
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Performance predictions of one-way energy capture by an oscillating water column
device in Faroese waters

Joensen, Bárdur; Bingham, Harry B.; Read, Robert; Nielsen, Kim; Brito Trevino, Jokin

Published in:
Proceedings of the 14th European Wave and Tidal Energy Conference

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Joensen, B., Bingham, H. B., Read, R., Nielsen, K., & Brito Trevino, J. (2021). Performance predictions of one-
way energy capture by an oscillating water column device in Faroese waters. In Proceedings of the 14th
European Wave and Tidal Energy Conference [2117] The European Wave and Tidal Energy Conference

https://orbit.dtu.dk/en/publications/20433281-6433-476e-bb82-25820e80393b


1

Performance predictions of one-way energy
capture by an oscillating water column device

in Faroese waters.
Bárdur Joensen, Harry B. Bingham, Robert W. Read, Kim Nielsen, and Jokin Brito Trevino

Abstract—Here we investigate the performance of an
experimentally tested model-scale oscillating water column
(OWC) device, modified to only exploit half of the wave
cycle. To do this we integrate a passive valve system into
the OWC chamber which ensures a free connection to the
atmosphere either on the up- or the down-stroke, but sends
the flow through the orifice plate representing the full-scale
air turbine, on the other half-cycle. The performance of the
experimental model is evaluated from the absorbed power
of the OWC chamber. The absorbed power is computed
from the measured pressure drop across an orifice plate
and the internal surface elevation inside the chamber.
Perhaps surprisingly, the device can absorb more energy
near resonance when exploiting only half of the cycle than
when the full cycle is exploited. Since a one-way turbine
is typically much more efficient than a Wells, impulse,
bi-radial, or other self-rectifying turbine, this suggests a
significant potential gain in overall efficiency from wave
to wire. The obtained performance characteristics of the
model-scale device are extrapolated to a proposed full-scale
device size, and its performance is evaluated in Faroese
waters. The performance of the proposed full-scale device
is presented in terms of the annual absorbed power.

Index Terms—Wave power, Oscillating Water Column,
One-way energy capture

I. INTRODUCTION

AS the world’s energy demand increases, together
with the increased awareness of the harmful ef-

fects of carbon emissions, we as a world society must
move quickly to replace fossil-fuel based energy pro-
duction with renewable energy sources. Ocean waves
are a potential candidate for significant renewable
energy supply. There exist several different working
principles to convert energy from waves to electri-
cal energy. One of the more promising technologies
is the oscillating water column (OWC) wave energy
converter (WEC). The OWC has the attractive feature,
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of having no moving parts submerged in water, albeit
having a reduced conversion efficiency from wave-to-
wire when using a conventional Wells turbine.
Much effort has been invested in research and de-
velopment of OWC type wave energy converters [1].
The conventional configuration of an OWC device uses
a self-rectifying turbine as the power take off (PTO)
system [2]. Many different types of configurations have
been investigated to improve the efficiency of OWC
devices. For example the LEANCON device [3], is a V-
shaped structure, consisting of several OWC chambers
on each arm of the V-shape. The OWC chambers are
connected by non-return valves to two ducts which
feed a unidirectional turbine.
Another concept is the Tupperware device, which is
a closed circuit machine equipped with one high-
pressure chamber and one low-pressure chamber con-
nected by a unidirectional air turbine. Benreguig et.
al. [4] performed a study comparing two different
numerical models with experimental results. The first
numerical model uses ODEs coupling hydrodynamic
and thermodynamic variables. It is based on linear po-
tential flow theory and solves the Cummins equation
[5]. The second numerical model is a Computational
Fluid Dynamics (CFD) model based on the Reynolds
Averaged Navier-Stokes (RANS) equations.
Another concept currently under development is the
UniWave OWC wave energy device, developed by
WaveSwell Energy [6]. Fleming et. al. [7] conducted
model-scale experiments to investigate the power per-
formance of the UniWave concept wave energy con-
verter. Ansarifard et. al. [8] performed a numerical
investigation using CFD to analyse a unidirectional
radial air-inflow-turbine design for the UniWave wave
energy converter.
The present study is based on the KNSwing concept,
an attenuator type wave energy converter. The KN-
Swing model is a ship like structure equipped with
20 oscillating water column chambers on each side
[9]. However, this study only focuses on the exper-
imental performance of one fixed oscillating water
column chamber, whereas the numerical calculations
are presented for both a single OWC device and the
full 40-chamber device. In the experiments, the OWC
chamber opening is oriented along the incoming wave
crests, thus rotated 90 degrees compared to Fleming
et. al. [7]. It is furthermore equipped with a passive,
low-inertia non-return valve system, to incorporate a
unidirectional air turbine power take-off system.
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II. HYDRODYNAMIC THEORY

As the hydrodynamic theory regarding the numeri-
cal analysis of the OWC chamber has been thoroughly
explained in [10] and [11], we will here briefly sum-
marize the theory and present the equations used to
compute the relevant results.

