +C(0), (3.5)

where irrotational and inviscid flow are assumed. The arbitrary function C(r)
can usually be omitted. The term gz is hydrostatic, while the other terms de-
scribe the hydrodynamic contribution. If the pressure field is known, the force
F on a submerged or semi-submerged body can be derived from the velocity
potential by integrating over the total pressure P over the wetted surface S:

F= / PAdS. (3.6)

The air-water interface is important in hydromechanical simulations, and is
commonly called a "free surface". By assuming that the wave height is low in
comparrison with the wave length, a linearised boundary condition for & on
the free surface can be expressed as [55]:

2’d  IP 1 0P,

where P, is the air pressure at the free surface. If P, is approximated as con-
stant, a linearised theory describes the motion of the water and the surface,
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"Linear potential flow theory":

Ve =0, —h<z<0, (3.8)
az—q) + a—q) =0, z=0 3.9)
2 T8, T AT ’
0P
— =0, z=—h, (3.10)
on
where a no flow condition, Eq. (3.10), is made for the seabed, at z = —h. The

normal to any solid surface is n. For a time harmonic surface gravity wave
without atmospheric influence, the free surface 7 is described as:

n(x,y,t) = Re[Ae"*@)] (3.11)

where k is the wave number, ® is the angular frequency of the wave, A is the
amplitude and X = (x,y). For a time harmonic wave, with constant o, the time
t can be extracted [56], so that:

®(x,y,2,1) = Re[¢(x,y,2)e""]. (3.12)

The surface boundary condition of Eq. (3.9) can be further reduced as:

9¢

ga—z—a)2¢) =0. (3.13)

Further, a velocity potential ¢ that satisfy Eq. (3.4) and Eq. (3.10) can now be
found as:

¢ = Bcosh(k(z+h))e™, (3.14)

where the free surface condition gives B:

igA 1

; J. i —
@ cosh(kh)

(3.15)

The total velocity potential in linear potential flow theory is then written as:

_igAcosh(k(z+h))

0= ®  cosh(kh) ¢ (3.16)

and since the fluid velocity is the gradient of ¢, Eq. (3.3), the components of
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the velocity field of the water is described by:

_ gkAcosh(k(z+h)) .

3.17

*= "0 cosh(kh) “o e
vy =0, (3.18)

 —igkA Slnh(k(z+h))eikx_ (3.19)

S cosh(kh)

As can be seen from Eq. (3.17)-(3.19), the water particles will have an elliptic
motion, and the radii of the ellipses will decrease with an increasing depth.

A dispersion relation describes the relation between the wave frequency @
and the wave number k, can be derived from Eq. (3.9) as:

®* = gktanh(kh) (3.20)

for surface gravity waves. Dispersion can be understood as that the propa-
gation speed of waves depends on their wave lengths. Further, the following
deep water approximation can be made if kh > 1:

0 =/gk, kh>> 1. (3.21)

If instead kh < 1, a shallow water approximation can be made:

= k\/gh, kh< 1. (3.22)

The phase speed C of a wave is:

o % - /%tanh kh. (3.23)

For deep and shallow water, C can be approximated as:

C= \/5 kh>1 (3.24)
C=+/gh, kh<1. (3.25)

As seen in Eq. (3.24) and (3.25), at deep water, longer waves travel faster than
shorter wave. But for shallow water, the speed is proportional to depth instead
of wave length.
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3.1.3 Energy flow

The total energy transport by a wave, J, is a sum of the potential and kinetic
energy, and can be derived as [57]:

2
pg 2
=—1TrH 2
J 647 Ellg, (3 6)

where Tg is the energy period and Hy is the significant wave height, defined
as the mean wave height of the highest third of the waves. The power J trans-
ported per meter wave front has the dimension W/m. As can be seen in Eq.
(3.17) - (3.19), the wave induced motion of the water decrease with increased
depth. Naturally, so does the energy. Depth variation of the energy transport
surface gravity waves has been described in [58].

3.2 Computational fluid dynamics

In traditional offshore engineering, CFD methods can be used when nonlin-
ear and highly nonlinear flows are present, such as in highly energetic sea
states and extreme waves. Within the field of wave power technology, WECs
are designed to maximize power absorption, and in contrast to traditional off-
shore engineering, the bodies are normally designed to have as large motion
and motion response as possible, instead of a small motion response. As a
consequence, nonlinear effects can be important for operation during normal
operation conditions as well as for survivability in highly energetic sea states
[59]. Different CFD methods includes (but are not limited to):

CFD methods

I. Mesh-based Navier-Stokes solvers; where the fully nonlinear Navier-
Stokes equations are solved. The finite element method (FEM) or the
finite volume method (FVM) are commonly used for the numerical solu-
tions. These methods have a high computational cost but proven to have
a high accuracy and are considered as high fidelity models. COMSOL
Multiphysics [60] is a common FEM software, while ANSYS Fluent
[61] and OpenFOAM [62] uses FVM.

II. Smoothed-particle hydrodynamics (SPH); a mesh free method where the
Navier Stokes equations are solved in a domain discretized with an array
of particles. High accuracy requires a very large number of particles
and very high computational cost. Improvements have however been
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achieved in recent years, and with constantly increasing computational
power, SPH methods are promising for the future.
In this thesis, mainly the open source software OpenFOAM has been used,
where the fully nonlinear Navier Stokes equations are solved with FVM.

3.2.1 Modelling of surface gravity waves with the finite volume
method

In FVM, the domain is discretised using control volumes, the desired variable
located in the centre of each element. The differential form of the governing
equations are then integrated over each control volume. To find the variation of
the variable between the control volumes, interpolation profiles are assumed.
In FVM, conservation of mass, momentum and energy is guaranteed.

For turbulent flows, the Reynolds decomposition of the fluid velocity can be
used [63]. The fluid velocity i is decomposed into a mean flow component
U and fluctuating component i7’; ii(x,¢) = U(x) + i’ (¥,¢). The Navier Stokes
equations can then be written as the time average Reynolds Average Navier
Stokes (RANS) equation:

an+UanUi _ -_lap azl__/,' 8u§u;

ot ax‘j P 8)2,-

u&x'jax'j axj

3.27)

In Eq. (3.27), the fluctuating, turbulent, component i7’, is separated into the
last term of the equation. In order to create a closed system of equations, this
turbulent last term can be modelled with a turbulence model. Two of the most
common turbulence models are the Kk — € model and the Kk — @ model, where
K refers to the turbulent kinetic energy, € refers to dissipation of turbulence
kinetic energy and @ to the turbulence frequency.

The presence of the water surface, the interface between the fluid air and the
fluid water, can be handled with an interface capturing method. The volume
of fluid (VOF) method is a method where a scalar field « is used to track the
free surface. In each cell, & describes if the cell contains only air, & = 0, only
water, o = 1, or a mixture. The fluid properties are expressed as:

D = o Dygrer + (1 - a)q)air (328)

where ® is a fluid property such as u or p.
The incident wave is implemented as a velocity field and surface elevation at
an inlet boundary. Relaxation zones can be used to remove reflected or inter-

nally generated wave components adjacent to vertical boundaries [64], where

31



the solution of velocity, v., and surface elevation, tracked by o are blended
with target solutions, v;, o;

Ve = vew(X) +u (1 —w(X)), (3.29)
e = 0ew(®) + 05 (1 — w(F)), (3.30)

where w(X) € [0, 1] is a spatially distributed weighting function.

3.3 Numerical modelling of point absorbing wave
energy converters

This section aims to provide a brief literature review of the field of numeri-
cal modelling of point-absorbing wave energy converters. Section 3.3 consists
of two subsections, the first considering linear aspects, power absorption and
optimization, and in the second subsection, fully nonlinear methods are con-
sidered. This thesis focus on wave energy converters in extreme waves. In
this thesis, extreme waves are defined as waves that are higher than normally
expected at the site. An extreme wave can, for example, be a storm surge or a
rogue wave, such as the Draupner wave [65], or a tsunami wave. Storm surges
and rogue waves are normally deep water waves, their wave lengths are short
in comparison with the water depth, while a tsunami wave has a very long
wave length and can be considered as a shallow water wave. Section 3.4 in
this chapter considers the numerical modelling of tsunami waves.

3.3.1 Linear aspects

During the 1970s, power absorption of point-absorbing WECs was studied by
analytical methods, focusing on maximum efficiency [66]. A linearised equa-
tion of motion for a general point-absorbing wave energy device moving in
heave can be expressed as [16, 67]

(m+ma)i+ Rz + Kz = Fpro + Fo, (3.31)

where m is the mass of the device and m, is the hydrodynamic coefficient
added mass, z is the vertical coordinate, R, is the radiation damping, K is
stiffness of hydrostatic restoring force, Fprp is the vertical component of the
force from the PTO. The excitation force from the waves is F,. In Eq. (3.31),
the force from the water acting on the device has been decomposed into the
hydrodynamic coefficients m,, R, and F,,. The hydrodynamical coefficients
can be solved analytically for simple geometries using linearised approaches
[68, 69, 70,71, 72] or approximate analytical methods [73]. For more complex
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geometries, or for studies including nonlinear effects, numerical methods can
be used to find hydrodynamical parameters. The boundary equation method
(BEM) code WAMIT [74] uses a weakly nonlinear approach to solve for the
hydrodynamical parameters in the frequency domain. BEM can also be used
with fully nonlinear boundary conditions [75, 76]. By expressing the hydrody-
namical parameters as functions of frequency of a monochrome incident wave,
it can bee seen that a point-absorbing wave energy device will have a very high
energy absorption for it’s resonance frequency. In the 1970s, Mei [77], Evans
[78] and Newman [79] presented similar reasoning considering the maximum
power absorption for a wave energy device moving in one and two degrees
of freedom. The floating body’s displacement was denoted z = Re(zge ')
and the excitation force F,, = Re(F,ce '®"). The hydrodynamic reaction on
the body due to the movement of the body itself was denoted —m, % — R,z, and
that the PTO force was Fpro = —mproZ — ¥z. By letting m;, be the sum of
the added mass, the buoy mass and mass of the moving part of the PTO sys-
tem, my,; = m+ my, + mpro, the equation of motion in the frequency domain
is expressed as:

