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Abstract: The focus of this paper is the survivability of wave energy converters (WECs) in extreme
waves and tsunamis, using realistic WEC parameters. The impact of a generator damping factor
has been studied, and the peak forces plotted as a function of wave height. The paper shows that
an increased damping decreases the force in the endstop hit, which is in agreement with earlier
studies. However, when analyzing this in more detail, we can show that friction damping and velocity
dependent generator damping affect the performance of the device differently, and that friction can
have a latching effect on devices in tsunami waves, leading to higher peak forces. In addition,
we study the impact of different line lengths, and find that longer line lengths reduce the endstop
forces in extreme regular waves, but on the contrary increase the forces in tsunami waves due to the
different fluid velocity fields.
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1. Introduction

In order for wave energy to be a viable energy option, the survivability of wave energy converters
(WECs) in harsh offshore environments must be guaranteed. The peak forces that will occur in storms
and other extreme wave events, such as tsunami waves, must be studied in the design process of a wave
power plant. Wave tank testing can be carried out to analyze the behavior in extreme waves, but it
is expensive and time-consuming. Full scale offshore testing is even more expensive, and although
it is necessary for evaluation of a WECs performance before commercialization, it does not offer the
controlled environment and the possibility to repeat the same wave conditions needed to evaluate the
impact of specific parameters. Computational fluid dynamics (CFD) modeling offers a complement
to physical experiments, and allows the user to study specific parameters individually in predefined
conditions. The turbulent flow around a WEC in high sea states can be approximated with Reynolds
Average Navier-Stokes (RANS) equations together with a turbulence model [1], and the surface can
be tracked with the volume of fluid (VOF) method. Several CFD models of different wave power
concepts have been developed and verified in recent years [2,3]. In [4], wave load of breaking waves on
an overtopping device was studied in a physical wave flume, and in [5], the results were reproduced
with good agreement using a RANS-VOF model. In [6,7] a point-absorbing WEC with linear-elastic
mooring, moving in six degrees of freedom, was modeled showing good agreement with wave tank
experiments, and in reference [8], another point-absorber device was modeled both fixed and freely
floating. In [9,10], RANS-VOF models are verified with physical wave tank data and the peak forces of
WECs with limited stroke length were studied. In [9], a model was verified with physical experiments
where frictional PTO-damping, assumed constant, was used. The model was then used to study
the effect of wave height, H, on peak forces in irregular waves, finding a nonlinear, e relation for
a moderate sea state and one frictional PTO-damping. In [10], the influence of the frictional damping
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on the peak forces for moderate and extreme waves was studied using two RANS-VOF models, one
linear model and physical wave tank experiments. The four cases of no damping, low, medium and
high frictional damping were studied, and two buoy geometries were compared. The magnitude
of the peak forces was seen to decrease with increased friction. No trends were fitted to the results,
but studying the figures, linear trends could be suggested. It should be noted that the response of
a device in an extreme wave depends on the load history as well as the surface elevation [11], and if
the peak forces are plotted as function of wave height, a scattered result is expected.

In this paper, a RANS-VOF model, previously verified with physical wave tank experiment [10],
is used to study the dynamical behavior and the forces on the WEC developed at Uppsala
University [12]. Ultimately, the PTO-damping should be optimized both to minimize the peak forces
in the connection line and maximize the energy absorption, across all sea states at the location of the
device. In this paper, the response to periodic waves with constant wave period has been studied.
It should be noted that the response is expected to depend on the wave period, and the results in this
paper should be considered as a first step to understand the dynamical behavior of this device. Both
frictional damping, assumed constant, Ffﬂ-c = constant, and linear generator damping, Fpro = 77,
are studied. The WEC concept consists of a linear generator at the seabed that is directly driven by
a point-absorbing buoy floating at the surface. A mooring line connects the buoy with the translator
that is moving vertically inside the linear generator at the seabed. The translator has a limited stroke
length, and endstop springs are installed to dampen the motion in both the upper and lower endstop.
A peak force will occur in the connection line when the upper endstop spring is hit, and if the wave is
high enough to fully compress the enstop spring, a second peak force is expected, corresponding to
the elasticity of the connection line.

