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Abstract

The objective of this project is to evaluate and prove the concept of a con-
crete attenuator-type wave energy converter(WEC). Oscillating water col-
umn chambers are being used as power take off system, and the device is
planned to be installed in the Danish part of the North Sea. In order to
prove the concept, a model at scale 1:50, was built and tested in a wave
basin at HMRC in Ireland. The main dimensions of the model have been
found through strength- and floatation calculations based on the expected
sea states of the North Sea, and through single chamber experiments at the
same scale. The results presented in this report show that the efficiency of the
device is in the same range as similar WEC and that the early price estimate
makes it competitive compared to offshore wind, and solar energy. The con-
cept is therefore considered proven, and further verification and optimization
can commence.
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1 Nomenclature

Character meaning

T Wave period, regular waves
Tz Mean zero-upcrossing wave period, irregular waves
Tp Peak period, irregular waves
Tn Natural period
λ Wavelength
f wave frequency
Hw Wave height, regular waves
Hs Significant wave height, irregular waves
S1 Chamber inlet area
S2 Chamber surface area
S3 Orifice area
S4 Waterplane area
d1 Chamber depth found in initial experiments
d2 Chamber depth of right natural frequency
Ld Length of device
m Mass of device
m33 Added mass
ρw Density of water
ρA Density of air
ρc Density of concrete
g Acceleration of gravitation = 9.82
ζ Wave height as function of time
A Wave amplitude
σmax Maximum tension
τ Torque
I Moment
IS4 surface moment of inertia
e Distance from static torque axis
∇ Deplacement volume
Pw Power in wave the length of the attenuator
P Power captured
Ptotal Combined power capture of all chambers
Q Flow through orifice
V2 volume velocity in chamber
V3 volume velocity through orifice
cd Damping coefficient
δp pressure difference across orifice
s Wave spreading
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2 Introduction

The wish to harness energy from ocean waves has given birth to numerous
different WEC-concepts since the oil crisis in the early seventies. So far none
of the ideas have had enough success to be commercialized and only few have
reached full scale testing, and survived. There are still a lot of difficulties to
overcome before the dream of clean ocean energy will be competitive on the
global energy market. The main issues are the high cost of the structures, and
the mooring systems, and the fact that most designs have failed to survive
in extreme weather conditions. The concept presented in this document
supposedly has a solution to two out of the three issues, namely the cost of
the structure and survivability of the device.
The scope of the project is to design, construct and test a floating WEC
model of the attenuator type, aimed for full scale usage in the North Sea.
The tests are aimed to get information about energy production, motion and
survivability. The structure is designed for limited motion recommended by
Kaimai tests ([Berge, 1982]) to get highest energy output.
As seen below in figure 1 an attenuator is generally a long type of WEC
which is positioned in same direction as the propagating wave, from which
it extracts energy.

Figure 1: Various types of wave energy converters

The idea is to construct a long floating attenuator in reinforced concrete,
based on the work done in Pizer and Stansell [2013]. Pizer and Stansell
state that an attenuating line absorber of infinite length with infinitely small
oscillating segments should be able to obtain a maximum power proportional
to its swept volume (illustrated in figure 2).
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Figure 2: The reflected wave of an attenuating line-absorber with infinitly small
segments.[Pizer and Stansell, 2013]

This theory is thought to be applicable to any WEC technologies of atten-
uator type, such as Oscillating Water Collumn (OWC), point salter ducks,
point absorbers etc.
In this concept the OWC-technology was chosen because of its simplicity,
and the relative ease of simulating the power take off at model scale. The
OWC concept transfers the oscillating movement from sea waves to airflow
from which energy is extracted by a turbine, as illustrated in figure 3.

Figure 3: Principle of an oscillating water column
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3 Methodology

In order to prove the concept, a model of the attenuator at scale 1:50 was
built and tested in a wave basin. The model should simulate an attenuator
placed in the deep-water waves of the North Sea. The Danish association
”Bølgekraft foreningen” advises wave devices in the North Sea to be dimen-
sioned for peak performance at a wave period of T = 5.9s [Clausen, 2012],
and a wave length and wave height of λ = 54.4m and Hs = 5.4m. These
conditions results in the highest energy potential for Denmark, at 11400
kWh/year per meter of wave crest. The energy potential in the North Sea
is generally biggest in the waves with wave periods from 4.4 seconds to 7.7
seconds [Clausen, 2012]. With this in mind a series of experiments were de-
signed to determine the chamber dimensions that would result in a resonance
close to the desired wave period.

The Froude scaled period then becomes

Tmodel = 5.9s · 1

50

0.5

= 0.834s (3.1)

3.1 Initial experiments

To be able to determine the right Dimensions for the chambers, a series of test
was designed to isolate the dimensions thought to have the most influence
on the chambers natural frequency. This section goes through the three
experiments conducted chronologically as the results of one led to the next.

Initial Experiment 1

The early work with Kaimai and NEL shows [Berge, 1982] that bottom plates
in the chambers enhances the efficiency of OWCs. The distance from the
bottom plate to the water surface level is related to the wave periods for
which the chambers resonate. Thus the first test series was designed to
determine the depth of the chamber and the size of the opening. A model of
a single chamber at scale 1:50, with fixed length of 80mm, a variable width of
40mm - 70mm and a variable bottom plate depth of 40-175mm was designed.
A CAD model was created, laser-cut in 3mm acrylic plastic and assembled
using methylenchlorid (see figure 4).

8



Bachelor Projekt

Figure 4: CAD and the acrylic model used in initial experiment 1 and 2

Because of tight schedule in the wave tank, the settings chosen to be
analysed in the experiments where rather limited. The examined dimensions
are shown in table 1.

1 2 3
h 0.035m 0.07m 0.105m
b 0.04 0.07m

Table 1: The analysed dimensions

The chosen dimensions were tested in the sea-states shown in table 2.
All the waves had a steepness of 5% which is the limit for generating linear
waves.

T real scale[s] T model scale[s] Wavelength [m] Waveheight [m]

4 0.566 0.5 0.015
5 0.707 0.78 0.023
6 0.85 1.13 0.034
7 1 1.53 0.046
8 1.13 2 0.06

Table 2: Tested downscaled sea-state

The model was positioned in the middle of a wave-flume with dimensions
22m x 0.6m and a waterlevel at 0.405m, Wave probes were installed inside
and outside the chamber.
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Results

During the experiment the waterheight inside and outside the wavechamber
was logged in arrays at a rate of 120 measurements per second. A custom
made matlab script was used to calculate the surface elevation as a function
of time and plot the height difference from inside to outside the chamber, as
a function of the wave period. The created plots are shown in figures 5-10

Figure 5: b1h1 Figure 6: b2h1 y-axis: 0.4 to 1.4

Figure 7: b1h2 Figure 8: b2h2
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Figure 9: b1h3 Figure 10: b2h3

The relation between chamber top area and water inlet area, peak heights
and periods are shown in table 3.