Moz + (RyY)2+ Kz = Re(Foxe '), (3.32)

where K denotes the static restoring force. The power extracted from the buoy
to the generator, P, = }/z’Z, then becomes:

l ?’w2|Fex‘2
2 (K—mw?)?— (R, +7)*0*

Paps = YZZ = (3.33)

From Eq. (3.33), two design criteria were found for maximum absorption;
load control: Y= R,, that the extracted energy must correspond to the radiation
damping, and phase control: K — (m+mpro)®*> = m,®?, that the buoy must
be kept in resonance [77]. If those criteria hold, the maximum absorption for
a device moving in one degree of freedom will be:

‘Fex|2

. 3.34
SR, (3.34)

P max —

Since R, and F,, are known, they can be inserted into Eq. (3.34) to find that
Poax = %PW, where P,, is the power of the incoming waves passing the buoy. It
was also shown that for a device moving in two uncoupled degrees of freedom,
Pyax = Py, all power is extracted. It should be noted that this result is only
valid for a device in resonance and with the generator damping matching the
radiation damping. To control the phase and load of the optimum device,
the future wave must be known. Additionally, an upper limit based on the
submerged volume of the device, V, was presented by Budal and Falnes [80]
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for harmonic waves, and is commonly refereed to as Budal’s upper bound:

nphH
4T

Py, <Pg=V (3.35)
where H is the wave height and T the energy period of the wave. In real ap-
plications, the absorbed power will be substantially less than both those upper
limits [57]. It should also be noted that absorbed power refers to energy ab-
sorbed from the wave by the buoy, which was denoted P, in section, 2.2.2,
and that the power converted to useful energy, for example electricity, will be
less: Py < Puech-

The equation of motion in Eq. (3.32) can be used as a very fast tool for op-
timization if the PTO force is linear. A time-domain problem can be Fourier
transformed and solved in the frequency domain, and then inverse Fourier
transformed back to the time domain [81, 82]. If the PTO is discontinuous or
nonlinear, time-domain modelling is necessary. A method developed by Cum-
mins [83], originally for the ship industry, was adapted to the wave energy
industry, and the time-domain equation of motion was expressed as [84]:

(m—l—ma —|— /L t— T dT = ( )"’FPTOa (3.36)

where L is the inverse Fourier transform of the impulse response function of
the radiation damping:

=I\N

2
R,
/ (@) sin(@r)do (3.37)
5 Q)

This coupled time-dependent system can also be solved numerically, using a
simulation software such as Simulink.

3.3.2 Fully nonlinear modelling approaches

The linear modelling presented in section 3.3.1 provides fast prediction of
power absorption, with acceptable agreement during normal operating con-
ditions. However, viscous effects, turbulence, breaking waves and overtop-
ping are effects that can not be neglected during the full life span of a wave
energy device. In recent times, CFD methods for wave energy applications
has become a rapidly growing area [63]. Much of the development has been
performed in the open source software OpenFOAM. RANS-VOF methods,
described in section 3.2, have proven accurate even for overturning highly
nonlinear flow behaviour of WECs in extreme waves [85]. RANS-VOF can
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be used both to identify hydrodynamical parameters or full state dynamics
of floating bodies [86, 87], or to model a complete WEC system during an
extreme wave event. Several CFD models of WECs have been experimen-
tally verified; in reference [88] the motion of a flap type WEC modelled in
OpenFOAM shows good agreement with experiment; in [89], a 2-body point-
absorber is modelled in heave motion; in [90] and [91] a point-absorbing WEC
with linear-elastic mooring, moving in six degrees of freedom, is modelled
showing good agreement with wave tank experiments, and; in reference [92],
another point-absorber was modelled both fixed and freely floating. The sur-
vivability of the Uppsala University WEC is numerically studied in [93], using
a RANS-VOF model verified with experimental data reprinted from [49].

3.4 Modelling of tsunami waves

Tsunami waves refer to surface gravity waves that are caused by large pertur-
bations in the ocean, such as earthquakes, submarine landslides, explosions
etc. [94]. Typically in the open ocean, a tsunami has a very long wave length,
and can be considered a shallow water wave, propagating with a high speed
for long distances. As was seen in Eq. (3.25), the deep water wave speed is
related to the depth as \/gh, so that for an ocean depth of 4 = 4000 m, the
tsunami would propagate with a speed of 200 m/s [95]. In the open sea, the
amplitude of a tsunami is low, but when it propagates to shallower waters,
the wave length decreases and the amplitude increases. Although a tsunami
wave in deep sea can be simulated using linear shallow water theory [96], the
wave dynamics of a tsunami running up a continental shelf is very complex,
and different phenomena may occur, depending on the width and profile of
the shelf, the topography of the coast, incident angle of the tsunami and other
factors. The tsunami can come in as a fast rising tide with several times the
magnitude of a normal tide. It can form a hydraulic jump, a steep wall of water
approaching with a speed of several tens of kilometres per hour. It can also
form a single or a series of several large breaking waves. The Nihonkai-Chube
tsunami, 1983, hit the coast of Japan during mid day, and there were numerous
witnesses, photographs and recorded films to study the near-shore behaviour
of the tsunami. In [97], a survey was performed presenting near-shore proper-
ties of the tsunami. The diagram composed by N. Shuto and reprinted in figure
3.4 shows a large variation in the tsunami behaviour near-shore. In the survey,
short-period wave components of about 10 s were confirmed, which evolved
to form cnoidal bores, breaking bores, plunging or spilling breakers, standing
waves etc. It was pointed out that shallow water theory can not numerically
reproduce these wave profiles, and for the Nihonkai-Chube tsunami, N. Shuto
concluded that dispersion effects could not be neglected for depths shallower
than 50 m.
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Figure 3.1. Varied near-shore tsunami wave behaviour of the Nihonkai-Chube
tsunami, 1985. Reprinted from [97]. Text and box edges have been enhanced to
improve readability.
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In recent years, numerical simulations using RANS-VOF have been used more
frequently to simulate forces from near-shore tsunamis [98, 99]. In a case
study by Bricker and Nakayama, OpenFOAM was used to simulate the failure
of the Utatsu Highway bridge during the Great East Japan Tsunami in 2011
[100]. The tsunami was recorded on video which showed that it behaved like a
fast rising tide, with the surface rising about 1 m/min and a flow speed of about
3 m/s. Both the drag and the lifting force and the overturning momentum was
seen to increase slowly, on a time scale of about 10 min, as the inundation in-
creased, until the bridge failed during deep submergence. In [101], the forces
on a bridge as it was impacted by a bore type tsunami was simulated with
OpenFOAM. The simulations showed good agreement with scaled wavetank
experiments for both the initial impacting force and the remaining force as
the bridge got submerged. Numerical simulations of tsunami waves are often
done as solitary waves or dam-break approximations [102, 103]. OpenFOAM
was used in [102] to study bore profiles, flow velocities, pressure, run-up and
forces on coastal structures from a dam-break tsunami approximation. Dry bed
and wet bed conditions were compared, showing non-neglectable differences.
The survivability of an oscillating wave surge converter struck by tsunami was
studied in [104]. Linear shallow water theory was used and it was seen that the
pressure jump across the plate from a tsunami with an amplitude of 4 m and
period of 10 min was significantly smaller than typical swells during normal
operating conditions. The authors do however also point out that nonlinear
effects can not be neglected at the current depth of 10 m, and that the linear
theory underestimates the force significantly.
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Part II:
Modelling of forces on a point-absorbing wave
energy converter






4. Methodology

In this thesis, the survivability of a WEC in harsh operating conditions and
in tsunami waves has been studied. A fully nonlinear RANS-VOF numerical
model has been developed and verified with physical wave tank experiments.
It has then been used to study motion and forces on the WEC in extreme
waves; high regular waves and during tsunami events, and how the WEC
behaviour is influenced by different generator parameters, such as generator
damping, friction and length of the connection line.

Since the forces and the motion of the WEC are highly dependent on the
generator behaviour, the generator damping of two different full scale linear
generators has been studied during onshore experiments. The RANS-VOF
model was then used to study the consequences of the discrepancies between
the experimentally measured generator behaviour and an assumed linear be-
haviour.

The RANS-VOF model is described in section 4.1 and the experiments on
the full scale generators are described in section 4.2.

4.1 The numerical model

The fully nonlinear model has been developed in the open-source software
OpenFOAM v2.4.0. The Scotch method has been used to decompose the sim-
ulation jobs which were then run on Xeon E5-2630 V4 processors running at
2.2 GHz.

4.1.1 Governing equations

The Reynolds Averaged Navier-Stokes equations are closed with an RNG k —
€ turbulence model. The two-phase Navier-Stokes solver interDyMFoam is
used, where the equations for the air and the water are written assuming a
single fluid mixture:

V.i=0, @.1)

d _
(P +V - (pi—)) = ~Vp-+V -5+, “2)

where i is the fluid velocity and i, is the grid velocity, p is the mixture den-
sity and p is the pressure. S = 2uD is the viscous stress tensor where  is the
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mixture viscosity, D is the strain tensor and f; is the force from a rigid body.
The volume of fluid (VOF) method is using a scalar field o to track the two
fluids and the surface boundary, oc = 1 denotes water and & = O denotes air,
and values in between are a mixture. The transport equation for « is:

da o
WJrV(Oc(vag). (4.3)

4.1.2 Fluid-rigid body interaction

The buoy of the WEC is modelled as a floating rigid body in a numerical wave
tank, moving in six degrees of freedom, moored to a fixed position; either at
the seabed or at the top of a generator hull. The linear generator is modelled
as a restraining force in the mooring line, Fj;,.7 (see figure 4.1 a). The vector
7 = r7 is the vector pointing from the buoy position to the anchoring position.
The native OpenFOAM solver sixDoFRigidBodyMotion integrates the pres-
sure force pri and the shear force vector 7 acting on the buoys surface S to find
the resulting force and force moment acting on the buoy:

F = [[(pi+ 0)dS + Finef, 44)
S

= { [ 2% ((pi-+ ), (4.5)

where 7., denotes the vector from the centre of mass to the centre of each sur-
face panel. The mesh deforms with the motion of the buoy.