Much work, both theoretical [13-16] and experimental [17-19], has been accomplished to
maximize the power absorption and increase the force in the connection line for this type of WEC.
An optimal WEC with high power output and high survivability will have high mean forces and low
peak forces. The energy absorption can be increased by optimizing the generator damping to the sea
state, as well as the buoy geometry and size. For the generators at the Lysekil testsite on the Swedish
west coast, WEC prototypes have been operated offshore with generator damping approximated
around 10 to 40 kNs/m [20]. Linear theory has been used to optimize generator damping coefficient
to the seastate [21-23], and it was seen that a higher generator damping, around 50-100 kNs/m
dependent on buoy size, could increase the energy absorption.

Further, in the physical wave tank experiments presented in [24], and in [10], it was shown that
the peak forces can be decreased by an increased generator damping. In reference [25], RANS-VOF
simulations were used to numerically study the peak forces of the endstop hits. The peak forces
were seen to level out even for increased wave amplitude when the buoy was overtopped by the
waves, but only if the generator damping was high enough to keep the translator from hitting the
upper endstop spring. Those results suggest that an increased generator damping would lead to both
a higher mean power and lower peak forces for prototypes at the Lysekil site. However, it should be
noticed that in these mentioned works, both in the physical and numerical modeling of the generator
damping, the translator-stator overlap, the part of the stator winding covered by the translator, was
assumed to be full during the full stroke length. In reference [26,27], the line force was measured
onshore for the total stroke length of a linear generator, including the decreased line force during the
partial translator-stator overlap. This decreased line force would allow the buoy and the translator
to accelerate just before hitting the endstop, which would increase the peak force of the endstop hit.
To account for this important physical property, this is included in the RANS-VOF model used in this
paper, and the influence of a decreasing translator-stator overlap on the endstop forces of the WEC is
studied. From the mentioned studies, it is clear that the generator damping, the friction, the partial
translator-stator overlap and the length of the connection line all influence the experienced line forces,
which affect the survivability of the device. In this paper, all these parameters are included and their
effect studied in detail. Further; the forces and dynamics are studied when the WEC is impacted
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by high regular waves and compared with the impact of a tsunami wave. Both frictional damping,
assumed to have constant magnitude, Fy,;c = constant, and linear generator damping, Fpro = 77, are
studied in this paper. The influence of line length on peak forces is modelled and compared for regular
waves and tsunami waves.

2. Method

2.1. Governing Equations

The open-source software OpenFOAM v2.4.0 was used for all the simulations in this paper.
The Reynolds Averaged Navier-Stokes equations (RANS) approach was used with an RNG xe
turbulence model. The two-phase Navier-Stokes solver interDyMFoam was used, where the equations
for the air and the water is written assuming a single fluid mixture:

V-i=0 1)

2 (pR) + V- (ol — 1)) = ~Vp+ V- § +of @

where i is the fluid velocity and i is the grid velocity, p is the mixture density and p is the pressure.
S = 2uD is the viscous stress tensor where y is the mixture viscosity and D is the strain tensor. fj, is
the force from a rigid body. The volume of fluid (VOF) method uses a scalar field « to track the two
fluids (water and air, respectively) at the surface boundary. A volume of only water is represented by
« =1, only air by « = 0, and values in between represents mixtures. The parameter « is solved from

a transport equation.
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The fluid properties in the mixture is expressed using «.
@ = aDuater + (1 — &) Pyir 4)
where @ is a fluid property such as y or p.
2.2. Numerical Implementation

2.2.1. Numerical Wavetank

The simulation domain forming the wavetank was 300 m long, 75 m high and had a width of
60 m. The water depth was 26 m to resemble the depth at the Lysekil test site. A mesh resolution study
was performed and is presented in Figure 1. The force in the connection line is presented as deviation
from the result of the finest mesh, and it is seen to converge with increased mesh resolution. The same
mesh was used in [28]. According to this, the domain was discretized using 1,988,000 hexahedral mesh
element; the mesh is seen in Figure 2. 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 to 0.078 m.
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Figure 1. Convergence of the force in the connection line for increasing mesh resolution.
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Figure 2. The mesh is refined in a box surrounding the surface, and further refined in the vicinity
of the buoy. The color represents the scalar field «. Blue represents « = 0 (air), while red represents

a = 1 (water).