Experiment 1

Peak [m/m] Peak period [s] Area ratio Theoretical peak

b1h1 0.41 0.707 1.14 0.628
b2h1 1 1 2 0.65
b1h2 1.4 0.707 0.57 0.73
b2h2 1.48 0.707 1 0.75
b1h3 1.45 0.566 0.38 0.797
b2h3 1.43 0.707 0.667 0.816

Table 3: Relation between peaks and area ratio S2
S1 [m

2/m2]

Analysis

The shapes of figure 5, 8 and 10(b1h1,b1h2,b2h2) are very simular and they
all have a peak at T = 0.707. Theoretically their peak periods should range
from 0.63 − 0.82s. One explanation is that the data acquisition interval is
too big, as the only data points for this area are T = 0.566, 0.707, 0.85. this
means that a peak at T = 0.707 only tells that the peak is closer to this
peak than the 2 others. The output from b2h1 (figure 6) is much lower than
the other tests, which probably is because of the high area ratio. The high
area ratio decreases the output because the water flowrate between S1 and
S2 is inversely proportional to the area ratio, if the fluid is incompressible
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according to the continuity equation (3.2).

V2

V1

=
A1

A2

(3.2)

A way to interpret the results could be that all the plots would have the same
shape as figure 5,8 and 10, but transposed to different peaks, if the data ac-
quisition interval had been infinite small. The area ratio then transposes the
shape to different Tp and damps those tests with S2

S1
> 1. If this statement

is true an area rate higher than 1 moves the peak to a higher period, while
a lower area rate results in a lower peak period. For instance figure 7 could
be the shape of 8 If the peak was located between at t = 0.65s between the
created waves. A postulate is that as for blown music instruments which
double the resonance frequency by blowing harder and vice versa, the reso-
nance period can be moved to half the period by lowering area ratio and to
the double by increasing it.

From the plots it seems that the best output will be at b2h2. This is
when we get the highest water elevations in the chamber,and the largest area
under the graph, which will result in an allround higher efficiency.

The data shows a problem in the design of the chamber model. The skirt
was only 80 mm high, which mean that the relations between the height inside
and outside might have reached a max for some sea-states. The max-values
are listed in table 4.

T 0.566 0.707 0.85 1 1.13

max hin

hout
5.3 3.47 2.35 1.74 1.33

Table 4: The highest possible difference between wave heights inside and outside
the chamber, at a given test period and waveheight

If these values are compared to the plots, it seems that especially the
waves with frequency 1 or 1.13 might have reached their restrictive max val-
ues.

Initial experiment 2

In order to evaluate the magnitude of the flaw from the first experiment, it
was decided to make a new experiment where the chamber-setting b2h2 was
examined with different skirt lengths. The model used in the first experiment
was altered, enabling the depth of the skirt to be changed. It was decided to
keep fixed dimensions else wise, so S2 = b2 · h2 and S1 = S2

12
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The model was placed with the same skirt distance above and below the
still water surface (with skirt 1 the submerged part of skirt is 0.08m

2
= 0.04m).

1 2 3 4
Max height in chamber 0.08m 0.10m 0.12m 0.14m

Table 5: Skirt height

The two initial experiment were made in flume 3 building 114 at DTU.
This flume has the same dimensions and wave generator as Flume 1. As
mentioned, the interval between the tested wave periods were too long to
determine the peak periods precisely, so the interval was changed to 0.5s
instead of 1 second. The periods are shown in table 6.

Period real scale[s] Period model[s] Wavelength [m] Waveheight [m]

4 0.566 0.5 0.015
4.5 0.636 0.019
5 0.707 0.78 0.023

5.5 0.778 0.028
6 0.85 1.13 0.034

6.5 0.92 0.040
7 1 1.53 0.046

7.5 1.061 0.053
8 1.13 2 0.06

Table 6: Tested periods and their wave-heights
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Results

Figure 11: 80mm skirt Figure 12: 100mm skirt

Figure 13: 120mm skirt Figure 14: 140mm skirt

The peak size and periods are compared to area ratio in table 7.

14
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Experiment 2

Peak[m/m] Peak period [s] Area ratio calc. peak 2 way

b2h2skirt1 1.87 0.707 1 0.665 0.752
b2h2skirt2 1.78 0.707 1.17 0.665 0.752
b2h2skirt3 1.02 0.778 1.4 0.665 0.752
b2h2skirt4 1.1 0.778 1.75 0.665 0.752

Table 7: Relation between peaks and area ratio S2
S1 [m

2/m2]

Analysis

as in experiment one the output is determined by the area ratio, but it is also
lowered because of the decrease of wave pressure with growing water depth.
The deeper the skirt is submerged the lower dynamic pressure. The results
are shown in figures 11-14.

When compared with the results from the first experiment, peak period
at the figure with highest output (figure 11) is still Tpeak = 0,707. Further-
more it shows that the highest relation between the wave-height and chamber
water motion is obtained with the 4 cm skirt. Even though the graph seems
wider for skirt 2 (figure 12), the area underneath the line with skirt 1 is bigger.

Initial experiment 3

The goal of this experiment was to determine the affect of the floor-plate
angle, and the difference that rounded edges around the water entrance would
make. A new model was made for the experiment. It was made from 24mm
plywood and the entrance to the chamber has been rounded with a radius
of 12mm. The opening size, surface area and skirt depth was the same
as in b2h2skirt1 from the previous experiment. S2 = 80mm · 80mm and
S1 = 80mm ·80mm and the skirt ends 40mm below the steady water surface.
The analysed angles are shown in table 8.

1 2 3 4
Floor angel [◦] 0 15 30 45

Table 8: Tested angles of the inclined floor.

Waves equivalent to experiment 2 were used. See table 6.
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Several of the tested wave-periods resulted in a larger response in the
chamber than expected, so those were re-run but with smaller amplitudes
enabling a comparison.

Results

The results are shown in figures 15-18.

Figure 15: 0◦angle Figure 16: 15◦angle

Figure 17: 30◦angle Figure 18: 45◦angle
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Analysis

The new model gives a much better result than the one used in experiment
1 and 2. This is thought mainly to be because of the wide rounded edges
around the chamber water entrance. The experiment shows that the angle of
the chamber floor has a negative impact on the difference in water elevation
inside and outside the chamber, but also that it alters the natural period
of the chamber. The 15◦ angle seems to be closest to the selected natural
oscillation, but the values at 0◦ are much higher. It seems preferable to
upscale b2h2 to get peak performance at the selected natural period.

3.2 Dimensioning

With the output data from the initial tests as reference, the dimensions of
a single OWC chamber, and the whole structure consisting of several OWC
sections is calculated.

OWC chamber dimensions

With the knowledge from the initial experiments the dimensional relations
from experiment 3 with 0◦ was choosen as draft for the model, but first it
was froude scaled to peak at the right natural period.

The froude scaled peak period for scale 1/50 is

Tp 1
50

= Tp

√
1

50
(3.3)

Which results in Tp 1
50

= 0,834s. By solving this equation with depth of
bottom plate as reference for scaling we obtain the right OWC chamber
dimensions.