The total volume flux through the chamber is given
by:

q =

∫

Si

∂zφ dS =

∫

Si

∂zφD dS +

∫

Si

∂zφR dS = qD + qR

(1)
where the subscript D stands for diffraction, the sub-
script R stands for radiation, with φ the velocity poten-
tial and ∂z indicating a partial derivative with respect
to the vertical coordinate z. Here Si is the interior
chamber free surface. The radiation and diffraction
potentials are computed as described by [10]. The mean
power extracted by the turbine over one period of
oscillation is given by

W =
1

T

∫ T

0

R{peiωt}R{qeiωt}dt =
1

2
R{p∗q} (2)

where p∗ is the complex conjugate of p, the applied
pressure from the turbine or orifice plate, and T =
2π/ω is the wave period. Generally speaking, there is
a quadratic relation between the volume flux through
the orifice and the pressure drop across the orifice.
However, for a weakly-nonlinear, frequency-domain
solution, we assume a linear relation between the flux
and the pressure in each chamber. The flux is given by

q = iωAcξ (3)

with Ac the free surface area of the chamber, and ξ the
mean chamber response phasor. Denoting B0 as the
equivalent linearized damping coefficient of the orifice
plate, the pressure becomes

p = −iωB0ξ/Ac. (4)

If we have Nc total chambers, the total mean power
extracted by the device over one cycle of oscillation is
then

W =

Nc
∑

n=1

1

2
ω2Bn0ξ

∗

nξn, (5)

where Bn0 and ξn are the damping coefficient and
mean chamber response for the nth chamber.

The total power extracted will normally be expressed
as a capture width ratio by scaling it with the maxi-
mum available power passing through a section of the
free-surface of length Lc along a wave crest

Wmax =
1

2
ρgA2cgLc, (6)

where Lc is taken as the body length, A is the wave
amplitude, cg is the wave group velocity, and ρ, g are
respectively the water density and the gravitational
acceleration. In terms of the absorbed power of the
device and the maximum available power resource, the
capture width ratio can be written as

W =
W

Wmax

. (7)

The air turbine used to extract power from the OWC
is modelled in the lab by forcing the air through an
orifice in the chamber roof, which has an area of
approximately 1% of the internal free surface area.
Ignoring compressibility effects, which are usually neg-
ligible at model scale, the pressure drop across the
orifice is proportional to the square of the volume flux
through the orifice

p(t) =
1

2
ρa

(

1

Cda

)2

Q(t)2sign(Q) = R0Q(t)2sign(Q)

(8)
where ρa is the air density, a is the orifice area and Cd is
an effective area coefficient, experimentally determined
to be Cd = 0.64 for the chamber and orifice used here.

To estimate an equivalent linear damping coefficient,
we assume an oscillatory flux in the chamber as

Q(t) = |q|sin(ωt) (9)

and find the B0 which gives the same mean power loss
over one cycle of oscillation. This gives

B0 =
8

3π
ωAcR0|ξ| (10)

as the relation between the linear and nonlinear damp-
ing coefficients. Since the mean chamber response am-
plitude |ξ| appears in this relation, the solution must be
found iteratively at each frequency ω and each wave
steepness A/L, where L is the wavelength. This makes
the equations weakly nonlinear.

For one-way energy capture, when the turbine works
only over half of the cycle, the nonlinear power is
divided by two and the relation becomes

B0 =
4

3π
ωAcR0|ξ|. (11)

In the context of this simplified, weakly-nonlinear
model, there is no difference between venting on the
upstroke and venting on the downstroke.

III. EXPERIMENTAL WORK

A. Experimental setup

The experimental work discussed here is the result
of a measurement campaign carried out in Flume 1 in
the Hydraulics Laboratory at the Technical University
of Denmark (DTU). Flume 1 measures 25 by 0.6 metres
with a water depth of 0.65 m. It is equipped with a
piston-type wavemaker at one end, and an absorbing
beach at the opposite end. The internal chamber of
the model measures 0.12 m by 0.1 m. As the flume
is quite narrow compared to the width of the internal
chamber, it is expected to see some wall effects. For the
relationship between the full scale prototype and the
model scale experimental model, Froude similarity is
ensured.

The performance of the OWC model chamber device
(Fig. 1) was tested for a series of 30 mono-chromatic
waves, with two wave height to wavelength ratios
H/L =0.025 and H/L =0.04.

