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installed together is considered important in order to
assure a higher output feed to the electric grid. Each
device installed in the array interacts with others by
modifying the incoming wave field [2]. Early studies
on the interaction of n devices installed in an array
showed that the power generated by the array can be
greater than the power of the n devices installed
singularly [3].
The effect of array interaction is quantified with the
factor q, and values of q>1 indicate a positive effect of
the array on the energy production compared to the N
single installations. However, the interaction of the
devices and their geometric layout can lead to values of
q<1; therefore reducing the power output of the array
installation. It is therefore important to find a layout of
the array to reduce the destructive interactions between
components. Different approaches have been attempted
over the years in order to identify the interaction
between devices, with a predominance of work carried
at theoretical level with simplifying assumption to ease
the mathematical solution. Only a limited amount of
work has been conducted on the interactions between
devices through physical experiments. Examples can be
found in [4, 5]. Both works highlight how theoretical
studies on array interferences are affected by
approximation and linearization of wave theory. Other
work is focussed on array of point absorbers, which are
a class of offshore WECs with their main dimension
notably smaller than the predominant wavelength at
site of installation.
At the present time installation of multiple devices in
arrays can be found in the form of Multi Oscillating
Water Column (MOWC) installed on breakwaters as
presented in [4, 6, 7]. To the authors knowledge the
first array installation for point absorbers is aimed for
summer 2011 within the Wavehub project [8].
Of particular interests is the recent deployment of the
Mutriku Wave Energy Power plant, where 16 OWC
chambers were built with a nominal power of 300 kWh
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The present paper presents experimental results
for work carried out on an array of OWCPs and its
wider application to OWC arrays installed onshore.
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interaction between different elements in an array
of multiple wave energy converters. For this
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energy converter were carried. These allowed for
the evaluation of the mutual interaction between the
devices and for a wider analysis of the effect of the
chamber width.
The proposed concept offers the possibility to
evaluate the employment of differently tuned
devices and reduce the need of optimum resonant
and damping control to improve performance in the
absorption and conversion of wave energy.
Experimental results showed how installing
differently tuned devices in array widens the wave
period range for which higher efficiency can be
reached and reduces the need for resonance control
within the system. The influence of the geometrical
layout is assessed for an array of 3 closely spaced
onshore wave energy converters. Positive effects are
found in the disposition of the device, suggesting
improvements can be achieved for onshore devices.
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Introduction

The installation of Wave Energy Converters (WEC) in
arrays is considered an essential step towards the
commercialization of electricity powered by wave
energy sources [1]. The use of series of devices
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and a capture width of 100 m (Figure 1). This
installation is taken as main reference for the
installation of a series of Oscillating Water Column
Pump (OWCP) on an existing Breakwater. The aim of
this paper is to quantify the interference of closely
spaced device on a breakwater aimed at the
maximization of the power output. This is achieved
through a series of experimental tests intended for the
identification of the ideal layout of the array.

In order to keep the system as simple and remove the
issue of resonance control and wave climate
forecasting, a “Pan Flute” arrangement of the OWCPs
is currently under investigations. The aim is the
identification of positive interaction between the
devices and an assessment of the range of wave period
T at which delivery can be assured.
Angle

Tmin

TPeak

T Max

M

20 º

1.11 s

1.17 s

1.42 s

2.7

25 º

0.83 s

1s

1.05 s

4

30 º

0.76 s

0.85 s

0.95 s

4.8

Table 1: Magnification factor (M) for different OWCPs, and
identification of the range of wave periods (Tmin – TMax) at
which significant amplification is achieved, with TPeak the
wave period at which maximum amplification is obtained.
Test carried with wave height of 5 mm and water depth of
80mm.

The purpose of the present work is to examine the
changes in performance of an array of OWCP and
determine the case for positive interaction between the
devices.

Figure 1: Schematic of the Mutriku OWC Plant

2. The device
The OWCP is a simple overtopping resonant type of
wave energy converter based on the more common
Oscillating Water Column (OWC) device. The OWCP
represents a simplified version of the OWC. At the
passing of waves the water contained within the device
oscillates and moves within the column. If resonant
conditions are achieved within the OWCP, a significant
amplification of the wave height can be obtained. The
OWCP is designed to lift water out of the pump when
conditions close to resonance are achieved. The device
is aimed at a delivery of 2-5 m high from 0.5-1 m high
waves. This allows for energy to be collected in the
form of gravitational potential energy in a reservoir.
The OWCP is designed for coupling with a High
Pressure Pump (HPP) for desalination purposes (Figure
1) [9] . Resonance control is achieved by varying the
inclination of the output duct, thus varying the mass of
water contained in each pump.

3. Methodology
In order to assess the behaviour of a “Pan Flute”
arrangement tests were carried in a 4 m long, 1.7 m
wide end 0.4 m deep wave basin under the influence of
monochromatic wave trains. Froude Scaling was used,
with a scale factor Λ=40.