T2 = T1

√
d1
d2

↔ d2 =

(
T2

T1

)2

· d1 (3.4)

Which results in a bottom plate depth of(
0.834

0.71

)2

· 0.11 = 0.152m (3.5)

The same equation gives the submerged skirt depth of 0.055m. For ease of
construction the dimensions were rounded to 0.15m and 0.05m.

The length of chamber was broadened a bit, without changing area ratio,
to fit 20 chambers to the length of the attenuator which is specified in next
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section. Altogether resulting in the chosen chamber dimensions presented in
table 9.

Chamber dimensions

Real Scale

Lenght 6 m 0.12 m
Depth 5 m 0.10 m
Wall thickness 1.5m 0.03 m

Table 9: Chosen dimensions for the chambers

Attenuator dimensions

Dimensioning the overall structure following different parameters are taken
into account; performance compared to length of device,compressive strength
of concrete and type of reinforcement, wave induced stresses and heave re-
lated to the Morrison equation.

To dimension the length of the whole attenuating structure the consid-
erations of performance compared to length of device from the NEL project
[Moody, 1978] which conclude λ

Ld
< 2

3
and the numerical calculations by

Pizer and Stansell [2013] stating λ
Ld

< 1
2
, was taken into account. Relating

this to a 7.7 s period wave, which is the biggest wave from which energy is
extracted is (see appendix .1) a range for length of device from 139m-185m
is derived. A fullscale length of 150m was choosen.

To obtain a light and strong concrete structure the method for pre stressed
concrete was choosen for reinforcement. The pre stressing limit for the struc-
ture is between 1/3 and 1/2 of highest available concrete tensile strength,
which by eurocode 2 standard is 90 Mpa. In normal structures a pre stress
limit of 1/3 of tensile strength is recommended, as you can get very abrupt
ruptures when you get close to 1/2. But as the structure is dimensioning
for a hundred years wave, and is unmanned a limit of 44 Mpa is choosen,
which allows a max/min stress of 44 Mpa. To estimate wave induced stresses
on the construction, sagging condition was taken into consideration as max-
imum stress condition for midship.

To Dimension for minimum motion, variables governing heave motion of
the structure was derived from the Morrison equation

(m+m33)z̈ + ρgS4z = Fzcos(ωt) (3.6)

18



Bachelor Projekt

To find the permanent solution we can describe z as

z = z0cos(ωt) (3.7)

ż = −z0ωsin(ωt) (3.8)

z̈ = −z0ω
2cos(ωt) (3.9)

Thereby we can express the heave amplitude as

z0 =
Fz

−(m+m33)ω2 + ρgS4

(3.10)

Where the added mass m3 as in DS 449(1983) is defined as

m33 = Ld · ρvπ
(
b

2

)2

(3.11)

To minimize z0 in eq. 3.10 we need

−(m+m33)ω
2 + ρgS4 → ∞

Thus the structure needs to be dimensioned with a big m + m33 compared
to the S4. A guideline for this relation can be the natural oscillation, which
should be bigger than the wave spectra periods, and can be expressed from
eq 3.6 and eq 3.9

Tn = 2π

√
m+m33

ρgS4

(3.12)

Generic model

To dimension the overall structure a generic model was simulated for which
different parameters could be changed, and an output with waterline height,
strength analysis, position of gravity point, GMT, natural resonans etc. could
be obtained.

The initial cross section was as shown in figure 193, with the different
listed parameters as variables, and length, width of chambers, maximum
wave, thickness of walls and material properties in addition.

3The generic model has angled floor because the first calculations and the initial ex-
periments was done simultaneously
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Figure 19: Generic model simulation

By creating an expression for the cross sectional broadness as a function of
distance from the bottom and input parameters, the immersed crossectional
area as a function of water height could be found by integration. By solving
the equation the waterline position is found. A statical force was generated
from a 100 years wave with waveheightHs = 13.2 and peak period Tp = 15.1,
in Ekofisk which is one of the harshest places in the danish part of the North
Sea.

The 100 years wave was represented as an airy wave

ζ = A · cos( 4π
2

gT 2
p

) (3.13)

The OWC is then statically placed, midship by λ
2
in the conditioned

wave, so it displaces the same volume as its normal deplacement in zero wave
conditions. Thereby an expression of force from displaced water volume as
function of shiplength is derived. By integrating twice the torque is obtained
and the maximum tension, which will occur midship can be derrived

σmax = −τ

I
e (3.14)

Where T is torque, I is moment of inertia and e is distance from the static
torque axis of the cross section. The position of the static torque axis (z-
plane) from ship bottom is found from isolating e in the following equation
[Tvergaard, 2004] the variables denotes the dimensions shown in figure 19

S =bt(−e+
t

2
) + bt(−e+ h3 − t

2
) + (b+ 2b4)t(−e+ h− t

2
)+

2b4t(−e+ h− h2 +
t

2
) + 2ht(−e+

h

2
) + 4h2t(−e+ h− h2

2
)+

2h3t(−e+
h3

2
)

(3.15)
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And moment of inertia is derived by using the parallel axis theorem [Tver-
gaard, 2004]

I =
1

12
(2bt3 + (b+ 2b4)t

3 + 2th3
3 + 2th3 + 4th3

2)+

2b4t
3 + bt(−e+

t

2
)2 + bt(−e+ h3 − t

2
)2+

(b+ 2b4)t(−e+ h− t

2
)2 + 2h3t(−e+

h3

2
)2+

2ht(−e+
h

2
)2 + 4h2t(−e+ h− h2

2
)2 + 2b4t(−e+ h− h2 − t

2
)

(3.16)

In question of stability GMT is verified positive, first by finding waterline
surface moment of inertia

Iw = 2 ·
∫ b1

2
+b2+b4

b1
2
+b2

x2 +

∫ b1
2

− b1
2

x2 (3.17)

Which divided by the deplacement volume gives the distance from boy-
ancy point to metacentre axis

BMT =
Iw
∇ (3.18)

KB the distance from bottom ship to buyancy point, which you find by
solving the cross sectional area function equal to half the displacement volume

A(z) =
∇
2

(3.19)

KG the distance from bottom to masscenter is derived from the sum of
torque

∑
τ measured from bottom to top from mass units, divided by Δ

∑
τ =ρc(bt(

t

2
) + bt(h3 − t

2
) + (2b4 + b)t(h− t

2
) + 2h3t(

h3

2
) + 2h

h

2
+

4h2t(h− h2

2
) + 2b4t(h− h2 +

t

2
))

(3.20)

KG =

∑
τ

Δ
(3.21)
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And GMT is found
GMT = KB +BMT −KG (3.22)

By iterating the most favorable dimensions of structure was obtained from
the generic model. This leaves us with following data table for the structure:

Structure dimensions

real scale

length 150 m 3 m
width 17.25 m 0.345 m
height 13.5 m 0.27 m
thickness 0.23 m 0.0046 m
GMT 0.24 m 0.00481 m
heave 11 s 1.56 s

The power take off is simulated in the model with an orifice resembling
an impulse turbine as recommended in [Sheng et al., 2012] the orifice ratio
determines the damping coefficient, and should be between 0.5- and 2%. An
orifice ratio of 1% was chosen, resulting in an orifice opening with Ø14mm.