The fixed OWC chamber was placed near the mid-
dle of the flume, at a distance of 12.35 m from the
wavemaker, see Fig. 2. The internal surface elevation
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Fig. 1. Picture of the OWC chamber.

of the OWC is measured using resistance-type wave
gauges from Edinburgh Designs [12]. Together with the
internal surface elevation, the pressure drop across the
orifice is measured using a differential pressure sensor,
from First Sensor [13].

In contrast to conventional OWC configurations, we
here use a valve system, to only exploit half of the
wave cycle. This means that as the waves pass by the
chamber, the air inside the chamber is let out of the
chamber with minimal resistance, on either the up-
stroke or down-stroke of the wave cycle. A detailed
description of the valve system can be found in [14].

B. Analysis of experimental data

As mentioned in the preceding section, the internal
surface elevation in the chamber was measured using
two resistance-type wave probes. The mean internal
surface elevation η(t), together with the internal cham-
ber surface area S, are used to compute the volume flux
through the orifice as a function of time,

Q(t) =
dη

dt
S. (12)

The volume flux together with the measured pressure
drop across the orifice is used to compute the absorbed
power as

W (t) = Q(t) p(t), (13)

where the mean absorbed power is computed as

W =
1

T

∫ T

0

W (t)dt. (14)

The experimentally determined absorbed power is di-
vided by the maximum available power from (6) to
give the capture width ratio. As we here look at a
double chamber section, the absorbed power is mul-
tiplied by two, while the maximum available power
stays unchanged, since the length along the wave crest
remains the same.

C. Harmonic analysis

To analyse the measured signals from the wave- and
pressure gauges, a clean periodic signal is necessary.
Therefore, a harmonic analysis is performed on the
measured signal. The harmonic analysis uses a least-
squares fitting method, which estimates the analysed
signal as a sum of time-varying sinusoids at frequen-
cies that are multiples of the fundamental frequency,
plus a mean value.

IV. RESULTS

The two aforementioned configurations of the ex-
perimental set up of the valve system - venting on
the up-stroke cycle of the wave and venting on the
down-stroke of the wave cycle are compared with
experimental results from an earlier study [11] on
the same chamber, but with a conventional two-way
configuration.

Fig. 3 shows the absorbed power W of the OWC
chamber in Watts as a function of wave period T in
seconds, for the two wave steepnesses, H/L = 0.025
and H/L = 0.04, for the upstroke venting configura-
tion.

Fig. 4 shows the absorbed power of the OWC cham-
ber in Watts as a function of wave period, for the
two wave steepnesses, for the downstroke venting
configuration.

Fig. 5 shows the normalised absorbed power of the
OWC chamber, computed as a function of the wave
period for the upstroke venting configuration.

Fig. 6 shows the normalised absorbed power of the
OWC chamber, computed as a function of the wave
period for the downstroke venting configuration.

A. Evaluation of the 40-chamber device in Faroese waters

In order the evaluate the performance of the OWC
device, we here look at the numerically computed
capture width ratio of the full 40-chamber device. We
use the same analysis procedure as in [15]. The wave
data used in the performance evaluation is taken from
[16], as is done in [15]. The average absorbed power is
computed as follows:

Pabs(SS) = ρgLc

∫

∞

0

cg(ω)S(ω)W (ω) dω (15)

where the capture width ratio is given by (7), and S
is the wave spectral energy density computed using
the WAFO toolbox, see [17]. The absorbed power is
multiplied by the probability of occurrence of each sea-
state Pr, and summed to give the total absorbed power,
as

Pabs(tot) =

N
∑

SS=1

Pabs(SS) Pr. (16)

For simplicity’s sake, we choose here to only look at
the 2.5% wave steepness case. Furthermore, from the
numerically computed capture width ratio, we choose
to investigate the effect of slightly altering the orifice
diameter. By changing the orifice diameter, and thereby
the damping, this might have a positive or negative
effect on the performance of the wave energy device.
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Fig. 2. Sketch of the wave tank used in the experiments. ’WG’ is an abbreviation for wave gauge.
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Fig. 3. Experimentally measured absorbed power, upstroke venting
configuration.
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Fig. 4. Experimentally measured absorbed power, downstroke vent-
ing configuration.

Fig. 5. Numerical calculations compared with experimental data.
Here the upstroke venting of the chamber (1-way) is compared with
the two-way energy capture (2-way) of the chamber.

TABLE I
THE TWO CONSIDERED LOCATIONS.

Site Lat/Long Depth Avg. P Dist. to shore

[-] [deg] [m] [kW/m] [m]

E1 61.8/-6.6 41 11 1680
W1 61.8/-6.9 61 40 628

Fig. 7 shows the numerically computed capture width
ratio for three steepness values - 2.5%, 4% and 6%. The
figure shows that the non-dimensional absorbed power
of the lowest wave steepness is highest.