2.2.2. Incident Regular Wave

The regular waves in the model were generated and absorbed using the library waves2foam,
using relaxation zones to eliminate wave reflections from boundaries and internally [29]. Relaxation
zones of 100 m were placed at the inlet and outlet boundaries. The 5th order Stokes wave generator
of the waves2foam library was used to implement the regular waves. To study the WEC behavior
in regular waves corresponding to highly energetic sea states at the Lysekil testsite, a constant wave
period of 8.5 s and wave heights in the range 3 m to 7 m were chosen. These regular waves carry the
same energy as irregular waves with significant wave heights of 4.2 to 9.9 m. This corresponds to the
most extreme sea states measured at the Lysekil offshore site [30].

2.2.3. Incident Tsunami Wave

While a deep water wave mainly affects the surface and the fluid velocity decreases with depth,
a tsunami wave affects the speed and pressure of the whole water column [31]. The dam-break
approach is commonly used to simulate tsunami waves [32,33], and was chosen for the tsunami
simulations in this paper. The simulation domain was elongated with 300 m, and an 8 m high water
volume was placed on top of the initially still water surface, as seen in Figure 3. The water volume
had the same width as the numerical wave tank, and a length of 230 m. The WEC was placed 120
m downstream the initial water volume. The water volume was released as the simulation started,
and formed a propagating wave with an amplitude of 6.3 m. The initial conditions were chosen for
the tsunami wave to be comparable with a storm induced extreme wave at the Lysekil research site.
A relaxation zone of 20 m was placed at the outlet boundary. Since this is too short to eliminate all
reflections, the simulations were terminated before reflections occurred.

Figure 3. For the dam-break approach, the simulation domain is elongated and a water volume is

placed on top of the initially still water surface.

2.3. The WEC Model

The WEC model used in this paper has previously been validated with physical wave tank data,
with good agreement, in reference [10,25]. The buoy of the WEC was modeled as a floating rigid body
in the wavetank, moving in six degrees of freedom, moored to a fixed position at the seabed. The unit
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vector 7 points from the buoy position to the anchoring position. The linear generator was modeled as
a restraining force in the mooring line, see Figure 4a. The OpenFOAM solver sixDoFRigidBodyMotion
solves for the force F, and the torque M}, acting on the buoy by integrating the fluid pressure over the
surface area. The restraints from the generator added on the buoy are called Fj;;,, in this paper, and are
all directed along the vector 7, see Figure 4. The total force acting on the body, F;t, is then Fp together
with Fj;,, and the mass of the buoy, and the equation of motion of the WEC modeled in OpenFOAM is:

(my, + my)F(t) = /Pﬁds — Fiine? — mpg, ®)

where m;, and m; are the mass of the buoy and of the translator and 7 is the position vector of the
buoy. The restraining forces are the gravity force on the translator Fy,, = m;g, the electromagnetic
damping in the generator simplified as Fpro = 77, and frictional loss, Ffy;c. The generator damping
Fpro and friction forces Fy,;c are directed in the opposite direction of the translator movement. As seen
in Figure 4b, the translator-stator overlap is not full during the whole stroke length, and the force
factor Fprp must be multiplied with A;r 1o where the factor A, is the fraction of the stator that is
overlapped with translator, and c is a factor 2 [27]. When the translator hits the upper endstop spring,
a restraining endstop spring force is added; Fspring = s (¥ — Frest — l}lfe e), where 7/ is the length of r
at still water and the translator stands in the middle position. / ufg . is the free stroke length, seen in
Figure 4b. If the endstop spring gets fully compressed, a second endstop force is added, corresponding
to the elasticity of the connection line; F,4st0p = Kpine (7 — Trest — ltuO’; a1), Where l:ﬁﬂ o is the total stroke
length, seen in Figure 4b. The Heaviside functions 6, and dy,t, define when the endstop spring is hit
and when it is fully compressed, and depend on the length of the the vector 7 as:

u u
1, > rrest + lffee/lto’;al
0, otherwise.

5free/5totul = { (6)
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Figure 4. (a) The WEC is modeled 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 is also seen that the translator-stator overlap is not full during the whole
stroke length.

When the translator stands on the bottom of the WEC, the line is slack and F;,,, is set to zero using
the Heaviside function d,,,;. The total restraining force is described by:

Fline = 5d0wn(*mtg + FPTOAjfmc —Kkr=* Ffric - Fspring(sfree - Fendstopétutal)?- (7)

If Fj,. becomes a positive number, the line would slack and Fj,, is set to zero. The WEC
parameters used in the model are found in Table 1.
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Table 1. WEC parameters.