3.3 Construction

From the found dimensions a model was constructed from plywood and pine
battens. It was designed in four modules each with ten OWC-chambers and
one long ballast-chamber as shown in figure.
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Figure 20: The four raw wooden modules

The assembled modules were given 4 layers of marine varnish and then
painted with wet-room-paint. The lids of each chamber, where the orifice
and the pneumatic fittings should be placed, was laser cut in acrylic plast
to ensure that the orifice holes would be identical. They were then glued on
top of each chamber with silicone sealant. Waterproof cases for the pressure
sensors were made from electrical cord covers. A bow was created by laser-
cutting layers in MDF4 gluing them together to get the rough shape, and
sanding it down to get a smooth surface. Unfortunately the bow de-laminated
during tank tests, after absorbing approximately 7 kg of water, and had to
be replaced by an bow with identical shape build in foam. The de-laminated
bow and the foam replacement are shown in figure 21.

4Medium-density fibreboard
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Figure 21: The old bow from MDF and the new foam bow

A full overview of the final dimensions of the model can be found in
appendix B. More pictures of the construction of the attenuator can be
found in appendix A

The finished model are shown in figure 22.

Figure 22: The finished model (with the MDF bow) before the testing
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3.4 HMRC Experiment

The testing was done in the test facility at the Hydraulics and Maritime
Research Centre(HMRC)of UCC. The wave basin was 28 m long and 16.7
meters wide with approximately 5 meters of beach. The wave generators
consisted of 40 paddles each driven by an electric-motor. 14 wave-probes
were used to measure the elevation of the water surface, 5 placed in front of
the structure and 9 behind one meter apart, as shown on appendix C

Each of the 20 chambers on the starboard side was connected to a pressure
sensor and load cells were attached at each mooring. Four motion cameras
recorded at all times, in order to determine the response in heave, pitch, roll
and surge.

The experiment consisted of several series of test runs with both regular
waves and irregular waves. The full test plan is shown in figure 23.

Figure 23: The plan of the conducted test series

The monochromatic waves used in the experiment are presented in table
10.
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Regular waves

frequency 1.67 1.44 1.25 1 0.94 0.88 0.81 0.75 0.69 0.63 0.56 0.5
steepness Wave height
6% 34 45 60 94 106 121 143 166 197
4% 22 30 40 62 71 81 95 111 131 157
2.5% 14 19 25 39 44 50 59 69 82 98 124 156

Table 10: Table showing the frequencies and wave heights of the regular waves

The monochromatic waves were generated with different steepness be-
cause it was believed that it would be possible to see a difference in the
orifice performance and thereby optimize the size of the orifice.

The irregular wave test was done in 6 different series as listed below in
table 11-16. The difference between the wave-spectra is described in detail
in Winter [1999].

Series 1: Irregular Longcrested Bretschneider

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s] m0[mm2]

KNB1 1 4 5.6 20 0.57 0.79 25
KNB23 2 5 7 40 0.71 0.99 100
KNB3 3 6 8.4 60 0.85 1.20 225
KNB4 4 7 9.8 80 0.99 1.39 400
KNB5 5 8 11.2 100 1.23 1.58 625

Table 11: Table showing the irregular Longcrested Bretschneider wavespectra
used in the test

The Bretschneider spectrum is a two parameter spectrum and is used as
the main spectrum in the experiment. This is as an alternate to the Pierson-
Moskowitz (PM) spectrum because of the restrictive need of fully developed
sea-states.
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Series 2: Irregular Longcrested JONSWAP

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s]

KNJ2 2 5 7 40 0.71 1
KNJ3 3 6 8.4 60 0.85 1.20

Table 12: Table showing the irregular Longcrested Johnswap wavespectra used
in the test

The JONSWAP spectrum is used as it simulates the waves of not fully
developed waves with limited fetch. This is relevant because of the decision
to place the attenuator in the North Sea.

Series 3: Irregular Longcrested Bretschneider, fixed Hs

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s] m0[mm2]

KNB21 2 4 5.6 40 0.57 0.79 100
KNB22 2 4.5 6.3 40 0.64 0.89 100
KNB23 2 5 7 40 0.71 0.99 100
KNB24 2 6.5 9.1 40 0.92 1.29 100
KNB25 2 7 9.8 40 0.99 1.39 100

Table 13: Table showing the irregular Longcrested Bretschneider wavespectra
with fixed Hs used in the test

The purpose of this series is to determine the sensitivity of the wave
period. This is relevant because different periods often occur for the same
significant height in different wave condition.
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Series 4: Irregular short crested PM

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s] m0[mm2] spreading[s]

KNB1cos4 1 4 5.6 20 0.57 0.79 25 2
KNB23cos6 2 5 7 40 0.71 0.99 100 3
KNB3cos8 3 6 8.4 60 0.85 1.19 225 4
KNB4cos12 4 7 9.8 80 0.99 1.39 400 6
KNB5cos14 5 8 11.2 100 1.23 1.58 625 7

Table 14: Table showing the irregular short crested PM wavespectra used in the
test

The short crested Pierson Moskowitz (PM) spectrum is analysed in order
to look into the influence of the spreading.

Series 5: Irregular short crested PM, variation of spreading

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s] m0[mm2] spreading[s]

KNB23cos3 2 5 7 40 0.71 0.99 100 1.5
KNB23cos6 2 5 7 40 0.71 0.99 100 3
KNB23cos9 2 5 7 40 0.71 0.99 100 4.5

Table 15: Table showing the irregular short crested PM wavespectra with fixed
Hs used in the test

Series 5 is conducted to discover the sensitivity of the spreading in series
4.

Series 6: Irregular Long crested PM, Survival

full scale Model scale

HS [m] Tz[s] Tp[s] HS [mm] Tz[s] Tp[s] m0[mm2]

KNB81 7.5 9.09 12.73 150 1.29 1.80 1406.25
KNB82 7.5 10.01 14.01 150 1.42 1.98 1406.25

Table 16: Table showing the irregular Long crested PM wavespectra with fixed
Hs used in the survival test
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The survival waves are used to determine the mooring forces in extreme
weather conditions. These are the biggest survival waves possible to create in
the scale 1:50, but unfortunately they only nearly resemble a 10 years wave.

Additional experiments were conducted after the primary test plan had
been run.