Fig. 8 shows the capture width ratio at wave steep-
ness 2.5% for five different values of the full-scale
orifice diameter d. The figure shows that smaller ori-
fice diameters result in a lower peak capture width
ratio. While for the higher values the curve becomes
narrower and with a higher peak at near resonance
conditions.
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Fig. 6. Numerical calculations compared with experimental data.
Here the downstroke venting of the chamber (1-way) is compared
with the two-way energy capture (2-way) of the chamber.

Fig. 7. Numerically computed capture width ratio of the one-way
energy capture of the full scale 40 chamber structure for 3 steepness
values.

In tables II to VI the absorbed power in kW is shown
for two sites considered in [15]. These two site loca-
tions are considered to be representative for the east-
and west coast of the Faroe Islands, respectively. The
tables show a variation of the length of the structure
considered, together with a fixed orifice diameter.

TABLE II
AVERAGE ABSORBED POWER IN KW FOR 2009-2018 AT THE WEST

(W1) AND EAST (E1) SITE FOR DIFFERENT SIZES OF THE STRUCTURES

WITH FULL SCALE ORIFICE DIAMETER OF D=600MM.

Length of structure [m]
150 300 450 600

W1 720 2775 4110 4380
E1 280 485 435 315

In tables II to VI it is seen, that there is a vast
difference between the east and west site locations, as is
seen for the concepts considered in [15]. Furthermore,
by increasing the size of the structure, more power is
absorbed. However, when increasing from 450 m to 600

Fig. 8. Numerically computed capture width ratio for 2.5% wave
steepness, for five different values of the orifice diameter.

Fig. 9. The two considered locations.

TABLE III
AVERAGE ABSORBED POWER IN KW FOR 2009-2018 AT THE WEST

(W1) AND EAST (E1) SITE FOR DIFFERENT SIZES OF THE STRUCTURES

WITH FULL SCALE ORIFICE DIAMETER OF D=700MM.

Length of structure [m]
150 300 450 600

W1 685 2875 4285 4430
E1 285 495 420 285

m at the W1 site there is little gain in absorbed power.
For the E1 site there is actually a decrease in absorbed
power when increasing from 300 m to 450 m. The same
trend is also seen in [15].

The normalised absorbed power in Figs. 5 and 6
show that the highest efficiency occurs around reso-
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TABLE IV
AVERAGE ABSORBED POWER IN KW FOR 2009-2018 AT THE WEST

(W1) AND EAST (E1) SITE FOR DIFFERENT SIZES OF THE STRUCTURES

WITH FULL SCALE ORIFICE DIAMETER OF D=800MM.

Length of structure [m]
150 300 450 600

W1 610 2800 4270 4340
E1 275 485 395 260

TABLE V
AVERAGE ABSORBED POWER IN KW FOR 2009-2018 AT THE WEST

(W1) AND EAST (E1) SITE FOR DIFFERENT SIZES OF THE STRUCTURES

WITH FULL SCALE ORIFICE DIAMETER OF D=900MM.

Length of structure [m]
150 300 450 600

W1 530 2620 4120 4170
E1 255 465 375 235

TABLE VI
AVERAGE ABSORBED POWER IN KW FOR 2009-2018 AT THE WEST

(W1) AND EAST (E1) SITE FOR DIFFERENT SIZES OF THE STRUCTURES

WITH FULL SCALE ORIFICE DIAMETER OF D=1000MM.

Length of structure [m]
150 300 450 600

W1 455 2390 3890 3950
E1 230 440 350 215

nance. However, this does not necessarily mean that
the most power is absorbed at these conditions. Con-
sidering Figs. 3 and 4, the absorbed power is actually
higher for the longer waves, i.e. away from resonance
conditions. Also, from Fig. 8 it is evident that changing
the orifice diameter changes the characteristics of the
absorbed power. For smaller orifice diameters the nor-
malised power curve becomes broader, with a lower
peak at resonance, while the larger diameters yield a
narrower curve with a higher peak. Thus the orifice
diameter (which relates to the designed behaviour of
the air turbine) can be used to optimise the device to a
particular expected yearly distribution of wave climate.

V. CONCLUSIONS

In this paper we present experimental results, to-
gether with numerical calculations for a relatively new,
one-way energy absorption, configuration of an OWC
wave energy device. Results show that at resonance
conditions, the normalised absorbed power of the one-
way energy configuration is higher compared to the
two-way configuration, especially when venting on the
upstroke. Furthermore, we present numerical results
for the full-scale KNSwing device and the effect of dif-
ferent wave steepness and different orifice diameters.
Lastly, we present results for four different proposed
full scale sizes for the absorbed power of the devices
at two different locations in the Faroe Islands. Here
it was seen that the size of the orifice diameter had
a large impact on the average absorbed power of the
device. This implies that a careful site investigation is
necessary when considering device deployment.
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