The restraining force from the generator is described as a function, calcu-
lated in each time iteration. It is a sum of the gravity force on the translator
Fu,g = mg, the electromagnetic damping in the generator, Fpro, frictional
loss, Fyric and endstop forces when the stroke length is exceeded. Fpro and
Fyric are directed in the opposite direction of the translator movement. As seen
in figure 4.1 b), the translator-stator overlap is not full during the whole stroke
length, and Fprp must be multiplied with A;}m » where the factor A s, is the
fraction of the translator-stator overlap and the stator area, and c is a factor.
When the translator hits the upper endstop spring, a restraining endstop spring

force is added; Fy = Ky(r — rpesr — lj,ffe .)» Where 7, is the length of r at still

water and the translator stands in the middle position. l;fe . 1s the free stroke
length, seen in figure 4.1 b). If the endstop spring gets fully compressed, a sec-
ond endstop force is added, corresponding to the elasticity of the connection
line; Fondsiop = Kiine(r — Frest — Lyh ), Where [0 is the total stroke length,
seen in figure 4.1 b). The Heaviside functions O and &, define when
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the endstop spring is hit and when it is fully compressed, and depends on the
length of the the vector 7 as:
L, r>rpeg+ 155 /0T

freel “total
0, otherwise. (4.6)

5free/5total = {
When the translator stands on the bottom of the WEC, the line is slack and
Fjine is set to zero using the Heaviside function d,,,,. The total restraining
force is described by:

Fline = 5d0wn(_mtg + FPTOA?raC - Kr:FFfric - Fsafree - Fendst()p(stotal)f‘
“.7)

If Fj;,e becomes a positive number, the line would slack and F;;,,, is set to zero.
Since the translator position is derived from the length of 7, the position is not
known when the line slacks.
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Figure 4.1. (a) The WEC is modelled as a floating buoy, restrained by a force in the
connection line. The force is directed along a vector pointing at the fixed anchoring
position. (b) The generator has a limited stroke length. It can also be seen that the
translator-stator overlap is not full during the whole stroke length.

4.1.3 The numerical wave tank

The simulation domain, seen in figure 4.2 is 300 m long, 100 m high and
has a width of 60 m. This is the domain used in paper I, II and III, and the
water depth is 50 m. In paper IV, V, VI and VIII, the water depth was 26
m to resemble the conditions at the Lysekil test site. In these papers, the
domain height was 75 m. According to the mesh resolution study performed
and presented in paper IV, each background mesh element had a side length
of 2.5 m, which was refined to 0.625 m in a 25 m high box around the water
surface. In the vicinity of the buoy, each mesh element was further refined
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to 0.078 m. Two different buoy geometries have been modelled; a cylinder
buoy, seen in figure 4.3 (a), and a cylinder with a moonpool, seen in figure 4.3
(b). The buoys have the same height, volume and cross sectional area. They
were chosen to resemble the 1:20 scaled buoys used in the physical wave tank
experiments presented in [49], which was also the physical experimental data
that was used in paper I to validate the model. However, all the simulations
are run in full scale in this thesis for engineering usability.
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Figure 4.2. (a) A 2D section view of the simulation domain seen from the side. A
cylindrical buoy with a moonpool is seen here. (b) A 2D section view of the simulation
domain seen from the top.

Figure 4.3. (a) The modelled cylindrical buoy. (b) The cylindrical buoy with a moon-
pool.
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4.1.4 Incident waves

The incident waves are implemented using the OpenFOAM library waves2foam
[64], in which the fluid velocity, the surface elevation, and the surface normal
pressure gradient are defined as algebraic expressions at the inlet boundary,
and relaxation zones are used to eliminate reflections. In this thesis, both
regular waves and regular waves with an embedded extreme wave have been
modelled, and compared to three kinds of tsunami wave simulations.

Stokes Sth waves

The Stokes wave generator of the waves2foam library was used to generate
5th ordered waves to implement the regular waves. In paper I and I, an event
with an extreme wave embedded in regular waves was modelled in a physical
wave tank. Frequency analysis of the measured surface elevation was per-
formed, and the four most significant wave components were superimposed to
reproduce the wave profile.

Tsunami wave I: Solitary wave
The first order solitary wave of waves2foam is simulated where the equation
for the surface elevation of a wave propagating in the x-direction is:

n(x.) = Hsech(y /%(Ct—x)), “38)

where H is the wave height and the wave celerity is C = \/g(H +h). This
simulation strategy was used in paper I'V.

Tsunami wave II: High speed incident current

A tsunami wave profile with high velocity in the whole water column was sim-
ulated by setting a constant inlet velocity at the inlet boundary in a wavetank
with no initial water velocity. As the simulation started, the incident water
flow forced the water to form a wave profile with one leading high wave, fol-
lowed by a second slightly lower wave. The wave theory "potential current"”
from the library waves2foam was used, where a constant inflow of 6.3 m/s
in the x-direction was set at the inlet boundary. This simulation strategy was
used in paper I'V.

Tsunami wave III: Dam-break approach

A dam-break simulation is a common approximation of a near shore or on
shore propagating tsunami [102, 105]. The simulation domain was elongated
to 600 m, and a water volume with a length of 400 m, a width of 60 m and a
height of 12 m was initially placed on top of a constant water surface. The wa-
ter volume was released when the simulation started. This simulation strategy
was used in paper IV, V and VI

45



4.2 Physical experiments

The WEC behaviour is highly dependent on the force in the connection line,
Fjine. Alarge part of Fj;;,, is the damping force from the generator, Fprp, which
is commonly assumed to behave like a linear damper, Fprp = yx. The damping
factor ¥ is commonly assumed to be constant, which, as discussed in section
2.2.2, is a good approximation if the inductance is low compared to the resis-
tance, and the translator speed is low. The expected F; IflTo can be approximated
from Eq. 2.5, but mechanical and electrical losses will be neglected. Onshore
testing of a full scale generator prototype is necessary to predict and analyse
its offshore behaviour. In this thesis, Fj;,, for two different full scale generator
prototypes has been experimentally measured at resistive load. The magnetic
material in the translator of the first measured generator was Nd-Fe-B, while
the magnetic material for the second measured generator was ferrite.

4.2.1 Experiment on a Nd-Fe-B generator

The Nd-Fe-B generator prototype, refereed to as "L10" in the Lysekil project,
is seen fully mounted in figure 4.4 (a). The Nd-Fe-B permanent magnets of
the translator, figure 4.4 (b), were surface mounted. In figure 4.4 (c), the sta-
tor is seen before the generator was assembled. Four rows of guiding wheels
on which the translator is rolling can be seen. The winding configuration is
described in [106]. The generator parameters and the experimental setup is
described in detail in paper VII.

The experiment was performed with the generator fully assembled. A Lieb-
herr mobile crane was used to lift the translator until the upper endstop spring
was hit, and then lowering it again, with the same speed. This was repeated
for a high and low lift speed, and for five resistive load cases. Care was taken

Figure 4.4. (a) The fully assembled linear generator. (b) The translator with surface
mounted Nd-Fe-B permanent magnets. (c¢) The stator is mounted on the inside of the
generator hull. Four rows on guiding wheels, light brown, are seen, on which the
translator rolls when the generator is assembled.
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to keep the speed constant to the greatest extent possible, considering that a
crane is an imprecise tool. A force sensor was connected between the trans-
lator and the crane, measuring Fj;,. for the total stroke length. The translator
motion was calculated from the generator output voltage, knowing that the
distance between two zero-crossings in the voltage signal corresponds to one
pole-width of the linear generator. In paper VII, the measured F;;,, and the de-
rived F;’;%h was plotted as a function of translator position for the full stroke
length, comparing the five load cases and the high and low speed. For the low
constant speed of 0.1 m/s, ¥ was derived and plotted as a function of stroke
length.

4.2.2 Experiment on a ferrite generator

In the experiment presented in paper VIII, the load and speed dependence of
the generator damping was studied for a Ferrite generator. Ferrite magnets
have weaker magnetic fields than Nd-Fe-B magnets, which is compensated
with more magnetic material. and the translator is built with buried magnets
instead of surface mounted. The argument for using ferrite instead of Nd-Fe-B
is economical [35], but it should be noticed that the ferrite translator is heavier
and that the generator inductance and saliency increase.

Figure 4.5. (a) The ferrite generator in front of the crane used in the experiment.
The generator hull was mounted on a concrete foundation during the experiment. (b)
The force sensor was attached between the translator and the crane. The translator is
standing on the lower enstop spring in this figure.

A 220t Liebherr crane was used to lift the translator while line force, position
and acceleration were measured, as well as voltage and current. This was re-
peated for twelve speeds and for each of the seven resistive load cases. Figure
4.5 (a) shows the crane and the ferrite generator, and in figure 4.5 (b), the force
sensor is seen mounted between the translator and the crane. The experiment
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was performed before the top structure of the generator hull was welded on
place, which allowed the translator to be lifted higher to study the decreasing
Fpro at partial translator-stator overlap. However, the mechanical loss in the
piston lead-through was thereby not included in the measurements.

In paper VIII, the measured Fﬁ}fg’ and Flngo were compared for translator
speeds up to 0.6 m/s, which was the highest speed that could be achieved with
the crane, considering the short distance available for acceleration. Corre-
sponding y(x) values were derived, and the RANS-VOF model presented in
section 4.1 was used to analyse the consequences of the difference between
FI’Z}?g’ and FlflTO for survivability of a WEC. This was also compared with a
case were the PTO was assumed to behave like a linear damper, Flﬁl}“g‘” = VX,
where 7y was set constant.

Measurements from this experiment was also analysed in paper IX, where
P,; was studied at partial translator-stator overlap.
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5. Results and discussion

This chapter is based on the results presented in the papers included in this
thesis, and it is comprised of four sections. In section 5.1, the RANS-VOF
model described in section 4.1 is validated with data from physical wave tank
experiments. In section 5.2, the RANS-VOF model is used to study different
aspects influencing the survivability of a point-absorbing WEC in harsh oper-
ating conditions. Section 5.3 considers WEC survivability in tsunami waves.
In section 5.1, 5.2 and 5.3, the PTO damping is modelled as a linear damper
and/or a constant friction, while in section 5.4, the consequences of a nonlinear
PTO system for the WEC behaviour are considered.