The first additional test was a run with angled regular waves. The runs
were done from both corners of the wave basin in order to record the pressure
changes from all the chambers without changing the chamber connections.
The second additional test was a set up with changed mooring system, where
the rear mooring was attached at the bow instead. The third and last ad-
ditional test was with a fixed model. A table frame was placed under the
model at the right height and it was then weighted down with lead weights.
This was done in order to compare result from the other runs, and determine
the effect of the structures motions on the measured pressure.
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4 Results

In this chapter the results from the HMRC experiment are presented and
analysed. all the data has been brought up to scale using Froud scaling
[Pedersen et al., 2010].

4.1 Regular waves

The data from the 31 test runs with regular waves was processed using mat-
lab. First the actual wave height and wave period is found by tracking all the
local extrema and their corresponding times from the data sheet for each of
the wave sensors. The wave height Hw was calculated as a mean value of the
mean wave height for each of the five wave-gauges in front of the attenuator,
and the period T was calculated as an average of the mean period of all the
wave gauges. The energy potential from the initial wave is calculated using
equation 4.1.

Pw =
Ld

32 · π · ρw · g2 ·H2
w · T (4.1)

where Ld is the length of the attenuator, ρw is the density of water, g is
the acceleration due to gravity, Hw is the measured wave height and T is the
measured period.

From the pressure data, the power of each chamber can be predicted.
using equation 4.2

P (t) = Δp(t) ·Q(t) (4.2)

The flow is given in equation 4.3 (From Sheng et al. [2012]).

Q(t) = cd · S3 · V3(t) = S2 · V2(t) (4.3)

The pressure drop across the orifice is

Δp(t) =
1

2
ρaV

2
3 (t) (4.4)

When equation 4.3 and equation 4.4 is substituted into equation 4.2 we
get the following

P (t) = Δp(t) · cd · S3

√
2 ·Δp(t)

ρa
(4.5)

The total power is found as the sum of the average power times 2, to
get the contribution of both sides of chambers. The efficiency is found as
ξ = Ptotal

Pw
· 100
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The power of each chamber found in the experiments with regular waves
can be seen in appendix E.

The power of the combined chambers are shown in figure 24. The power
produced, increases with increasing waveheight and period, and is greatly en-
hanced at greater steepness. When the values of 2.5% steepness are evaluated
it looks as if the curve breaks at f = 0.63 and starts to decrease.

Figure 24: The power of the attenuator for each frequency at different steepness

The efficiency of the attenuator is presented in figure 25. It is interesting
to see that the curves for 2.5 % and 4 % both peak around f = 0.94 but the
curve for 6% flattens out after f = 1.25.
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Figure 25: The efficiency of the attenuator for each frequency at different steep-
ness

For comparison the efficiency is plottet over the dimensionless number
λ/Ld (figure 26).

Figure 26: The efficiency of the attenuator for each frequency at different steep-
ness

The bow was intended to make the attenuator more steady as it should
cut its way through the waves, it was als hoped that it would reflect less of
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the incoming wave, and thereby optimize the performance. On the contrary,
the efficiency was higher as shown in figure 27.

Figure 27: The efficiency of the attenuator with and without bow

From the run with angled waves at 2.5% steepness we get a very high
output from the chambers facing the waves and a small output from the
chambers on the other side, as shown in figure 28.

33



Bachelor Projekt

Figure 28: The power of the attenuator in angled waves at each side of the
attenuator x-axis: wave-period

The power produced in these waves are significantly higher than in the
perpendicular bretschneider waves. The efficiency in the Angled waves is
greater as well, and the curve seems to have the same shape as the efficiency
curve from the perpendicular wave runs. This is shown in figure 29.

Figure 29: The efficiency of the attenuator in angled waves compared with the
perpendicular bretschneider waves
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Due to time constraints data from the experiment with fixed structure
are limited.

Figure 30: The efficiency off the fixed structure compared to the floating device

The efficiency off the fixed structure is more or less were it was anticipated
from the natural frequency of the single chamber. It is still too early to say
if the structures motion has a positive or negative influence on the power
production, but from the first glance the fixed structure seems to have an
advantage in the North Sea waves.

4.2 Irregular waves

To find the actual wave height Hs and period Tz of the irregular waves a test
run was done without the model in the basin. From the wave data of the
empty basin a software available at HMRC calculated the actual values. The
energy potential in the irregular waves are given by equation 4.6

0.577 ·H2
s · Tz · Ld (4.6)

The power captured in the irregular waves are shown in figure 31. The
power output generated is close to linear with the waveheight within the
tested waves. The power captured in both the shortcrested PM waves and
in the JONSWAP waves are greater than in the Bretschneider waves.
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Figure 31: The total power at the different wave spectres

The efficiency of the attenuator shown in figure 32 is decreasing with
waveheight even though the power is increasing. This is because the wave-
height is squared in equation 4.6 and the power output increases linear with
the waveheight.

Figure 32: The efficiency at the different wave spectres

The results from the series with fixed Hs is shown in figure 33. The
captured power varies from 450 to 750 kW, or +12,11% and -32,8%, from
the regular value, as result of different Tz values.
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Figure 33: Difference in P total with fixed Hs=2m and varying Tz

As this will often occur in real life the actual power capture should be
somewhere between the highest and lowest as shown in figure 34.

Figure 34: The span of captured power as result of the diversion from changing
Tz

The test with variation of spreading, shown in figure 35 serves the same
purpose as the test with fixed Hs, just for the shortcrested waves. The last
point on the plot set to s = 10 is taken from the long crested Bretschneider
spectrum as reference.
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Figure 35: difference in P total with fixed Hs=2m and fixed Tz=5s and varying
spreading

It is very clear that the energy harvested is greater in waves with low
spreading. This is believed to be caused by the angle of the individual short
crested waves. The experiment with long crested angled waves very clearly
shows the positive influence of an angled wave front (see figure 28 and 29).

4.3 Motion

4.3.1 Natural Frequencies

In order to determine the natural frequencies of the structure a series of still-
water experiments was conducted where the attenuator was exited in each
of the relevant dimensions. The average period of at least five oscillations
was used to determine the natural period of each motion. The results are
presented in table 17

Model scale Real scale

Dimension Period [s] Frequency [s-1] Period [s] Frequency [s-1] λ/Ld

Heave 1.41 0.709 9.97 0.100 1.034
Pitch 1.55 0.645 10.96 0.091 1.249
Roll 1.36 0.735 9.61 0.103 0.961
Surge 17.25 0.058 121.97 0.008 154.732

Table 17: The natural frequencies for the structures motions
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4.3.2 Regular motion

Looking at the attenuators motion, in heave, pitch, surge and roll, gives an
insight to which parameters is important to the structures wave response, its
safety and which types of motion could downscale or upscale the efficiency.

For regular motions in heave (figure 36), almost similar RAO for the
different wave steepnesses is observed. The small differences are probably
an expression of non-linearity of the generated waves, which would grow
with size of steepness This also explains why the difference between 6% and
4% wave steepness is bigger than than the difference between 4% and 2.5%
steepness. Some datapoints for 4% and 6% are not represented as their wave
heights could not be generated in the wave tank. The regular RAO shows
that the attenuators response amplitude is almost zero in the aimed power
take off frequency window.