Parameter Abbrevation  Value
Buoy radius Rpuoy 1.7 m
Buoy height B0y 21m
Buoy mass Mpyoy 5700 kg
Translator mass Miransiator 6500 kg
Translator height Biransiator 3m

Stator height hstator 2m

Free stroke length up/down ;Zégfrflz Im

Total stroke length up/down ;z’zs/ggkwen 1.25m
Endstop spring constant Kendstop—spring 200 kKN/m
Spring constant corresponding to line elasticity  ;;y,, 2600 kN/m

3. Results

3.1. Peak Forces as a Function of Wave Height

To study the impact of endstop hits and overtopping waves on peak forces, incident periodic
waves with a constant wave period of 8.5 s were simulated, and the peak forces in the connection line
were plotted as functions of corresponding wave height. Five incident waves of increasing heights
were used; the surface elevations at the position of the WEC are seen in Figure 5, and the wave
steepness (kA), of the waves are found in Table 2. This was repeated for eight levels of generator
damping, ranging from v = 0 kNs/m, to y = 140 kNs/m with a constant increase of 20 kNs/m. Using
potential linear flow theory and assuming an infinite stroke length, the optimum linear damping at
this wave period was found to be 103 kNs/m. The friction was constant in all cases, Ffjc = 5 kN,
chosen as the measured friction of the WEC in reference [26]. In Figure 6, the resulting peak forces are
plotted as a function of wave height. If all peak forces are considered, both linear and quadratic fits
would be possible because of the scattering in the result. However, if only the peaks when the endstop
spring is fully compressed are considered (corresponding to black markers in Figure 6), the resulting
peak forces seem to increase linearly with wave height. However, the result is still scattered.

For damping factors between v = 0 kNs/m and y = 100 kNs/m, the peak forces decrease with
increased generator damping v, but further increased damping does not decrease the peak forces.
This can be understood when the endstop hits are studied separately. If the endstop is hit (a black
marker in the figure), a higher wave height results in a higher peak force. Increasing the generator
damping slows down the translator, and the peak force decreases. However, when the generator
damping is further increased, for ¢ higher than 80 kNs/m in this parametric study, the generator is
strong enough to keep the translator from hitting the upper endstop, as indicated by the red markers
in the figure. When the endstop is not hit, the highest force in the connection line depends on the
strength of the generator instead of the force of the endstop hit, and since a higher y means a stronger
generator, Fprp = 77, the line force increase with increased <. The reason behind this phenomenon
is further explained by Figure 7, where the total force in the connection line is decomposed and the
magnitude of FpToAJZ(r acr Frrics Fspring and Foygstop are shown for three levels of generator damping,
as the WEC is impacted by a wave with H = 6 m. The total line force is a sum of these forces and
the gravitational force of the translator weight. The position and speed of the translator are also
shown. It is seen that for v = 60 kNs/m and y = 80 kNs/m, the peak force in the total connection
line force mainly corresponds to a sum of the spring force F;i,g and the endstop force Fyy4s10p- The
translator speed decreases with increased 7y, which explains why F;,4s1o, decreases with increased v;
the impuls energy when the translator hits the upper endstop depends directly on the speed and the
mass of the translator. For the higher damping of v = 100 kNs/m, the generator is strong enough to
slow down the translator enough to keep it from fully compress the upper endstop spring, as can be
seen from the translator position in Figure 7. Since the endstop is not hit, Fy;,4s10p = 0 and the highest
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force in the connection line does instead correspond to Fpro. Further increased generator damping <y
cannot decrease the F;4510p, and the total force in the connection line will increase again. However, it
should be noted that the increased line force due to increased Fpro is desired as it can be converted to
electricity, in contrast to the damaging force of the endstop hit.
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Figure 5. Surface elevation of the modeled incident waves. The wave period was 8.5 s, and five
different wave heights were simulated.
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Figure 6. The peak forces plotted as a function of wave height. The peak forces decrease with
increasing generator damping for damping factors up to v = 100 kNs/m. For higher -y, the generator
is strong enough to keep the translator from hitting the upper endstop and the peak forces are not
further reduced.
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Table 2. Wave steepness.