5.1 Validation of the RANS-VOF model

The RANS-VOF model built in OpenFOAM was validated in paper I, where
the force in the connection line and the buoy motion was compared with phys-
ical wave tank data, showing good agreement. The experiment is described in
detail in [49]. An extreme wave event, embedded in regular waves, was pro-
duced in the COAST Laboratory Ocean Basin at Plymouth University, UK.

a) |

Figure 5.1. (a) The 1:20 scale physical model of the PTO system and the two tested
buoys. (b) The buoy in the wave tank was attached to the PTO via a pulley system and
an 8 m long polymer line.
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The wave tank measured 35 m x 15.5 m and the water depth was set to 2.5
m. A 1:20 scale model of a WEC was built, seen in figure 5.1. The position
of the buoy was measured with an optical Qualisys system, consisting of five
cameras outside the basin and four infrared markers attached to the buoy. The
PTO was simplified as frictional damping, which was applied using adjustable
Teflon blocks that were pressing on either side of the translator.

5.1.1 Line force and peak line forces

The OpenFOAM model showed good agreement with the physical wave tank
results. In figure 5.2, the modelled force in the connection line is compared
with the measured force. An incident wave with a wave height of 5.7 m and
a period time of 10 s was modelled, and at r = 105 s, an extreme wave event
was embedded. The physical wave tank event was run for 500 s, while 150
flow seconds were simulated in the OpenFOAM model. Figure 5.2 shows the
result for the cylinder with moonpool, comparing no applied damping with
an applied friction of 59 kN (1:1 scale), and in figure 5.3, the peak line force
of each wave peak from figure 5.2 has been plotted as a function of wave
height of each corresponding wave peak. One challenge in numerical wave
tank modelling is to implement the same incident wave as in a physical wave
tank, or in the ocean. For validation studies, this can, to some extent, be com-
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Figure 5.2. The measured line force in the physical wave tank compared with the
OpenFOAM model. The cylinder with moonpool was used as a float. (a) No damping
was applied. (b) Frictional damping of 59 kN was applied.

50



400

Peak line force [kN]
S
o

% Physical experiment
O OpenFOAM model

* o
* O *
*

(e}

5 10
Wave height [m]

Peak line force [kN]

400

(]
o
o

n
o
o

o
o

% Physical experiment
O OpenFOAM model

(b)

*o

5 10 15
Wave height [m]

Figure 5.3. The peak forces of figure 5.2 plotted as function of wave height of corre-
sponding wave peak. (a) No damping was applied. (b) Frictional damping of 59 kN
was applied.

pensated for by plotting each peak line force as a function of corresponding
wave height, although it should be noted that a WEC response depends on load
history and structural dynamics as well as surface elevation [107]. In paper I,
this comparison was done for both buoy geometries. For the cylinder buoy, no
applied damping and 59 kN frictional damping were studied. For the cylin-
der with moonpool, four levels of damping were studied; no damping, 18 kN,
59 kN and 83 kN of applied frictional damping. Peak forces from the Open-
FOAM model were compared with both physical wave tank data and peak
forces modelled in a linear model and a RANS-VOF model built in ANSYS
Fluent. Good agreement was found between the physical wave tank data and
both RANS-VOF models. As can be seen in figure 5.3, the peak line forces of
the OpenFOAM model compared with the physical wave tank data show very
good agreement. In paper I, the physical experiments were also compared
with results from a linear model, were differences up to several hundred per-
cent could be seen. Further, it was also interesting to find that the linear model
did actually show acceptable agreement when no damping was applied, and
for the cylinder buoy, but that the model performance was poor when damping
was applied, or for the buoy geometry with the moonpool. It was concluded
that if a numerical model is intended to study the influence of a specific pa-
rameter, such as damping or buoy geometry, the model should be validated
with physical experiments including this parameter.

5.1.2 Mesh refinement

The OpenFOAM model was validated in paper I, and the same settings and
mesh were used in paper II and III. In paper IV - VI and VIII, the depth of the
numerical wave tank was set to 26 m, to resemble the depth at the Lysekil test
site. To ensure the validity of the new mesh, a new mesh resolution study was
performed and presented in paper IV, and is seen in figure 5.4. The deviation
of the line force from the result of the finest mesh is seen in figure 5.4 (b). It
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is clear that the line force converged, and it was assumed that the finer meshes
were fine enough. According to this, the mesh consisting of 1988 000 hexa-
hedral mesh elements, highlighted by a red marker in figure 5.4, was chosen.
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Figure 5.4. (a) The wave amplitude presented as a function of number of mesh el-
ements. (b) The deviation of line force from the line force of the finest mesh. The
magnitude of the line force is converging.

5.2 Connection line force of a WEC in high regular
waves

The peak force when the WEC exceeds its stroke length is the main focus in
this thesis, and different aspects influencing the endstop forces are studied in
paper I-VIIL

5.2.1 The influence of buoy geometry

In paper I-III, two buoy geometries were modelled, a cylinder and a cylin-
der with moonpool. In the physical wave tank experiment that was used for
model validation, described in section 5.1, the buoys had the same cross sec-
tional area, height and volume, but the cylinder with moonpool buoy had a
higher mass. In paper II, the line force was normalized with buoyancy to al-
low comparison. In the physical wave tank, two irregular wave sets based on
a JONSWAP spectrum were run to obtain the system’s response in realistic
operating conditions. The significant wave height for the two irregular waves
was 7.2 m and 7.4 m, the maximal wave height 12.9 m and 11.7 m, and the
energy period 13.4 s and 14.0 s, respectively. In figure 5.5, the Gaussian dis-
tribution of the normalized line force for the two buoys in irregular waves is
presented. It is seen that the cylinder buoy has a higher risk for higher peak
forces, but there is a large spread among the force measurements.

In paper III, the validated RANS-VOF model was used to model the same
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Figure 5.5. Gaussian distribution of the peak forces in the physical wave tank ex-
periment. The cylinder buoy (CYL) is compared with the cylinder with moonpool
(CWM). The force is normalized with buoyancy.

two buoy geometries, using the same mass for both buoys. The buoys were
modelled in the same waves for three levels of PTO damping, and the average
peak force for each buoy was calculated and is presented in table 5.1. The
force difference between the buoys, also presented in table 5.1, was calculated
as Diff(Fpeax) = (Feyr — Fewm)/Feyr- The peak forces on the cylinder buoy
was higher than on the cylinder with moonpool, which is likely a consequence
of the lower added mass [108, 109]. It should be noted that the decreased line
force also will decrease the possible absorbed energy that can be converted to
electricity, which, however, has not been studied in this thesis.

Table 5.1. Average Peak Force

PTO damping Fpeak CWM Fpeak CYL Fpeak difference
no damping 151.5 kN 172.5 kN 12 %

10 kNs/m 144.9 kN 169.0 kN 14 %

30 kNs/m 100.8 kN 110.9 kN 9 %

5.2.2 The influence of overtopping waves

In paper III, the WEC was modelled in waves of increasing wave height, and
peak line forces from waves that did not overtop the buoy were compared
with peak forces when overtopping occurred. This was repeated for two buoy
geometries and three levels of damping, the average peak forces are presented
in table 5.1. In figure 5.6, the peak forces are plotted as a function of wave
amplitude for the cylinder with moonpool buoy, comparing a damping of 10
kNs/m, figure 5.6 (a), with 30 kNs/m, figure 5.6 (b). In the modelled WEC,
the length of the endstop spring was set long enough for the endstop spring
to never be fully compressed, and an endstop hit was defined as when the
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Figure 5.6. The peak line forces of a WEC as a function of wave amplitude. Over-
topping waves and when the translator hits the endstop spring are marked. A cylinder
with moonpool was modelled as buoy. (a) A PTO damping of 10 kNs/m was applied.
(b) A PTO damping of 30 kNs/m was applied.

endstop spring was hit. Endstop hits are marked in black in figure 5.6, while
red markers are used for when the endstop spring was not hit. Overtopping
waves are marked with rings, and not overtopping waves are marked as filled
dots. By separating overtopping waves and endstop hits, it was seen that if the
endstop was hit, the peak force was not influenced by overtopping. This is seen
in figure 5.6 (a), the peak forces of the endstop hits, black markers, increase
equally with increased wave amplitude, regardless if overtopping occured or
not. But when the generator damping was increased, it was seen that if the
damping was high enough to prevent the translator from hitting the endstop
spring, red markers in figure 5.6, the buoy was overtopped for lower waves
and the peak forces were limited even for higher wave amplitudes.

5.2.3 The influence of linear PTO damping

As can be understood from Eq. (2.2), an increased generator damping will in-
crease the force in the connection line if the translator speed is constant. This
was also measured in paper VII, and as is seen in figure 2 and figure 3 in paper
VII, a higher PTO damping (lower applied resistive load) resulted in a higher
line force during the whole stroke length of the machine. However, during
offshore operation, the speed of the translator will not be constant, but depen-
dent of the energy in the waves as well as all forces from the generator; PTO
damping, friction, gravity and endstop forces. Increasing those forces may de-
crease the speed of the translator, which may decrease the peak forces during
offshore operation. The hydrodynamic force of the wave is dependent on the
phase shift between the buoy position and the incident wave, a fact utilized for
increasing the energy absorption of a WEC by active control. However, even
without active control, passive forces will increase the phase shift between the
buoy and the wave, which may increase the peak forces.