Figure 36: RAO for heave as function of λ/Ld

Looking at RAO heave as a function of λ/Ld (fig 36), there is a peak
at λ/Ld = 3/4 and then from λ/Ld = 1 and on the steepness is an almost
linear relation between the two axis.
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Figure 37: RAO for pitch as function of λ/Ld = 1

Pitch is steady around zero (fig 37) until λ/Ld = 2/3 and then has a
almost linear steepness.

As the experiment used flexible moorings the distance from the attenua-
tors position at t0 to the position where it settled at max surge, were rather
long. At the test start the construction would move back until the wave drift
force and the spring force would equal each other and a steady position was
reached, around which the surge would oscillate.

Figure 38: Surge/squared waveheight

In figure 38 it was expected that the 3 different curves would be identical,
as surge is a function of Hookes law, and the stressing force is the wave force
which is proportional to squared waveheight. Surge is a function of Hookes
law because, the mooring lines are flexible. One explanation could be that
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there are reflecting waves from the beach, and these waves can change the
measured waveheight. If this is the case, there would be more reflection at
steeper waves. This means that the 2.5% plot would be the signal without
reflection, and that the reflected wave causes the diversion at 4% and 6%
steepness.

The roll motion(figure 39) is likewise minimal in the power takeoff waves
λ/Ld = 0.2 − 0.61 , and will presumably not have any effect on efficiency.
Though the initial position of gravity from the dimensioning section was
lowered to reassure that the structure would not capsize in extreme waves.
KG was changed from 6.92m to 6.03m fullscale, so the actual RAO for roll
is not matching the initial dimensioning of construction.

Figure 39: RAO for roll as function of λ/Ld = 1

In total the regular wave tests, gives the all-around picture that the struc-
tures motion is at a minimum in the power take off frequency span, and
thereby delivering what logically should be optimum conditions for the os-
cillating water collumns.

The same tests where made without bow, for which the gravity point was
centered in the middle of the structure. Heave and pitch RAOs where as
seen in figure 40 and 41 also monitored.
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Figure 40: Heave as function of λ/Ld = 1

In figure 40 there is no heave response until λ
Ld

= 0.5 raising to a peak at
0.7. Which makes great sense, as the attenuator shifts between floating on 1
and 2 wave peaks at this λ

Ld
.

Figure 41: Pitch as function of λ/Ld = 1

The RAO for pitch is almost zero until λ/Ld = 0.7 where heave peaks,
and from there has an almost linear steepness. This makes sense as this is
the point from where the attenuator starts to shift between floating on 1 and
2 waves. The higher the longer waves and near two λ

Ld
the RAO should reach

1 as stern should be at wave peak while bow at the wave trough.
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4.4 Mooring loads

The data from the load calls in the mooring system is processed along with
the other data. An average peak value is used in the regular wave calcula-
tions, and the max value is used in the irregular.

the mooring loads in regular waves are presented in figure 42 - 44.

Figure 42: The average max. mooring force of the waves with 2.5 % steepness

Figure 43: The average max. mooring force of the waves with 4 % steepness
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Figure 44: The average max. mooring force of the waves with 6 % steepness

The force on the mooring lines in the regular waves increases with the
waveheight and the steepness as one might anticipate. For some reason the
load cell in the starboard side measures a significantly bigger force than the
other. The test set up and the waves should be symmetrical in the wave
direction, so these values should be close to each other. The deviation is
probably due to a slight asymmetry in the Foam-bow. The error is not
critical, because the sum of the force is the same, so a mean value of the
front moorings can be used.

In figure 45 we compare the summed mooring forces at the front in the
experiment with bow and the one without bow. as hoped, the bow reduces
the tension in the moorings especially in the big waves.
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Figure 45: The Mooring forces with and without bow

The Mooring loads in irregular waves are presented in figures 46 through
50

Figure 46: The Mooring forces in the Bretschneider and Jonswap spectra
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Figure 47: The Mooring forces in the Bretschneider spectre with fixed Hs

Figure 48: The Mooring forces in the short crested PM spectre
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Figure 49: The Mooring forces in the short crested PM specta with variation of
spreading

Figure 50: The Mooring forces in the Long crested PM Survival waves

In the irregular waves the force on the rear mooring was significantly
greater than in the regular waves. Unlike in the regular waves, where the
structure finds a steady position and stays in that place, the surging motion
is oscillating around an equilibrium, because of the elastic characteristics of
the moorings. The structure is pushed back by the bigger waves in the wave-
spectum and is then pulled forward in the smaller waves, resulting in a force
on the rear mooring equal to the sum of the forces on the front moorings.
This is illustrated for the survival-waves KNB81 and KNB82 in figures 54
and 55, chapter 5.
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Figure 51: The Mooring forces from the Front cells of our experiment

The linearity of the mooring forces as function of waveheight is quite
surprising because it was anticipated to increase as a function of the squared
waveheight. This might still be the case in the larger survival waves.

It was not possible to create 100-year survival waves at the test facility.
Therefore an estimate is calculated from the tendency shown in figure 51.

261.65 ·Hs(survival)− 89.958 = 2788.2kN

in order to live up to the IACS regulations for safety factors in survival
conditions the safety factor calculated as breakstrenght

Maxtension
has to be at least 1.8.

Therefore the breaking strength of the mooring has to be 5018.7 kN. Using
the approach provided in MIT [2011] a chain with 540 mm diameter and wire
rope with 100 mm diameter would suffice.
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5 Comparison of results

The following section consists of an analysis of the different results of the
Wavespear tests, and a comparison to other attenuator devices.

5.1 Comparison of test results

5.1.1 Performance

As figure 52 shows The efficiency curve of the Wavespear peaks in the end of
the wished period interval which is not optimal. The efficiency of the fixed
attenuator on the other hand has a peak closer to the middle of the period
range, and its efficiency is greater for most of the waves within the range of
period.

(a) (b)

Figure 52: The efficiency of the fixed structure within the periods of interest

the difference between the fixed structure and the moving is a bit sur-
prising. We know from chapter /refResult:motion that the pitch- and heave
motion does not begin before λ/Ld = 0.5 so one would assume that the effi-
ciency curves would be nearly identical until this point. That is clearly not
the case, and there is several possible reasons to this difference. an explana-
tion could be that the wave front varies a bit, and the attenuator might not
have been in the exact same spot. A numeric model would be able to tell if
it is a general difference, or caused by small differences in the set ups.
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Comparing results for Wavespear with and without bow, a big difference
is seen in the efficiency curves. The structure without bow has a better
efficiency curve in the selected periods from the North Sea. Below in figure
53 the efficiency curves and RAOs for heave and pitch are compared.

Figure 53: Efficiency and RAO comparison with and without bow

It is observed that the RAO curves are similar in shape, but the RAOs
without bow has been displaced 0.4 λ

Ld
. Referring to the natural period of

heave (equation 3.12) this is partly caused by the 10 % change of mass and
added mass, but is partly outbalanced by the change in waterplane surface
area.
Supposedly this is partly causing the difference between efficiencies.