Figure 3: Physical Test Setup

Two types of investigation were carried out:
1. Identification of the interaction patterns between
closely spaced devices and changes observed in
the maximum delivery height.
2. Determination of the geometric configuration
that maximizes capture width.
To do this, devices with same natural frequency but
increased area of the opening are tested in a wave
basin. The different configurations are tested singularly
and in an array, whilst maintaining a constant overall
array width.

Figure 2: Schematic of the OWCP coupled with HPP

Initial work carried on the OWCP showed that
amplification up to 5 times the incoming wave can be
achieved [10]. Work was conducted on fixed
configurations of the OWCP as reported in Table 1. It
can be seen that working with three differently tuned
OWCPs allows for a wide range of wave periods T to
be covered at full scale.
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The array was installed with a submersion depth of
0.09-0.13 m, with linear waves used for testing with
height between 0.01-0.04 m and period between 0.6-1.6
s.

3.1 Array of differently tuned OWCPs
The first series of investigation was aimed at
assessing the effect of differently tuned OWCPs
disposed in array of three devices. For this purpose
three OWCPs models were built out of transparent
Perspex. Each OWCP has a circular section with an
internal diameter of 25 mm and an external diameter d
of 30 mm. The angle of inclination of the pipes was of
respectively 20 º, 25 º and 30 º. This allowed for a wide
range of wave period to be explored within the
experimental tests.
The water depth in the wave basin was 0.14m, while
the array was installed at 0.1 m depth, on the top part of
a plateau (Figure 3). Three separating distances (ds)
between the pipes were considered: 0, 30 and 60 mm
apart from each other. The tests were complimented
with the installation of two reflective walls in front of
the array (50 and 100 mm high) to assess whether
reflections of waves would increase the delivery of
water (Figure 4).
Each OWCPs configuration was equipped with
calibrated capacitance probes to monitor the changes in
the level of water under the effect of wave acting on the
device.
Each OWCP was tested individually to assess the
array and distance effects on its performance. The
OWCP25 configuration was installed ate the centre of
the array for this series of tests.

Configuration

Width

OWCPS1

20 mm

OWCPS2

40 mm

OWCPS3

60 mm

Table 2: Configurations of the OWCP for capture width
analysis

Each OWCPS configuration was equipped with
resistance probes to measure the rise of the water
column with the pipe.
The various configurations of the of the array were
varied according to Table 3 to assure a broad analysis of
each array configuration and assess the generated
interferences
3.3 Magnification factor
In each series of test the wave conditions in the wave
basin were assessed with through the use of 3
determination of the incident and reflected wave height.

Figure 5: Different layout of the array examined for capture
width analysis.

Figure 4: View of the 3 OWCPs array equipped with front
reflective wall.

3.2 Capture width Array
The second series of test was aimed at the analysis of
the capture width of identically tuned OWCPs.
For this purpose, three configurations of the OWCPs
were built with transparent 3 mm thick Perspex. The
input duct for each configuration was 0.04 m long, with
the output duct 0.4 m long. The OWCPs had a
rectangular section and with a fixed height of 24 mm.
The width of the each device was varied as reported in
Table 2. This allowed for the assessment of different
combinations of a closely spaced array. The total
capture with of the array was kept to 60 mm, and
different combinations of the array were tested, as
shown in Figure 5.

Combination

Type

OWCPS1

1 OWCPS1 alone

OWCPS2

1 OWCPS2 alone

OWCPS3

1 OWCPS2 alone

3 OWCPS1a

3 OWCPS1 aligned

OWCPS 2+1

1 OWCPS1 +1 OWCPS2
3 OWCPS1 with central
pipe offset back of 0.04m

3 OWCPS1b

Table 3: Combinations of the OWCPS for capture width
analysis, and definitions of tests.

This is compared with the delivery height of water yp
inside the OWCP to determine the magnification factor
M of each pump, defined as:

M=

yp
H

Where H represents the incident wave height.
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4.

The data obtained from the experimental investigation
on an array of differently tuned devices confirmed that
using differently tuned devices in an array widens the
response bandwidth of the array. As it can be seen in
Figure 6 using three differently tuned OWCPs allows
for magnification factor of about 4 times H in the range
between 0.6 to 1.05 Hz, translating to real scale for to a
range of wave periods between 5.3 and 10.5 seconds.
Furthermore it can be noticed that the OWCP20 pipe
achieves resonant conditions for a lower wave
frequency, hence broadening the response of the array
to longer and more powerful wave periods.
The disposition of the array shows that the central
OWCP, OWCP25 is positively influenced by the
modified wave field in front of the array.
From Figure 7 and Figure 8 it is possible to notice that
for increasing the separating distances between the
devices the magnification within the pump decreases.
Furthermore one can notice how the devices tend to
work autonomously when the distance between devices
is of the order of 2d. In this situation, the peak
performance is achieved when the wave frequency ωd
matches the natural frequency of oscillation of the
device ωn. It can be seen that M decreases with ds
increasing; while the ratio ωd/ωn tends towards 1with
ds increasing.