In paper VI, the peak forces as a function of wave height were studied
for eight levels of linear PTO damping, from generator damping coefficient
Y =0 to y= 140 kNs/m. In figure 5.7, the peak forces are plotted as a func-
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Figure 5.8. A WEC in a regular wave event of 70 s was modelled. This figure shows a
zoom of a wave peak, comparing eight levels of linear PTO damping. (a) The force in
the connection line. The peak forces of the endstop hits decrease with increased PTO
damping. (b) The translator position. The horizontal dashed lines mark the free stroke
length, and the solid lines mark the total stroke length.
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tion of wave height, no damping, ¥ = 40 kNs/m, ¥ = 80 kNs/m and y = 120
kNs/m. The same strategy as in paper III was followed, but the WEC param-
eters were chosen to resemble a WEC at the Lysekil research site, and the
studied wave heights were chosen to resemble harsh operating conditions at
the site. The decreased PTO damping during partial translator-stator overlap
was also included in the model. As can be seen in figure 5.7, most of the
waves overtopped the buoy, and the endstop spring got fully compressed for
the higher waves. It was seen that when the endstop spring was fully com-
pressed, the magnitude of the peak forces increased approximately linear with
wave height. It was also seen that increased PTO damping decreased the peak
forces. For the studied WEC parameters and in the studied sea state, a linear
PTO damping of ¥ = 100 kNs/m was enough to prevent endstop hits. Further
increased PTO damping did not further reduce the peak forces, but instead
they increased, as predicted by Eq. (2.2). When the endstop is not hit, the
highest force in the connection line depends on the strength of the generator;
since a higher PTO damping means a stronger generator, the line force in-
creases. However, this increased line force is desired as it can be converted to
electricity, in contrast to the damaging force of the endstop hit. This is also
seen in figure 5.8 (a), where the force in the connection line is seen for one
wave peak, comparing different levels of PTO damping. The translator posi-
tion is shown in figure 5.8 (b), where the free stroke length is marked by the
horizontal dashed lines, and the total stroke length is marked by solid lines.
The surface elevation is measured at a wave gauge right above the generator
position. If the total stroke length is reached, which can be seen in figure
5.8 (b), the endstop spring is fully compressed and it is seen that increased
PTO damping decreased the peak force. For this particular wave peak, a PTO
damping of 80 kNs/m or higher was strong enough to keep the translator from
fully compressing the upper endstop spring, and avoid the high damaging peak
force. Further increased PTO damping increased the line force, but the force
magnitude was significantly lower than if the total stroke length was exceeded.
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5.2.4 The influence of friction

In paper VI, the influence of friction was studied as well, for both regular
waves and tsunami waves. In this paper, friction was assumed to be a constant
force, Fy i = constant, however, it can be noted that frictional losses may
be speed dependent. In figure 5.9, the endstop force is seen for one specific
regular wave peak, comparing different levels of friction. The PTO damping
was set to ¥ = 40 kNs/m, while the friction was varied from no friction to
Ffric = 35 kN. For this regular wave peak, it is clear that an increased friction
decreased the peak force. The same pattern was seen for all regular wave
peaks. However, both for the tsunami waves and for wave peaks that were
higher than there previous wave peaks, as when the energy in the sea state
increased, this pattern was not seen, which will be further studied in section
53.2.
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Figure 5.9. The influence of friction on is seen for one wave peak. (a) The force in the
connection line. The peak forces of the endstop hits decrease with increased friction
for this specific wave peak. (b) The translator position. The horizontal dashed lines
mark the free stroke length, and the solid lines mark the total stroke length.
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5.3 WEC behaviour in tsunami waves

5.3.1 Numerical modelling of tsunami waves

At deep water, a tsunami wave can be modelled using linear shallow water
theory. But as discussed in section 3.4, when the tsunami wave propagates up
on the continental shelf, the wave dynamics is very complex and non linear be-
haviour must be considered. Different wave phenomena can occur, and to the
authors knowledge, there is not yet consensus on which modelling approach
is the best. In paper IV, three numerical tsunami modelling approaches were
compared; a solitay wave, a high speed incident current and a dam-break ap-
proach. A regular wave was also simulated as a Stokes Sth wave. A numerical
wave tank with a depth of 26 m was used, and the simulations were run both
with and without a WEC.

U Magnitude
&

| €))

Figure 5.10. Three numerical approaches for tsunami modelling compared with one
regular wave. The magnitude of the water velocity at the surface is seen as colour.
The waves are propagating from the left to the right. The buoy of a WEC is seen at
the moment just before it gets fully submerged.(a) The solitary wave. (b) The high
speed incident current approach. (¢) The dam-break approach. (d) The regular Stokes
5th wave.

In figure 5.10, the wave profiles are seen for the four waves at the moment just
before the buoy of the WEC got submerged. The velocity fields and pressure
profiles of the modelled waves were compared in paper IV, and it was seen
that both the velocity and the pressure were high throughout the whole water
column, which is a known characteristics for a tsunami wave. Two of the
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approaches, the high speed incident current and the dam-break approach, had a
higher water velocity at the surface, and turbulent bores were starting to form.
The tsunami waves of those two approaches did also have continuously high
water velocity and pressure following the first incident wave peak, whereas
the solitary wave was followed by normal pressure and no water velocity. It
is concluded that either the high speed incident current approach or the dam-
break approach resembles the conditions during a real tsunami event better
than the solitary wave. All three modelling approaches resulted in tsunami
waves with leading wave peaks, whereas a real tsunami event can begin with
a leading wave trough. The surface elevation was initially smooth. As can be
seen in figure 5.10, the buoy of the WEC got submerged by the initially smooth
surface elevation, and was already submerged when the bore propagated over
the WEC. The Stokes 5th wave that was modelled as a regular wave in paper
IV was chosen to have the same amplitude as the tsunami waves. It should
be noted that since each tsunami wave only had one leading wave peak and
no trough, the second wave peak of the Stokes 5th wave was significantly
steeper than the tsunami waves, and resulted in higher forces. It should also
be noted that although the tsunami waves were realistic, a regular wave of this
amplitude is normally not expected at this depth. The modelled Stokes Sth
wave could not be considered a deep water wave, since it affected the velocity
and the pressure throughout the whole water column.

5.3.2 Forces on the WEC in tsunami waves

When the forces on the WEC by the different tsunami waves and the regu-
lar wave were compared in paper IV, it was seen that the peak forces in the
connection line were comparable for the modelled tsunami waves, but signif-
icantly higher for the Stokes 5th wave. The force on the generator hull was
also studied, and the Stokes 5th wave did again result in the highest force.
This suggest that if a WEC is designed to survive an extreme wave, it will sur-
vive a tsunami wave of the same magnitude. However, it is not obvious that a
tsunami wave should be compared with a regular wave of the same amplitude.
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Figure 5.11. The forces on the WEC were comparable when tsunami amplitude was
compared with regular wave height. (a) Peak forces in the connection line. (b) Bend-
ing moment on the generator hull at the seabed.
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Figure 5.12. The velocity field in the vicinity of the buoy. (Left) Tsunami waves
were modelled with the dam-break approach. (Right) Regular waves were modelled
as Stokes 5th waves.

In paper V, the dam-break approach was used to model five tsunami events
with increasing amplitude, which were compared with five regular waves with
wave heights corresponding to the tsunami amplitudes. The line force of the
WEC was studied, as well as the bending moment on the generator hull and
the heave and surge motion of the buoy. In figure 5.11, the peak force and
the bending moment on the generator hull is plotted, comparing the tsunami
amplitude with the regular wave height. It is seen that if the WEC parameters
are the same and the tsunami wave is propagating with a leading wave peak,
the forces on the WEC is comparable when the tsunami amplitude is compared
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with regular wave height. In figure 5.12, the velocity field of the tsunami
waves and the regular waves are compared in the vicinity of the buoy. It is
seen that for the tsunami wave, the buoy was already submerged when the
bore of the tsunami wave propagated over the WEC. Although the water at the
surface had a much higher velocity for the tsunami wave than for the regular
wave, the water with the highest velocity never impacted the buoy due to the
limited stroke length of the WEC.

400 T T T T T T T T T
""""" im
=300 ~05m @
4 " 1|
‘6‘ ***** correct line length
o 200 - +0.5m
L2 — — —+1m
2 +2m
5 100 -
0 1 1
0 2 4 6 8 10 12 14 16 18 20
—6
£
c
24
‘@
o
a
S 2
©
»
g0
'_

Heave position [m]
- o - N w

o

o
T

Surge position [m]

o

0 2 4 6 8 10 12 14 16 18 20
Time
Figure 5.13. The WEC impacted by a tsunami modelled with the dam-break approach,
too long connection lines compared with too short lines. (a) The force in the connec-
tion line. (b) Translator position and surface elevation measured right above the WEC.
(¢) The heave motion of the buoy. (d) The surge motion of the buoy.
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5.3.3 The influence of connection line length

Studying the wave fields in figure 5.12, it can be suggested that the WEC is
more vulnerable to a too long connection line if impacted by a tsunami wave
than by a regular wave. Since a tsunami event can start with a withdrawal
of the water line and a decreased surface level (a leading wave trough), the
influence of connection line length is of particular interest to study. In paper
VI, a tsunami event was modelled using the the dam-break approach, and the
WEC was modelled with both too long and too short line length, while all
other parameters were kept constant. In figure 5.13, the line force and the
translator position is seen together with the heave and surge motion of the
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Figure 5.14. The WEC impacted by a regular wave, too long connection lines com-
pared with too short lines. (a) The force in the connection line. (b) Translator position
and surface elevation measured right above the WEC. (¢) The heave motion of the
buoy. (d) The surge motion of the buoy.
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buoy, comparing the different line lengths when the WEC was impacted by a
tsunami wave. It is seen that the peak force in the connection line increased if
the line was too long, and decreased if it was too short. Increased line length
also increased the buoy motion in both heave and surge. The increased peak
line force can be understood as a consequence of the higher water velocity
closer to the surface, as was seen in figure 5.12. In figure 5.14, a regular Stokes
5th wave was modelled for comparison. In contrast with the tsunami wave, an
increased line length decreased the peak force in the connection line. A too
short line increased the peak force, but not to a large extent. It was concluded
that a WEC is more vulnerable to line length when impacted by a tsunami
wave than by a regular wave. For the regular wave, the too long line increased
the heave motion, the same as for the tsunami wave, but the surge motion was
decreased. This is a consequence of that the surge motion is influenced by the
restricted translator motion; when the translator stand in the upper endstop, the
buoy can not move in positive heave direction, and is instead forced to move in
surge and/ or in negative heave direction. For the regular wave, the translator
never hit the upper endstop for the longest line, and the surge motion was not
influenced by the restricted heave motion. For the tsunami wave on the other
hand, the translator hit the upper endstop regardless of line length.