Wave Height 3m 4m 5m 6m 7m
Wave Steepness (kA) 0.08 0.11 0.14 0.17 0.19
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Figure 7. The total force in the connection line is a sum of of FpToAJ%r acr Frrics Fsprings Fendstop
and the gravitational force. The line force is compared for three levels of generator damping -.
The corresponding translator position and speed are also seen. The surface elevation of the incident
wave is seen together with the translator position. The horizontal dashed and solid lines mark the free
and the total stroke length, respectively.

3.2. The Impact of Friction on the Survivability in Extreme Waves

Although it was seen in the physical experiments in [24] that peak forces were reduced by a high
friction, it is possible that a low friction could have a latching effect, which would influence the force
in the connection line. To study the impact of friction on survivability in extreme waves, both a high
regular wave and a tsunami wave were modeled. Five levels of friction were studied for each wave.
A friction of Ff;c = 5 kN was the experimental friction measured in [26] and is considered low, and it
was also the friction used in Section 3.1. The theoretical case of no friction was included for comparison.
Higher friction than 35 kN is not considered relevant, since it would significantly increase the wear
inside the generator. The generator damping factor was set to v = 40 kNs/m for all simulated cases in
this section, a value that has been used at the Lysekil test site [20].

In Figure 8, the line force is seen when the WEC was impacted by a regular wave with a height of
6.5 m and a wave period of 8.5 s. For comparison, the highest single wave statistically appearing on
average once per 100 years at the Lysekil test site is 6.2 m [30]. The simulation was run for 70 s, which
resulted in 7 wave peaks. The transient first two peaks in the front of the wave train are followed by
periodic waves. No friction resulted in the highest peak force for all wave peaks. For the periodic
wave peaks, peak three to seven, the highest friction resulted in the lowest peak forces, and decreasing
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the friction increased the peak force. However, for the two first wave peaks, the lowest peak force was
achieved for the second highest friction, not the highest friction.

Frc=35kN i
e i
Fro=25KN ] 1
- 4
—m o F = 15KN 1
— P To ]
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Figure 8. The force in the connection line when the WEC is impacted by a high regular wave. Five levels
of friction are compared.

In Figure 9, a zoom of the line force of the first two peaks is seen together with the surface
elevation of the wave and the translator position. The horizontal solid line represents the total stroke
length of the WEC, when the translator stands on the bottom and the line slacks. The dashed horizontal
line represents the lower endstop spring. It should be noted that the surface elevation is measured
right above the anchoring position of the WEC. The buoy moves in six degrees of freedom and it can
have large surge excursions. Studying the translator position, it can be seen that the friction is delaying
the translator motion, and increases the phase shift between the buoy and the wave. The translator
is more delayed by the highest friction in the second wave peak than in the first, but for peak three
to seven, the delay was once again lower. The force of a wave on a buoy varies with this phase shift,
and this is assumed to contribute to why the highest friction did not result in the lowest peak force for
the first two wave peaks.

The line force and the translator position during the tsunami event is seen in Figure 10.
This tsunami event, modeled with the dam break approach, has two wave peaks; one leading peak of
6.3 m, and a second peak of 4.7 m. Multiple wave peaks are a result of that the dam-break approach
has been used with the wet bed condition. In Figure 11, the water velocity in the vicinity of the buoy is
seen as the WEC was impacted by the first and the second tsunami peaks, and during the peak forces.
At the current depth of 26 m, the wave front of the tsunami did not evolve to be very steep, but when
the turbulent bore propagated over the WEC, the buoy was already submerged. The peak force in the
connection line occurred before the wave peak. This is in contrast with the periodic wave, where the
peak force occurred at the same time or after the wave peak. In the first wave peak of the tsunami,
the highest peak force occurred for the highest level of friction, and in contrast with the results of
the periodic wave, the endstop force decreased with decreased friction and was lowest for 5 kN of
friction. This can be seen as a consequence of the fact that the translator motion is delayed by the
friction, which gives a latching effect and increases the phase shift between the buoy and the wave,
which increases the endstop force. The endstop force of the second, lower, wave peak is actually higher
than of the leading wave peak. This can be understood from the fact that for a tsunami wave, the
water velocity is high, and does not only depend on the current wave height. Comparing the water
velocity surrounding the buoy at the times of the peak forces, t = 8.5s and t = 14.5 s in Figure 11, it is
seen that the water velocity is comparable, which explains why the peak forces of the wave peaks are
comparable despite the different wave heights; when the buoy is submerged, the magnitude of the line
force depends more on the surrounding water velocity than the wave height. In the second wave peak
as well as for the first, a friction force of 5 kN resulted in the lowest peak force, and the second lowest
peak force occurred when no friction was applied. Higher friction resulted in higher endstop force.
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Figure 9. This is a zoom of Figure 8. The WEC is impacted by a high regular wave. The solid horizontal
line marks the bottom of the generator, and the dashed horizontal line marks the lower endstop spring.
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Figure 10. The force in the connection line and the translator position when the WEC is impacted by

a tsunami event. Five levels of friction are compared.
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U magnitude