In question if a structure with or without bow is favourable there are
many factors to balance. The efficiency without bow is clearly better in the
waveperiod of the North Sea, but the mooring forces are higher than with
bow, the mooring forces are increased by 10% for bigger waves (figure 45)
. Construction vice it would be cheaper to build the structure without the
bow, as there would only be need of 1 or two relative small moulds if the
structure was cast and assembled from 20 identical elements. While a special
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mould should be made for the bow for which the price per cast m2 would
become 5-10 times higher than the one for the elements.

5.1.2 Mooring

In this section the relation ship between the structures movement and the
mooring forces will be analysed. The motion with the most influence on the
mooring foorces is the surge motion, their coherence is shown for the survival
waves in figure 54 and 55.

(a) Mooring force and surge as function of time (b) Mooring force as function of surge displacement

Figure 54: The relationship between Mooring forces and surge in survival wave
KNB81
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(a) Mooring force and surge as function of time (b) Mooring force as function of surge displacement

Figure 55: The relationship between Mooring forces and surge in survival wave
KNB82

The noise is probably the differences in force, caused by the heaving and
pitching motions. the influence of the surging motion is so vast, that it has
not been possible to isolate the contribution from the heaving and pitching
motion.
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5.1.3 Motion

Figure 56: Efficiency and correlation between pitch, heave and natural frequency
of chamber

As seen on figure 56 the efficiency pattern looks quit identical to the initial
experiment 3 with zero angle (figure 15). Initial experiment 3 was a fixed
wavechamber, thus the efficiency curve from the attenuator behave as if a
fixed OWC until λ/Ld = 1 . After λ/Ld = 1 on the curve from experiment
3, the level is stabilised, but the efficiency of the attenuator drops. One
argument to explaine this is that it is heave and pitch motion which is the
reasons for this decrease. In one way the pitch and heave RAO’s substantiate
this statement. From the comparison it looks like it is the pitch movement
which results in the lower efficiency, as the heave RAO is constant low on 0.2
from λ/Ld = 0.5−1.3 while the pitch RAO increase linearly from λ/Ld = 0.7.
Another argument is that the dimensions of the chamber constraints the
ability to harvest wavepower. When the natural period of the chamber is
reached it will decay until a level where Hw and chamber water level will
be in face and have same height, thus a constant efficiency level is reached.
But if the waveheight is taller than the height of the chambers, there is a
fixed stop for the chamber water level, and the efficiency will drop. But
during the experiments the chamber waterlevel was almost never observed at
its maximum level, as the orifice damped the chamber waterlevel movement,
so this argument is probably not applicable for these data series, though if
experiments with bigger waves was carried out an effect would be expected.
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5.2 Comparison to other attenuators

Comparison of Wavespear and other attenuating OWCs are discussed in this
section.
The data from Kaimei has been found in Berge [1982] and the data from NEL
was found in Moody [1978]. A comparison between the efficiency presented
in this report and the efficiency of Kaimei and NEL, shows that the efficiency
curve for the Wavespear attenuator peaks earlier and that it is a bit narrower
(see figure 57).

Figure 57: The efficiency of similar projects.

As figure 57 shows the Wavespear concept is not as efficient as the old
concepts, but The reader should bear in mind that the orifice ratio and
other important parameters still hasn’t been optimized for the Wavespear
attenuator.

� Der skal st̊a noget mere om virkningsgrader.! �
Comparing efficiency and RAO for heave and pitch to data from tank

test of a 3 meter Kaimai model is illustrated below in figure 58.
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Figure 58: Comparison to Kaimai 3m model (efficiency devided by 10)

Comparing the two efficiencies, placement of peak has to be taken out
of account, as the two devices are dimensioned to peak at different periods.
The amplitude of efficencies is also relative, as orifice ratio for the Kaimai
model is 1.6% while Wavespear is 1%, so it is the shape of the two efficiencies
which is compared. As we do not have any measurements before λ

Ld
= 0.5

the comparison is from this point and on. The efficiency curve for Wavespear
is not linear decaying from its peak point as Kaimai. Motion vice pitch RAO
more or less resembles each other, while heave motion differs, as Wavespear
has a rather constant amplitude of 16-18% for heave between λ

Ld
= 0.5 − 1,

while Kaimai heave slowly moves from 0 to 5%. So probably the early heave
response for Wavespear results in its second efficiency peak at λ

Ld
= 1.1.
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6 Assesment of performance

In this section the cost of energy (COE) is calculated from the irregular result
presented in chapter 4.2 The annual energy captured by one attenuator is
calculated from the measured power production in the irregular Bretschneider
waves (figure 31) and the wave distribution from the north sea, as found in
Nielsen [2003] the values used in the calculation can be seen in figure 18).

Yearly energy capture

Hs Wave distribution [hr/year] Efficiency [%] Pabs [kW] Pabs pr. year [kW/year]

1 4102 29 151.5 621453
2 1981 25 677.4 1341929.4
3 944 20 1502.2 1418076.8
4 445 15 2325.4 1034803
5 326 11 3032 988432

Captured energy [kWhr/year] 5404694
Generator efficiency 50

Energy produced [kWhr/year] 2702347

Table 18: The annual energy produced by one attenuator

The initial cost of one attenuator has been estimated to 4.7 mill e. The
cost of the structure is calculated using estimated rates for material, Power
take off system (PTO), as shown in figure 19. The estimates have been set
from suggested values found in DTI [2007]; Harris et al. [2004]

Unit price [e] Units Cost [1000 e]

Concrete [Tonne] 250 10021 2505.3
PTO [kW] 340 3032 1030.8
Mooring System [m] 170 600 102
Cabeling [kW] 330 3032 1000.5

Initial cost 4638.7

Table 19: Estimated initial cost of one attenuater

In table 20 an estimate of annual maintenance and operation(M&O) cost
(Provided by elnet.dk) is used to calculate the levelized cost of energy. the
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levelized cost of energy is a measure of the price of one Mwhr, when the ex-
penses are stretched over a 30 year period, and enables a comparison between
different technologies.

Payback period

[e/year] 20 years 30 years

M&O [e] 100000 200000 300000
Total cost 6638.7 7638.6

COE [euro/MWhr] 122.8 94.22

Table 20: COE of one attenuator in a 20 or 30 year period

By comparing the COE presented in 20 to the levelized price of other
energy sources (figure 21) over a 30 year period we can see if the attenuator
would be competitive in full scale.

Payback period of 30 years

Technology Levelized COE [euro/MWhr]

Wind energy 65.175
Offshore wind energy 165.75
Solar power 108.2
Coal cumbustion 75.08
Wavespear - attenuating OWC 94.22

Table 21: Levelized COE of Different technologies Entering service in 2018 [EIA,
2013] 5

Of course there are some considerations missing in the cost estimate but
this gives an idea of how much it will cost.