5.3.4 The influence of friction on a WEC in a tsunami wave

It was seen in section 5.2.4 that increased friction decreased the peak force of
an endstop hit when the WEC was impacted by a regular wave. In this section,
the influence of friction is studied when the WEC was impacted by the same
tsunami wave that was modelled in section 5.3.3. In figure 5.15, it is seen
that increased friction did not decrease the peak force of the endstop hit, but
the highest friction results in the highest peak force. The translator position,
seen in figure 5.15 (b), suggests that the friction can have contributed to a
passive latching by delaying the translator motion and increasing the phase
shift between the buoy and the incident wave. For the highest friction, the
translator position seems to have been delayed initially, and then increased
slightly faster than for lower frictions, which resulted in a higher peak force
when the endstop was hit. A similar behaviour is seen in figure 5.16, where
the first part of a Stokes 5th wave is shown, when the wave is still increasing in
strength from an initially calm sea. Although no friction resulted in the highest
peak force, the highest friction did not result in the lowest peak force. It is
concluded that for irregular waves, the dynamic WEC behaviour is complex
and that conclusions from regular wave experiments should be considered with
care.
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Figure 5.15. The WEC impacted by a tsunami wave, comparing the influence of
friction. (a) Force in the connection line. (b) Translator position and surface elevation
measured right above the WEC.
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Figure 5.16. The WEC impacted by a regular wave, comparing the influence of fric-
tion. (a) Force in the connection line. (b) Translator position and surface elevation
measured right above the WEC.
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5.4 WEC behavior with nonlinear PTO system

In paper I- VI, the PTO system has been considered as a linear damper, Fprp =
¥x, and/ or a constant frictional force, Fy,;c = const. Those are the most com-
monly studied PTO restraints in the literature, and they are important to study
in order to increase our understanding of the dynamic behaviour of the WEC.
But as was discussed in section 2.2.2, the assumption of a constant damping
coefficient 7y is not necessarily a good approximation for all PTO systems. If
the linear generator of the Lysekil project is connected to a resistive load, a
constant ¥ is a good approximation only if the inductance of the generator is
low, and for low translator speeds. One of the differences between the Nd-Fe-
B generator and the ferrite generator is an increased inductance in the ferrite
generator, suggesting an increased speed dependence of y. In paper VIII, the
speed dependence of the PTO force was measured onshore, using a crane to
lift the translator while the force in the connection line was measured, together
with the acceleration, speed and position of the translator. The voltage and cur-
rent were measured at resistive loads.

modelled [kNs/m]

0 0.1 0.2 0.3 0.4 0.5 ] 0.1 0.2 0.3 0.4 0.5
Speed [m/s] Speed [m/s]

Figure 5.17. (Left) The measured force in the connection line, F, ;"féh (%), (blue) is com-
pared with the force simulated with lumped circuit analysis, F,ﬁlTO(x) (green). Resis-
tive loads were used. (Right) The corresponding damping coefficient 7, as a function
of translator speed.

In figure 5.17 (left), the speed dependence of the measured line force is pre-
sented with blue lines, for the measured load cases, including no load and
short circuit. The blue lines corresponds to the mechanical force in the con-
nection line, F;”Teg’ (%), and includes all losses. This can be compared with the
green lines, where the measured resistance and inductance were inserted into
Eq. (2.5) to model Fgh,(x). The differences between F¢<l(x) and Fjb. (%)
are iron losses and friction. In figure 5.17 (right), the corresponding damping
coefficients y(x) were derived. As can be seen, ¥ can not be considered inde-
pendent of the speed if the speed is higher than around 0.05 m/s. A constant
Y would be a result of a linearly increasing force in figure 5.17 (left), possibly
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Figure 5.18. WEC behaviour influenced by PTO system, comparing Fpes, Fb.
and F,ﬁi}‘g“’i“'e‘l . The generator was short circuited in the experiment. (a) Force in the
connection line. (b) Translator position and surface elevation measured right above
the WEC. The dotted lines marks when the line was slack. The translator position
is not known unless the line is tensioned, and the buoy position is instead shown as
dotted lines. (b) Speed of the translator. The dotted lines show the buoy speed when
the line is slack.

with a constant offset: F, Iﬁ’}lf)“”sed = Yeonst X+ Feons.. The discrepancies between
F, ;Z}fg’, F ﬁlrp anfi F }l)’}’g"” ised will have consequences for the prodgced electricity.
However, in this thesis, only the consequences for the damaging peak forces
on the WEC in harsh operating conditions have been studied.

In paper VIII, the RANS-VOF model validated in paper I was used to model
the WEC behaviour, comparing Fpict, F&h., and Fhinearised for the three load
cases; 1.1 Q, 6.6 Q and short circuit. A WEC with a cylinder buoy was mod-
elled as it was impacted by an incident regular wave with a height of 5.9 m
and a period time of 10 s. In figure 5.18, the connection line force and the
position and speed of the translator is shown for the short circuit case. The
experimentally measured PTO system, F[,”T"’gh, corresponds to the solid blue
line in figure 5.17 (a), while the modelled PTO system, FﬁlTO, corresponds
to the solid green line. Also, a linear PTO system was modelled for com-
parison, F,l,i}’ga’ ised — Yeonst. X + Feons.. In the model, Y.nsr. = 100 kNs/m and
Feons. = 19.7 kN, corresponding to the values that would have been measured
if the generator was tested at low speed, for example in an overhead crane,
and assumed speed independent. It should be noted that the peak forces that
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occurred for F, Iﬁl}%‘”iwd, yellow lines, and F; ITTeg‘, blue lines, when the connec-
tion line had been slack and was stretched again, at + = 12 s and ¢ = 22 s,
were consequences of that the translator was not modelled as a separate ob-
ject. Those peak forces should be disregarded. The resulting differences of
WEC behaviour are not neglectable. It is seen that if the WEC was modelled
with a linearised PTO system, the damaging peak forces in harsh operating
conditions were underestimated. In the second wave peak, at t =25 s, F, 1?1;5}’
resulted in lower peak force than FIS’ZTO. For the third wave peak, at t = 25 s,
F,’Z}%h resulted in the highest peak force. In paper VIII, it was concluded that
the peak forces will be underestimated if the PTO system is simplified during
the design processes. When the different load cases were compared, it was
also seen that for this specific generator, the peak forces would be lowest for
the 6.6 Q resistive load case and highest for the short circuit case. This is of
particular interest since the highest resistive load results in the lowest damping
factor y if measured at low speed, and if the damping would be assumed linear,
this load case would have had the lowest survivability, which is opposite to the
result when the nonlinear PTO behaviour was considered.
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6. Concluding discussion

For wave energy to be a viable industry, the survivability of the WECs must
be analysed and understood. Physical wave tank testing can be performed, but
it is expensive and scaled prototypes must be used. Full scale offshore exper-
iments are necessary to prove the concept and to evaluate the WECs offshore
performance before commercialisation, but it does not offer the controlled en-
vironment and the possibility to repeat the same wave conditions necessary
to separate and evaluate the influence of single parameters, not to mention the
high cost. Numerical simulations offers a complement to physical experiments
where specific parameters can be studied individually at predefined conditions
in a numerical wave tank, and to a reasonable cost. Linear potential flow
theory has proven accurate during normal operating conditions, and offers a
very fast method to calculate the motion of the WECs, and has been used to
study linear aspects in paper X-XI. Modelled buoy motion and line force were
compared with experimental offshore data in paper X-XI, showing accept-
able agreement. But in harsh operating conditions, when the limited stroke
length of a WEC is exceeded, the performance of linear models are poor,
and fully nonlinear models must be used. RANS-VOF models have proven
to have a high accuracy even in turbulent flows, and even though they come
with a high computational cost, they have made it possible to study extreme
wave events, overtopping, breaking waves, slamming, green water etc. In this
thesis, a RANS-VOF model has been developed in the open source software
OpenFOAM. It was validated with physical wave tank experiments in paper I,
showing good agreement for two different buoy geometries and for different
levels of damping.

6.1 WEC survivability

In order to increase the electric power of a WEC, it should be optimized to
increase the energy absorption from the waves, and the force in the connec-
tion line should be as high as possible. However, to increase the survivability,
the force in the connection line should instead be decreased. Those two con-
tradictory design criteria stress the need to study the dynamic behaviour of a
WEC, and highlight the benefits of fully nonlinear numerical models, where
the peak forces of endstop hits can be studied in time domain and the influence
of single parameters can be isolated and compared. In paper I-VI, the validated
RANS-VOF model has been used to study how different aspects influence the
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survivability of a WEC in extreme waves and tsunami waves. As can be un-
derstood from the equation of motion for the translator, an increased generator
damping will increase the force in the connection line if the translator speed
is constant. However, during offshore operation, the speed of the translator
will not be constant, but dependent of the energy in the waves as well as all
forces from the generator; PTO damping, friction, gravity and endstop forces.
In this thesis, the RANS-VOF model has been used to study the influence of
those forces in detail, and it has been seen that increasing the damping forces
from the generator decreases the speed of the translator, which decreases the
peak forces of endstop hits during offshore operation. Still, the design choices
are not trivial. For example, a stiffer endstop spring will increase the peak
force that occur when the endstop spring is hit, but if a weaker spring is used,
it may become fully compressed and second, higher, peak force will occur.
In this thesis, different WEC parameters have been evaluated in the different
papers, and the magnitude of the peak forces in the different papers should not
be compared unless this is considered.