Figure 11. The WEC impacted by the tsunami wave. The figure shows the four main events: The first
peak force occurred at t = 8.5 s, one second before the first wave peak propagated over the WEC at
t=10.5s. The second peak force occurred at t = 14.5 s, one second before the second wave peak at
t =15.5 s. The origin marks the initial position of the buoy.

Even though an increased friction decreased the peak forces when the WEC was impacted by
periodic waves, as expected, an increased friction did not result in an increased survivability for the
tsunami wave event. This deviant behavior was also seen in the transient at the front of the regular
wave train.

3.3. Endstop Forces Decrease with Increased Damping for Periodic Waves

As seen from Section 3.1, the damping of the generator has a large effect on the behavior of the
device. To study this in more detail, we looked at the line forces in the time domain, and compared
speed dependent generator damping with frictional damping. When all the periodic waves are studied,
peak three to seven for all regular waves, it is seen that the endstop forces decrease with increased
damping, both speed dependent generator dampings, Fpro = 77, as in Section 3.1, and for constant
frictional dampings, Ff,;c = constant, as in Section 3.2. In Figure 12, the line force is shown in the time
domain for one wave peak from the study in Section 3.1, comparing the impact of different levels of +y.
The incident wave height was 5.7 m, and is the fifth wave peak of the second highest incident wave in
Figure 5. It is confirmed that if the endstop was hit, seen as a sharp peak, then an increased damping
factor vy resulted in a decreased peak force. However, once the damping was high enough to prevent
the translator from hitting the endstop, further increased damping did not reduce the line force further,
but instead increased it. For this specific wave peak, endstop hits were prevented for v = 80 kNs/m
or higher.
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Figure 12. The line force and the translator position when the WEC is impacted by a high periodic
wave, comparing the influence of generator damping factor . Increasing the generator damping
decreases the force of the endstop hits. For v = 80 kNs/m or higher, endstop hits were prevented.

The same behavior, decreased peak forces with increased damping, was seen for the constant,
frictional, damping. In Figure 13, the line force and translator position of the third wave peak in
Section 3.2 is shown, comparing the different levels of frictional damping. It is seen that for this
periodic wave, the friction decreased the speed of the translator which reduced the force when the
translator hits the endstop. The same behavior was seen for all the periodic waves in Section 3.2.
That increasing the damping decreases the peak forces was also confirmed by the physical wave tank
experiment performed in reference [24], were the influence of high frictional damping on the wave
loads on a WEC in extreme waves was studied in a 1:20 scaled experiment. In Figure 14, reprinted
with permission from reference [24], the line force is seen when a WEC was impacted by a regular
wave with a height of 5.7 m and a period time of 10.7 s. A focused extreme wave was embedded
and hit the WEC at t = 134 s. All values of Figure 14 are presented in 1:1 scale. In the left plot, a low
frictional damping of 18 kN was applied. In the plot in the middle, a medium frictional damping of
59 kN was applied, and in the figure to the right, a high damping of 83 kN was applied. Increased
damping decreased the force of the endstop hit, both for the high regular waves and for the embedded
extreme wave.
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Figure 13. The line force and translator position for different levels of frictional damping. This figure
shows the third wave peak of Figure 8. The generator damping factor is constant at y = 40 kNs/m.
The force of the endstop hit is reduced by an increased friction.
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Figure 14. This figure is reprinted with permission from reference [24]. In a physical wave tank
experiment, the line force of a WEC was studied when different levels of frictional damping were
applied. The incident wave had a height of 5.7 m and an embedded focused extreme wave hit the
WEC at t = 134 s. Three levels of friction was applied: 18 kN (left), 59 kN (middle), and 83 kN (right).
The force in the endstop hits decrease with increased damping.