5A currency rate of 1U.S.$ = 0.75 e has been used.
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7 Conclusion

From the results the following conclusions can be drawn.

• As shown in chapter 5, the efficiency of the attenuator is rather high in
the waves of the North Sea, even though the peak performance is a bit
off. When compared to other attenuating OWC devices, the wavespear
fairs quite well, and with the possibility of a greater performance after
further optimization it will hopefully do even better.

• It is hard to conclude anything with certainty when the survival waves
were as limited as they were. The mooring forces in the waves of
operation did not exceed what one would expect, and the estimated
survival forces were at a reasonable level.

• The structures motion was, as strived for, kept at a minimum in the
range of North Sea waves. Though the assumption that this would give
the best power output has not been proved or disproved.

• From the assessment of performance in chapter 6 an estimate of the
initial cost of 4.7 mill ewas found along with a COE of 94.22 with a 30
year payback period. Even though this calculation probably is underes-
timated, it is quite promising considering the state of the development
process.

The concept lives up to the hopes concerning performance and will proba-
bly be able to compete in a global market. the concept is considered proved,
and there is reason enough to further the development of The Wavespear
attenuator.
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8 Further work

At this point the project is still in the first out of 5 phases as described in
Holmes [2009] and there is a wide choice of development to continue on, before
moving on to the next phase. To begin with there is much more to learn
from the already obtained data, and additional analysis should be done. To
confirm the experiments conducted for this report a numerical model should
be made using Wamit6, or similar software. This would hopefully back up
the obtained data, to further investigate the affect of some of the structure
dimensions. Dimensions worth investigating could be:

• width of chamber wall

• Orifice size

• Area ratio S2

S1

• width of lip

Because of the surprising results from the experiment without the bow, it
would be interesting to look into how the form of the bow influences the
waves traveling along the structure, and try out different bow designs. It is
also necessary to do additional survival testing in 50 and 100 year waves, so
either a bigger basin has to be found or a model scale 1:100 could be made for
the purpose. If multiple models were created an investigation of behaviour
in a group would be interesting, in order to do estimates of farm production.
A more detailed cost analysis is also necessary.

6for more information visit http://www.wamit.com/
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Appendices

A Wave energy in the North Sea

Table 22: Wave energy distribution in the North Sea

Hs m Tm sek Probability Length m kW/m kWh/year

0-0,5 < 3 16% <19 0 0
0,5-1 3,5 28% 19 1 2377
1-1,5 4,4 20% 30 3,5 6163
1,5-2 5 13% 39 7,7 8690
2-2,5 5,5 8% 47 14 10344
2,5-3 5,9 6% 54 22 11400
3-3,5 6,5 4% 65 34 11190
3,5-4 7 3% 74 49 11025
4-4,5 7,4 2% 82 67 9222
4,5-5 7,7 1% 88 87 6775
5-5,5 8 <1 % 93 110 3969
5,5-6 8,3 <1 % 99 139 2500
6-6.5 8,6 <1 % 105 168 1680
6,5-7 8,8 <1 % 108 200 1202
7-7,5 9 <1 % 112 237 0
7,5-8 9,2 <1 % 116 276 0
>8 ¿9,3 <1 % ¿120 >300 0
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B Construction pictures

Pictures from the construction of the Experimental Model.

Figure 59: One of the wood modules being assembled
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Figure 60: the modules ware sanded down before varnish was applied

Figure 61: The rounded edges around the chamber inlet
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Figure 62: the laser-cut layers of the bow, before assembly and sanding.

Figure 63: The finished modules were assembled
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Figure 64: the modules were assembled with hinges making it easy to assemble
and take apart

Figure 65: close up of the water damage at the bow
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Figure 66: construction of the new foam bow

Figure 67: Laser-cut orifice plate with pneumatic fitting attached
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Figure 68: The waterproof boxes for the pressure sensors
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C Model dimensinos

The final model dimensions. measures in [mm]

345

100

30

R15

15
55

7

60

15

68.6°

100

15

275

6.4
SCALE  0.500

SECTION  XSEC0001-XSEC0001
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3400

3000

120

345
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D HMRC test set-up

Figure 69: The experimental set up and placement of censors
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E Orifice plate damping calibration

The orifice used in the tank testing was calibrated with a linear test rig with
a servo-motor controlled motion, see figure 70. The motor is driving a piston
inside an enclosed chamber, open on one side through an orifice plate. This
has the advantage over tank testing that the flow through the orifice can be
estimated from the piston motion. Additionally, a pressure sensor is installed
in the chamber giving the pressure drop at the orifice, which is used to define
the orifice damping characteristics.

Figure 70: Picture of the piston test rig used for orifice damping calibration

The orifice was tested using a ramp motion of the piston producing a
constant speed of the piston in the 2 directions, half of the period moving
upwards, reducing the air chamber volume and half of the period downwards.
Figure 71 shows an example of the piston motion used for the orifice cali-
bration. As a result the flow through the orifice and the pressure drop are
constant during exhalation and inhalation periods (after a short time when
the piston motion, the flow and the air pressure builds up to its constant
state). This test was repeated with various speeds to recreate the orifice
damping curve.
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Figure 71: Example of piston motion for the orifice calibration tests

It is understood that a circular orifice damping curve follows the theoret-
ical equation D.1

Q = Cd · a · v = Cd · a ·
√

2 ·Δp

ρair
(E.1)

where the air velocity v is given in equation D.2

v = sqrt2 · g ·H ; H =
Δp

ρair · g (E.2)

The test results are presented in the Table 23 which shows an average Cd
coefficient of 0.64. Using the Cd value, a comparison between the test results
and the pressure flow relation given in Equation D.1 is shown in Figure 72
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Table 23: Orifice calibration test results

Figure 72: Comparison between measured flow/pressure and estimated pressure
from the Cd=0.64

73



Bachelor Projekt

F Individual chamber power

The calculated Power output of each individual chamber in all the regular
waves.

Figure 73: The Power of each individual chamber for wave frequency f = 1.67
at different steepness

Figure 74: The Power of each individual chamber for wave frequency f = 1.44
at different steepness

Figure 75: The Power of each individual chamber for wave frequency f = 1.25
at different steepness
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Figure 76: The Power of each individual chamber for wave frequency f = 1 at
different steepness

Figure 77: The Power of each individual chamber for wave frequency f = 0.94
at different steepness

Figure 78: The Power of each individual chamber for wave frequency f = 0.88
at different steepness
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Figure 79: The Power of each individual chamber for wave frequency f = 0.81
at different steepness

Figure 80: The Power of each individual chamber for wave frequency f = 0.75
at different steepness

Figure 81: The Power of each individual chamber for wave frequency f = 0.69
at different steepness
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Figure 82: The Power of each individual chamber for wave frequency f = 0.63
at different steepness

Figure 83: The Power of each individual chamber for wave frequency f = 0.56
at different steepness

Figure 84: The Power of each individual chamber for wave frequency f = 0.50
at different steepness

77