6.2 Numerical modelling of a WEC in tsunami waves

At deep water, a tsunami wave can be modelled using linear shallow water
theory. But when the tsunami wave propagates up on the continental shelf,
the wave dynamics is very complex and nonlinear behaviour can not be ne-
glected. In this thesis, the validated and fully nonlinear RANS-VOF model
has been used to study the velocity and pressure fields of bore-type tsunami
waves with leading wave peaks. The force in the connection line of the WEC
and the bending moment on the generator hull at the seabed have been stud-
ied. The forces were seen comparable with forces from regular waves, when
the tsunami amplitude was compared with regular wave height. It could be
concluded that if a WEC is designed to survive a storm induced extreme wave
at a site, it would also withstand a tsunami wave of the same magnitude. How-
ever, it should be noted that this is not necessarily a fair comparison; at a site
with the studied depth of 26 m, the tsunami waves were realistic but the reg-
ular wave heights were not typically expected at this depth. Also, for many
possible sites in the world, storm induced extreme waves are expected, while
tsunami waves are not. Regardless, the comparison showed the benefits of
studying tsunami waves with numerical RANS-VOF models; the influence of
specific parameters could be separated, and the fully nonlinear velocity and
pressure fields could be compared for the different waves. For example, one
interesting parameter is the length of the connection line. The peak force in
the connection line is influenced by the line length, which was studied in paper
VI, where too long and too short line lengths were compared. When the WEC
was impacted by a regular wave, an increased line length decreased the peak
force. But for the tsunami wave, the increased line length did instead increase
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the peak force significantly. This could be explained by studying the buoy
motion and translator position and comparing the wave fields. For the regular
wave, the increased line length implied that the limited stroke length of the
WEC was not reached and the translator never hit the upper endstop. For the
tsunami wave on the other hand, the buoy was dragged far away in the surge
direction and hit the endstop regardless of line length. When the connection
line was too short, the buoy got deeply submerged by an initially smooth sur-
face rise, before the turbulent bore arrived. But when the connection line was
too long, the buoy was instead impacted by the bore, which had a significantly
higher water velocity. In this thesis, only leading wave peak tsunamis have
been studied, while tsunamis can approach with a leading wave trough. From
this aspect, the conclusion that a WEC is more vulnerable to a too long line
length if impacted by a tsunami wave than by a regular wave is important.

6.3 Nonlinear PTO behaviour

When working with a wave power concept with full scale generator proto-
types, it is important to consider the total generator behaviour, including losses
and concept specific constrains such as partial translator-stator overlap. In pa-
per VII-IX, the total generator damping was studied experimentally, by mea-
suring the force in the connection line, while a crane was used to lift the trans-
lator. Substantial differences were seen between FpS", Fr., and Fjingrised,
The WEC behaviour was modelled with the RANS-VOF model as it was im-
pacted by a high regular wave, comparing the influence of the different PTO
restraints. It was seen that the peak forces would be underestimated if the
PTO was assumed to behave as a linear damper. In this thesis, only the con-
sequences for the survivability have been considered, but it should be noted
that the discrepancies will make substantial differences for the power output
of a WEC as well. However, it should also be noted that the damping char-
acteristics for higher speed could be improved by a different loading strategy.
Even so, the resistive load case is an important special case for understand-
ing the generator behaviour. Also, at the time this thesis is written, the very
same ferrite generator is deployed offshore with resistive load, and the onshore
experiments will be necessary to analyse the WECs behaviour offshore.

6.4 Conclusions

The aim of this thesis was to develop a way to study the peak force that occurs
when the translator of the linear generator in the the Lysekil project hits the
upper endstop, during extreme waves and tsunami waves, and to study how
different parameters influence the WEC survivability. This has been achieved
by developing a RANS-VOF model in the open source software OpenFOAM.
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The model has been validated with physical wave tank data, showing good
agreement both for a cylinder buoy and for the more complex buoy geometry
cylinder with moonpool. It has then been used to study the survivability of a
WEC in both regular extreme waves and tsunami waves. Further, the generator
damping of two full scale WECs has been experimentally measured, and the
RANS-VOF model has been used to study the consequences of the nonlinear
behaviour of the PTO system for a WEC during offshore deployment. It has
been concluded that:

e The RANS-VOF model showed good agreement with physical wave
tank data and can be used to study the dynamical behaviour of a WEC
during normal operating conditions as well as during extreme wave events
and tsunami waves.

e For regular waves, it was seen that both increased linear generator damp-
ing, Fpro = YF, or increased constant damping, Fy;. = constant, de-
creased the peak force of the endstop hits. This corresponds well with
established experimental results.

e For non-periodic waves; during a tsunami event or the transient at the
front of a regular wave train, it was seen that increased friction could
result in a latching effect and actually increase the force of the endstop
hit instead of decreasing it. It is possible that this effect also could occur
for irregular waves during normal operating conditions.

e When the tsunami waves with leading wave peaks of certain amplitude
were compared with regular waves with corresponding wave height, it
was seen that the peak force in the connection line was comparable when
the line length was correct, and for realistic WEC parameters. In this
comparison, the bending moment on the generator hull was 42 % higher
for the highest tsunami wave than for the corresponding regular wave.

e Due to the differences in fluid velocity fields, the WEC was more vul-
nerable to a too long line length when impacted by a tsunami wave than
by a regular wave. For a regular wave, an increased line length resulted
in lower endstop forces and decreased surge motion. For the tsunami
wave on the other hand, an increased line length resulted in significantly
higher endstop forces.

e The experimentally measured PTO damping of the full scale ferrite gen-
erator was nonlinear. The RANS-VOF model was used to study the
consequences for survivability of the experimentally measured PTO be-
haviour, and it was seen that if the generator behaviour was assumed
linear, the peak forces in the connection line would be underestimated.
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7. Summary of Papers

This chapter provides a summary of the papers included in this thesis. The
fully nonlinear RANS-VOF model was presented and verified in paper 1. In
paper II-VI, the RANS-VOF model was used to study parameters influenc-
ing the survivability of the WEC in extreme waves, such as buoy geometry,
overtopping, linear PTO damping, friction and connection line length. The
response in regular extreme waves is compared with tsunami wave events in
paper IV-VL. Since a WEC’s behaviour is highly dependent on the PTO sys-
tem, paper VII was experimental and measured the mechanical PTO force in
the connection line, including mechanical and electrical losses. The experi-
ment was performed on a full scale Nd-Fe-B generator at constant speed. A
ferrite generator is expected to have an increased speed dependent behaviour,
and in paper VIII-IX the nonlinear PTO behaviour including all losses was
measured. The RANS-VOF model was then used to study the influence of the
discrepancies between the measured behaviour and an assumed linear PTO
system. Paper X and paper XI, where linear potential flow theory was used
to study power absorption of a WEC during normal operating conditions, are
also included in this thesis.

Paper 1

Numerical Models for the Motion and Forces of Point-absorbing Wave
Energy Converters in Extreme Waves

This paper presents three numerical models; one linear Matlab model and
two fully nonlinear RANS-VOF models built in OpenFOAM and ANSYS Flu-
ent, respectively. The force in the connection line of a WEC was studied, as
well as the heave and surge motion of the buoy, in high waves and during an
extreme wave event. The models were compared with each other and with
physical wave tank data. Both nonlinear models showed good agreement with
the physical wave tank data, while the linear model was not considered accu-
rate enough to study the force of the endstop hits.

The author developed the OpenFOAM model and analysed and compared
the data presented in the paper. The author also wrote a major part of the
paper.

The paper is published in Ocean Engineering, September 2017.
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Paper 11

Buoy Geometry and its Influence on Survivability for a Point-absorbing
Wave Energy Converter: Scale Experiment and CFD Simulations

The influence of buoy geometry on the force in the connection line of a
WEC was studied, using both physical wave tank data and the OpenFOAM
RANS-VOF model. A cylinder buoy was compared with a buoy with a moon-
pool. The buoy with the moonpool was seen to yield slightly lower peak
forces, but it should be noted that it is also expected to have a lower power
absorption due to its lower added mass.

The author performed the numerical modelling and wrote a major part of
the paper.

The paper is a peer reviewed extended abstract presented at the Marine
Energy Technical Symposium, Washington DC, United States of America, May
1-32017.

Paper 111

The Effect of Overtopping Waves on Peak Forces on a Point-absorbing
WEC

In this paper, the OpenFOAM RANS-VOF model was used to study the
influence of overtopping waves on the peak forces. It was seen that if the
limited stroke length of the WEC was exceeded and the endstop spring was
hit, overtopping did not influence the magnitude of the peak forces. If the PTO
damping was high enough to prevent an endstop hit, the peak forces were seen
to level out even for the higher waves in the paper.

The author did the majority of the work.

The paper is published in the proceedings of the 3rd Asian Wave and Tidal
Energy Conference Series, Singapore, Singapore, October 24-28 2016.

Paper IV

Peak Forces on a Point-Absorbing Wave Energy Converter Impacted by
Tsunami Waves

This paper compared three numerical approaches for modelling of tsunami
waves at intermediate depth; a solitary wave, a dam break-break approach and
a high speed incident current. The velocity and pressure fields were compared,
and the impact of the waves on a WEC was studied. A high regular wave of
comparable wave height was modelled for comparison, and it was seen that
both the force in the connection line and the force on the generator hull was
higher when the WEC was impacted by the regular wave than by the tsunami.

The author did the majority of the work.

The paper is under review for Renewable Energy, 2017.
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Paper V

Survivability of a Point-Absorbing Wave Energy Converter Impacted by
Tsunami Waves

One of the numerical approaches that was studied in paper IV, the dam-
break approach, was chosen to model tsunami waves of increasing amplitude
and study the impact on a WEC. Regular waves were modelled for compari-
son, and it was seen that when the tsunami wave of a certain amplitude was
compared with a regular wave of the same wave height, both the force in the
connection line and the bending moment on the generator hull were compa-
rable. When the dam-break approach is utilized with wet bed condition, the
tsunami wave will approach with a leading wave peak, and it was noted that
the buoy was submerged before the highest wave peak arrived, and thereby not
impacted by the highest water velocity in the turbulent bore.

The author did the majority of the work.

The paper is published in the proceedings of the 12th European Wave and
Tidal Energy Conference Series, Cork, Ireland, August 24-28 2017.

Paper VI

Peak Forces on Wave Energy Linear Generators in Tsunami and Extreme
Waves

In this paper, the RANS-VOF model was used to study the influence of
linear PTO damping and friction. It was seen that for periodic waves, both
linear PTO damping and friction, assumed constant, decreased the forces of
the endstop hits. For irregular waves however, the transient front of the wave
train and in a tsunami wave, an increased friction did not always result in a
decreased peak force, but a latching effect could occur, increasing the peak
force instead of decreasing it. The dam-break approach was used to model
a tsunami wave with a leading wave peak. Since a tsunami wave event can
approach with a leading wave trough and decreased water level, the effect of
too long or too short connection line was studied and the results compared
with a regular wave. It was seen that while an increased line length gave a
protective effect when the WEC was impacted by a high regular wave, the peak
forces increased significantly when the connection line was too long during the
tsunami event. This was explained by the differences in the wave fields. If the
length of the connection line was correct or too short, the buoy got submerged
by the initial smooth surface rise of the tsunami event, and the turbulent bore
propagated over the deeply submerged buoy. But if the line was too long, the
buoy was instead impacted by the turbulent bore, and the peak force increased.