3.4. Influence of Line Length on Endstop Peak Force

Another possible factor for the survivability is the length of the connection line. An incorrect
line length could be a consequence of the changing tide or incorrect calibrations during deployment.
A tsunami event could also start with a withdrawal of the waterline and a decreased water level.
In this section, the regular wave and the tsunami event were modeled for six different line lengths,
comparing the magnitude of the endstop hits and the translator and buoy motion. The water depth
was the same for all simulations, and the length of the connection line was altered.

In Figure 15, the line force and the translator position is shown together with the heave and surge
motion of the buoy. It can be seen that a too short line (both the 0.5 m and the 1 m too short cases),
increased the endstop force slightly. Studying the translator motion, it is seen that the endstop was hit
earlier and that the endstop spring was fully compressed for a longer time with a shorter connection
line. When the length of the connection line was instead increased, the force of the endstop hits
decreased, and the duration of the endstop was shorter. For the line that was 2 m too long, the endstop
was not hit at all. The heave motion of the buoy decreased with a shorter line, and increased with
a longer line, since the translator motion was restricted by the upper endstop. The surge motion on the
other hand did not increase with a longer line, but did decrease and got slightly delayed. The surge
motion was influenced by the restricted heave motion; when the translator stayed in the upper endstop,
the buoy could not move in positive heave direction, and was instead forced to move in surge and in
negative heave direction.
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Figure 15. A regular wave was modeled, comparing the influence of different line lengths.
The generator damping factor was 7y = 40 kNs/m and the friction was set to F;c =5 kN.

The influence of line length when the WEC was hit by a tsunami wave event was also studied, and
is shown in Figure 16. In contrast with the line length study with the regular wave, the magnitude of
the peak forces increased with an increased line length. This can again be understood when comparing
the different fluid velocity fields of the regular and tsunami waves, shown in Figure 17. Figure 17
shows the WEC with a 2 m to short line, for both the regular wave (left) and the tsunami wave (right),
at the time of an endstop hit, t = 19 s for the regular wave and t = 7 s for the tsunami. Although
the regular wave had the same wave height as the tsunami amplitude, the velocity fields differed
significantly. The surface of the regular wave was smooth, while the tsunami wave had two stages;
first a smooth surface elevation, followed by a turbulent bore. If the length of the connection line
was correct or too short, the buoy got submerged by the smooth surface rise, and the turbulent bore
propagated over the deeply submerged buoy. However, if the line length was too long, the buoy did
not get submerged before the bore hit the WEC, and the buoy was hit by the bore and thus impacted by
a higher force. The motion in heave followed the same pattern for the tsunami as for the regular wave;
an increased line length increased the heave motion, which followed from the restricted translator
motion. However, in contrast with the regular wave, the surge motion for the tsunami wave increased
for an increased line length, which is explained by the difference between the velocity fields. The
velocity of the water in a regular deep water wave follows a circular pattern which results in an
oscillating surge motion of the buoy, as seen in Figure 15. The velocity field of a tsunami wave has a
horizontal forward speed, and the current drags the buoy forward in the surge direction.
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Figure 16. Line force, translator position and buoy position when the WEC is impacted by a tsunami
wave. The influence of line length is compared.
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Figure 17. The WEC impacted by a regular wave (left), and by a tsunami wave (right). The incident
waves are traveling from the left to the right in the figures. The connection line length is modelled as
too short in those simulations. The origin marks the original position of the buoy in still water.

4. Discussion

The focus of this paper is the survivability of a point-absorbing WEC in extreme waves and
tsunamis, using realistic parameters. The WEC parameters were chosen as suitable parameters
for a WEC deployed at the Lysekil test site, Sweden [26], and the studied wave heights chosen to
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correspond to the wave climate at the Lysekil test site. A previously verified OpenFOAM model
has been used to study the peak forces of endstop hits, and different parameters that can influence
the survivability, namely: generator damping, friction damping, wave height, line length and wave
type (high regular waves and tsunami waves). In addition, the paper has analyzed how overtopping
waves and endstop hits affect the peak forces, which is of highest relevance for linear generators
with limited stroke length. This study is an extension of the study in reference [25]. In reference [25],
three levels of v was used; no damping, a low damping at v = 10 kNs/m and a medium damping
at v = 30 kNs/m. The endstop spring was longer and never got fully compressed, which it was in
this paper. Reference [25] focused on the influence of overtopping waves, and it was seen that the
overtopping did not influence the peak forces unless the generator damping was high enough to
keep the translator from hitting the upper endstop spring. In this paper, a larger range of different
and higher generator damping values 7y was studied in higher waves, high enough to fully compress
the upper endstop spring. It was seen that the force of the endstop hits, when the spring was fully
compressed, increased with increasing wave heights and decreased with increased <. It was also seen
that if ¥ was high enough to prevent an endstop hit, the peak force was significantly lower, but then
again increasing with further increased . However, it should be noted that this increased line force
is expected and wanted as it can be converted to electricity in the generator, in contrast with the
damaging peak force of the endstop hit.