Results
4.1 Array of differently tuned OWCPs

.
Figure 6: Frequency Response for an array of 3 differently
tuned OWCPs. OWCP25 was located at the centre of the
array. Separating distance between the devices was of 0 mm.

Figure 7: Changes in the magnification for the OWCP30
configuration based on the separating distance from the other
devices. The device was located on the side of the array.
Magnification is reduced at the increase of the separating.
distance
Figure 9: Frequency Response for an array of 3 differently
tuned OWCPs with a 50 mm reflective wall installed in front
of the array. OWCP25 was placed centrally within array.

The close deployment of the devices increases the mass
of water that is moved in front of the array increasing
delivery thus shifting. This can be noticed also when a
reflective wall is installed in front of the array. It can be
seen from Figure 9 that the wall enhances the
performances of the OWCP25 pump, while it affects
the performance of the devices on the side of the array,
which become more selective.
4.2 Capture width analysis
The responses of different configurations of a fixed width
array are presented in Figure 10, Figure 11 and Figure 12. In
Figure 10 the response for an array of 3 OWCPS1 pumps is
presented. It can be noticed how the behaviour of the central
device is still favoured compared to the devices located on the
side of array. Figure 11 shows the response of an array

Figure 8: Changes in the magnification of OWCP25
configuration based on the separating distance from the other
devices. The device was located at the centre of the array
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combined between one OWCPS1 device and one OWCPS2
device. It can be noticed how this combination generates a
negative effect on the delivery compared to Figure 10.

in Figure 10, and of 2.7 Figure 11. In all 3 cases, the
maximum magnification is obtained when the ratio
ωd/ωn is between 08-0.9, with a smaller peak for values
of the ωd/ωn ratio close to 1

5.

Discussion

Experimental work carried out for a series of
differently tuned devices showed that a mixed
installation allows for the array to provide a broader
response bandwidth compared to an array of identically
tuned devices. Test showed that a limited separating
distance between the devices provide a positive effects
in the performance of the device located at the centre of
the array. For separating distance of the device higher
than 2d the devices tend to behave autonomously
reducing the overall positive effect of the array.
The employment of similarly tuned devices, however,
generates a negative effect on the overall array
performance. By changing the opening of the OWCP in
contact with the wave action it can be seen that the
different devices interact within each other. Negative
array interference is noted when devices with a
different contact area are coupled together, which
reduces the overall performance. Using a wider contact
area provides a higher response, but is limited to lower
ranges of wave periods.
In both cases it can be seen that a close-type of array,
with small separating distances, causes resonant type
behaviour between the devices, shifting the ωd/ωn ratio
to lower values but increasing M. This is related to the
mass of water moved in front of the array, which
affects every component of the array. In general
positive effects are noticed for the central device in the
array.

Figure 10: Frequency Response for an array of 3 OWCPS1.
The comparison is made between the central pipe and the side
pipes.

6.

Figure 11: Frequency Response for an array of 1 OWCPS1
coupled with a 1 OWCPS2 device.

Conclusions

Little experimental work on the assessment of the
performance of arrays of onshore wave energy
converters is reported in the literature. This is probably
due to the impossibility of carrying such experiments in
a standard laboratory facility. This paper presents
results of a series of tests aimed at assessing the
behaviour of a series of simple wave energy devices
installed in the near shore area. Array configurations of
up to three devices are taken into account. In all tests it
was noticed that positive performance effects were
obtained in the central device of the array.
The assessment of the capture width confirmed earlier
theoretical work on the oscillating water column
presented by Evans [11]. The closer the width of the
devices get to the ratio 2π/L the higher its response
becomes.
The results presented in this paper show that it is
possible to evaluate the use of a “pan flute”
arrangement of OWCPs, and in a broader sense
OWCPs, to reduce the need of resonant control.
Furthermore the devices can be tuned in order to obtain
the maximum performance without affecting the
performance of the neighbouring converters.

Figure 12: Frequency Response for the OWCPS3
configuration. Peak delivery is obtained for a ratio ωd/ωn of
0.8.

Figure 12 shows the response for a single OWCPS3
device. It can be seen that the maximum magnification
factor obtained is of about 5.5, compared to a M of 2.9
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It is possible to assess the geometric dispositions of the
array by using similarly tuned devices and
investigations showed that the overall performance can
be increased in order to obtain a capture factor q >1.

[4]
[5]

The present paper shows that it is possible to evaluate
the performance of an array of devices by carrying the
work experimentally with the use of simple techniques.
The work will be expanded in order to evaluate
different geometrical conditions and provide an
indication on how the array disposition for a group of
onshore wave energy converters can assure higher
efficiency in the performance of each single
component.

[6]

[7]
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