The author did the majority of the work.

The paper is published Energies, September 2017.

74



Paper VII

Line Force and Damping at Full and Partial Stator Overlap in a Linear
Generator for Wave Power

In an onshore experiment, the force in the connection line of a full scale
Nd-Fe-B generator was measured throughout the full translator stroke length.
The measured line force, generator damping and stator overlap were studied
in relation to translator speed by comparing the line force and the damping
coefficient, 7y, for multiple load cases along the translator stroke length. Two
constant translator speeds were used in this paper.

The author contributed to the experimental design and to the writing of the
paper.

The paper is published in Journal of Marine Science and Engineering,
November 2016.

Paper VIII

Speed Dependent PTO Damping in a Linear Generator for Wave Power -
Measured Damping and Simulated WEC Behaviour

Since a ferrite generator is expected to have an increased induction and con-
sequently increased speed dependence of the generator damping coefficient 7,
this paper measured the speed dependence of the force in the connection line
and of 7. This was measured in two ways; first using a force sensor in the
connection line to find the mechanical force that the buoy would experience
during operation, F[,’;fg’, including all losses. Secondly, the measuring cur-
rent and voltage was used to derive the electrical force, FﬁlTO, where only
the copper loss was included. Fﬁfg‘ is the force that the buoy would experi-
ence during operation, while FIEZTO is the force that would be derived if only
the voltage and current were measured during operation. The OpenFOAM
RANS-VOF model was used to study how the discrepancies between F,ﬁ”f(c)h
and FlngO affected the force of the endstop hits when a WEC was impacted
by a high regular way. The behaviour of an assumed linear PTO system was
also modelled for comparison. This paper was limited to study the generator
during full translator-stator overlap.

The author contributed to the design and the execution of the experiment.
The author performed the RANS-VOF modelling and wrote parts of the paper.

The paper is under review for Journal of Marine Science and Engineering,
August 2017.
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Paper IX

Experimental Study of Generator Damping at Partial Stator Overlap in
a Linear Generator for Wave Power

The generator behaviour during partial translator-stator overlap was studied
experimentally in this paper. The force from the generator was described as
FPTOA;’, > Where A ¢, was the fraction of the stator overlapped by translator.
The factor ¢ was experimentally studied in this paper.

The author’s contribution was mainly experimental.

The paper is published in the proceedings of the 12th European Wave and

Tidal Energy Conference Series, Cork, Ireland, August 24-28 2017.

Paper X

On the Optimization of Point-Absorber Buoys

The buoy motion response to irregular waves was modelled using a linear
model and the influence of buoy draft and radius on power absorption was
studied. The power absorption was compared with results from offshore ex-
periments including two full scale WECs. The sea state was chosen with a sig-
nificant wave height of H; = 1.05 m, the free stroke length was never exceeded
and the endstop spring never impacted. Acceptable agreement was found, and
it was concluded that linear potential flow theory is an acceptable approxima-
tion during normal operating conditions and when the endstop spring is not
hit.

The author performed the simulations, analysed the results and wrote the
paper.

The paper is published in Journal of Marine Science and Engineering, May
2014.

Paper XI

Calculating Buoy Response for a Wave Energy Converter - a Comparsion
Between Two Computational Methods and Experimental Results

In this paper, a linear model was built in COMSOL Multiphysics to solve
for the hydrodynamic parameters of a point-absorbing WEC. The results were
compared with a linear model where the hydrodynamical parameters were
computed using WAMIT, and to experimental results from the Lysekil re-
search site. The agreement with experimental data was good for both nu-
merical models.

The author performed the simulations, analysed the results and wrote the
paper.

The paper is published in Theoretical and Applied Mechanics Letters, 2017.
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8. Svensk sammanfattning

Havets vagor transporterar enorma méingder energi. Energin i vagorna pa
havsytan &dr ursprungligen solenergi som virmer atmosfiren och skapar vin-
dar. Friktion mellan vindarna och havets vattenyta skapar vagor. Végorna
kan transportera energi 6ver mycket stora omraden med sméa energiforluster,
innan de nar grundare vatten och energin dvergar till virme genom friktions-
forluster mot botten och i brytande vigor. Vagenergi dr bade férnybar, en-
ergitit och mer forutsdgbar dn vindkraft, och om den kunde omvandlas till
exempelvis electricitet sa skulle den kunna erbjuda ett bra bidrag till vérldens
energiefterfragan. Vi minniskor har alltid fascinerats 6ver vagornas kraft, och
det allra forsta vagkraftspatentet beviljades redan ar 1799. Det var dock forst
i samband med oljekrisen pa 1970-talet som forskningen om vagkraft tog fart
pa allvar. Idag har mer dn 1000 koncept foreslagits och atskilliga av dem
har tagit sig fran ritbordet till smaskaliga prototyper. Ett fatal har kommit sa
langt som till fullskaliga prototyper i drift. Men att fa en prototyp att 6verleva
till havs och fortfarande vara ekonomiskt gangbar ir inte trivialt, och dn sa
linge rader det ingen konsensus om vilket koncept som kommer kunna visa
sig ekonomiskt hallbart. T dagsldget maste vagkraft betraktas som ett forskn-
ingsomrade snarare dn en mogen industri. Man kan fraga sig vad det dr som
ar sa svart? Offshore-industri gar ju bra, och vi har ju byggt batar i tusentals
ar? Men dven om vagkraftsforskningen har kunnat dra nytta av de tekniska
framstegen inom den traditionella offshore-industrin, sa far vi inte glomma
att det finns viktiga skillnader. Till exemple sa designas ett skepp eller en
offshore-plattform for att paverkas sa lite som mojligt av vagorna, och struk-
turens resonansfrekvenser far inte sammanfalla med havsvagornas frekvenser.
Ett vagkraftverk designas diremot for att maximera den energi som absorberas
fran vagorna, bland annat genom resonans.

Forskningen inom végkraft har till en borjan fokuserat framfor allt pa att op-
timera koncepten for maximal energiabsorbtion, till vilket linjdra modeller
fungerar bra. Men for att studera driftsikerhet och 6verlevnad under svéara
driftférhallanden sd maste dven icke-linjdra aspekter studeras, till exempel tur-
bulens och 6verskoljande vagor. Fokuset i denna avhandlingen #r att studera
beteende och krafter pa ett vagkraftverk i stormar och vid tsunamivagor. Det
vagkraftskonsept som har studerats dr en sa kallad "point-absorber"”, dir en
linjdr generator pa botten drivs direkt av en boj pa ytan. Bojen &r koppad till
en translator inne i generatorn via en stallina. Bojen ir liten i forhallande till
vagldngden, vilket innebér att den vid dess resonansfrekvens kan absorbera

77



energi fran ett stort omrade, storre dn dess diameter. Den linjér generatorn har
en begrinsad slaglidngd, vilket gor att translatorn som ror sig inne i genera-
torn kommer sla i toppen pa generatorn om vagorna dr fér hoga, med hoga
maxkrafter som foljd. En icke-linjir berdkningsmodell har utvecklats i mjuk-
varan OpenFOAM. Modellen har verifierats med hjélp av vagtankstester, med
mycket gott resultat. OpenFOAM-modellen har sedan anvénts for att stud-
era hur olika aspekter och parameterar paverkar vagkraftverket, bade vid hoga
reguljira vgor och vid tsunamis. Overtoppande vigor har studerats, samt hur
kraft och rorelse paverkas av bojgeometri. Bade konstant och linjdr genera-
torddmpning har studerats, och hur maxkrafterna pa véagkraftverket paverkas
av for kort eller for lang stallina.

For periodiska vagor har det visats att bade en 6kad konstant dimpning eller
en okad linjar ddmpning minskar de skadliga maxkrafterna nir generatorns
slaglingd 6verskrids. Men for icke-periodiska vagor, dels tsunamivagor samt
den inledande transienten i borjan av ett vagtag, sa var detta samband inte
alltid giltigt. En konstant dimpning, till exempel friktion, kunde under vissa
forhallanden Oka islagskraften istdllet for att minska den. Detta berodde pa
att en hog friktion initialt kunde halla nere translatorn medan bojen drogs in
i vagen. Nar vagen sedan lyfte bojen sa fick translatorn en hogre fart, vilket
Okade kraften nir translatorn slog i toppen.

En tsunamivag pa djupt vatten ir relativt enkel att modellera numeriskt, men
nér den propagerar upp pa kontinentalplattan sa foréindras dess beteende och
icke-linjdra effekter blir langt ifran forsumbara. Pa djupt vatten kan en tsunami
beskrivas med linjir teori, och pa mycket grunt vatten och pé land s& anvinds
ofta bade smaskaliga fysiska och fullskaliga numeriska dammbrottsmodel-
leringar. Men i dagsliget rader det inte konsensus om hur tsunamivagor pa rel-
ativt grunt vatten, ddr vagkraftverk vanligtvis sjositts, bor modelleras. I denna
avhandling har dérf6r tre numeriska metoder for modellering av tsunamivagor
pa 26 m djupt vatten jamforts: en solitdr vag, ett dammbrott uppe pa en vat-
tenvolym med ett djup pa 26 m, samt en metod dér strommande vatten med
hog hastighet tvingades in i en initiallt stilla vattenvolym. Alla tre metoderna
resulterade i tsunamivagor med ledande vagtopp. Eftersom en tsunami kan
ha en ledande véagdal, vilket resulterar i att vattennivan forst sjunker och att
kustlinjen drar sig tillbaka, sa anvindes OpenFOAM-modellen till att studera
hur ett vagkraftverks linldngd paverkade vagkraftverket nir det traffades av en
tsunamivag. Modelleringen visade att en for lang lina hade en skyddande ef-
fekt om vagkraftverket paverkades av hoga, reguljdra vagor, men om det istél-
let traffades av en tsunamivag sa okade tvirt emot den skadliga islagskraften
om linan var for lang.
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