In this paper, the decreasing PTO damping of a decreasing translator-stator overlap was included
in the model. When the translator-stator overlap decreases, the PTO damping decreases and the
translator can accelerate. It was suspected that this decreased damping when the stator moved closer
to the endstop could affect the behavior with decreased peak forces with increased y. However,
this was not seen, and it was concluded that an increased « will decrease the peak force of the endstop
hit, regardless of the translator-stator overlap.

The influence of a constant damping, such as friction, was also studied, both for a regular
extreme wave and for a tsunami wave. For periodic waves, peak three to seven in Figure 8, increased
friction decreased the peak force of the endstop hit. This is confirmed by the physical wave tank
experiments presented in reference [24] and reprinted in Figure 14. It is concluded that for periodic
waves, increased damping decreases the peak forces of endstop hits. This is valid for both constant
damping, Fgjc = constant, as in Figures 13 and 14, and for linear generator damping, Fpro = 77,
as in Figure 12. However, if the waves are increasing in strength, like the two first wave peaks of
Figure 8, and for the tsunami event in Figure 10, the friction can result in a latching effect and actually
increase the force of the endstop hit instead of decreasing it. It is possible that this effect could occur
for irregular waves as well, and should be considered in the design process of a WEC.

The influence of line length on survivability was also studied, and big differences were seen
when the regular wave was compared with the tsunami wave. For the regular wave, an increased
line length had a positive effect for the survivability; the peak forces of the endstop hits decreased,
and for the longest line (2 m too long), the translator never hit the upper endstop. The surge motion
decreased with increased line length, showing that for the correct or the too short line length, the surge
motion is increased by the restricted translator motion; when the translator stands still at the upper
endstop, the buoy is forced to move in the surge and negative heave direction. Since the 2 m too long
line is the only studied length where the translator does not hit the upper endstop and the motion is
unrestricted by the endstop, it can not be concluded how a further increased line length would affect
the survivability. It was also seen that the WEC was more vulnerable to incorrect line length for the
tsunami event. In contrast to the regular wave, the peak forces during the tsunami wave increased
with increased line length, and the longest line resulted in significantly higher peak forces than a line of
correct line length. The regular wave and the tsunami wave were comparable considering amplitude,
but the velocity fields differed significantly. The surface of the regular wave was smooth, while the
tsunami wave had two stages; an initial smooth surface elevation, followed by a turbulent bore. If the
length of the connection line was correct or too short, the buoy got submerged by the initial smooth
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surface rise, and the turbulent bore propagated over the deeply submerged buoy. However, if the
line was too long, the buoy was instead impacted by the turbulent bore, and the peak force increased.
Although a 2 m or more too long line does not seem likely during normal operating conditions, it is
possible that a tsunami wave event starts with a decreasing water level, and it is important to know
that the consequences of the line length on survivability are significant.

This paper has only studied one wave period, and it should be noted that the response of a WEC
will be dependent on wave period as well. The survivablility must be studied across all seastates at
the deployment site, and the results in this paper should only be considered as a first step towards
understanding the response of the studied WEC in extreme waves.

5. Conclusions

A previously verified OpenFOAM model has been used to study the survivability of a point-absorbing
WEC in extreme waves and for a tsunami wave event, using realistic WEC parameters. It was
concluded that:

1.  For periodic waves, it was seen that both increased linear damping, Fpro = 77, and increased
constant damping Fy,;c = constant, decreased the force of the endstop hits. This corresponds well

with established experimental results.
2. If the incident wave was not periodic, for the tsunami event or the transient waves at the front

of the 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

could also occur for irregular waves during normal operating conditions.
3. Due to the differences in fluid velocity fields, the WEC was more vulnerable 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.
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