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Tests have been performed in the Shallow Water Wave Basin of DHI (Hørsholm, Denmark), 

on large arrays of up to 25 heaving point absorber type Wave Energy Converters (WECs), for 

a range of geometric layout configurations and wave conditions. WEC response and 

modification of the wave field have been measured to provide data for the understanding of 

WEC array interactions and for the evaluation of array interaction numerical models. Each 

WEC consists of a buoy with a diameter of 31.5 cm and power take-off is modelled by 

realizing friction based energy dissipation through damping of the WEC’s motion. Wave 

gauges were located within and around the WEC array. Wave conditions studied include 

regular, polychromatic, long- and short-crested irregular waves. A rectilinear arrangement of 

WEC support structures has been employed such that several array configurations could be 

studied. The experimental arrangement and the obtained database are presented. Results have 

been obtained for power absorption by the WECs and wave height attenuation downwave of 

the WEC arrays. Power results show that intra-array interactions can be either constructive or 

destructive depending on the geometrical arrangement of the array, the spacing between the 

WECs, the number of the devices within an array and the wave conditions. Results for extra-

array effects for long-crested irregular waves indicate up to 18.1 % and 20.8 % reduction in 

significant wave height downwave of the 5x5-WEC rectilinear and staggered array, 

respectively, for the perturbed wave field. This wave height attenuation is expected to be 

larger, since the WEC units used for the presented WEC array experiments are not optimally 

controlled in irregular seas; in real wave farm applications WECs are designed to be optimally 

controlled to extract a great amount of power from the waves, and therefore the array will 

cause larger wave height dissipation downwave.  

 

1. INTRODUCTION 

Commercial exploitation of wave energy will require installation of large numbers of Wave Energy 

Converters (WECs), arranged in an array (or a farm or park). Power production of an array, may be 

smaller or larger than the sum of the power by the equivalent number of individual WECs, due to 
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hydrodynamic intra-array interactions that take place between the WECs within an array (so-called 

intra-array interactions). The geometric configuration of the WEC array plays a significant role in 

these interactions, as well as in the impact of the array on its environment, mainly expressed by wave 

height dissipation downwave of the arrays. These wave field changes (so-called extra-array effects) 

can influence neighbouring activities in the sea, coastal eco-systems and even the coastline and the 

coastal defense conditions and parameters. Therefore, an accurate understanding of the intra-array 

interactions between WECs in a wave farm is required, as well as of their extra array effects on their 

environment, which both are referred to as WEC array effects. With this understanding, optimal WEC 

array geometric layout can be determined and changes to wave conditions can be quantified.  

Several numerical methods have been employed to analyse the response of arrays of wave energy 

converters to the incident wave climate, as well as the resulting modification of wave conditions, 

particularly down-wave of such arrays (e.g. in Beels et al., 2010; Troch et al., 2010; Babarit, 2013). 

Reviews of available modelling approaches and their applications are discussed e.g. by Folley et al. 

(2012), however, to date, there has been very limited validation of these numerical models using 

physical scale models of WEC arrays. 

 

In contrast to the large quantity of numerical simulations of WEC arrays and the large body of 

experimental work concerning individual WECs (e.g. by Vantorre et al., 2004) or pairs of WECs (e.g. 

by Budal et al., 1979), there is limited published data concerning either the response of such WECs 

located in arrays or the corresponding wave field changes. 

 

Only a few experimental studies of small WEC arrays have been conducted concerning 5 to 12 WECs  

which include response to regular waves (Thomas et al., 2008), power output and response in irregular 

waves (Weller et al., 2010) and wave spectra changes across the array (Alexandre et al., 2009). Within 

the UK Supergen Marine and the EU Hydralab III programmes, tests have been conducted with a 

WEC array of five oscillating WECs interconnected by mooring lines (Ashton et al., 2009). As part of 

the PerAWaT project, several studies of wave energy converter arrays have been conducted, both of 

idealized geometries and scale models of WEC systems under development by private companies. 

 

Real wave energy applications, however, will demand the installation of arrays composed of large 

numbers of WECs. Therefore, there is a clear need for experiments with large WEC arrays. Presently, 

no experimental studies are publicly available detailing WEC response, power output and wave field 

modifications due to an array. Data from large WEC arrays concerning the physical modelling of 

intra-array interactions and extra-array effects, combined with simultaneous measurements of WEC 

response, wave induced forces on the WECs and of the wave conditions, are not reported in literature. 

 

Such data are essential for evaluation of the accuracy of the employed numerical tools, their 

validation, as well as for their further development and improvement. Accurate measurements of 

individual WEC response, WEC array power output and spatial variation of wave conditions in the 

vicinity of the array, are required to improve understanding of the fundamental processes, influencing 

wave conditions down- and up-wave of WEC arrays. Moreover, results from testing various WEC 

array geometric configurations will lead to the optimization of the array lay-outs for real applications. 

 

Recently, within the research project WECwakes (Stratigaki et al., 2012; 2013; 2014(a-c); Stratigaki, 

2014; Troch et al., 2013; 2014) funded by the EU FP7 HYDRALAB IV programme, WEC array 

experiments have been performed. Tests have been conducted in the Shallow Water Wave basin of 

DHI (Hørsholm, Denmark) on large arrays of point absorber type WECs (up to 25 WEC units). 

 

A range of WEC array geometric configurations and wave conditions have been used. 25 identical 

WEC units have been tested simultaneously, each of them composed of a buoy, designed to heave 

along a vertical shaft only which can thus be modelled as a single degree of freedom system. Energy 

absorption through the WECs’ power take-off system (abbreviated as PTO–system) is modelled by 

realising energy dissipation through friction based damping of the WECs’ heave motion. Wave gauges 

have been used to measure the wave field within and around the arrays. Displacement meters have 

been mounted on each WEC unit for the measurement of the heave displacement. On 5 WECs along 

the central line of the array, the wave induced surge force has been measured. 
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This experimental set-up of 25 WEC units in an array layout, placed in a large wave tank, is at present 

the largest set-up of its kind, worldwide, studying the important impacts on power absorption and 

wave conditions of WEC array effects. Most importantly, the established database is comprehensive, 

and is applicable not only to WEC arrays but also to floating structures/platforms, stationary (fixed) 

cylinders under wave action, etc., for understanding of e.g. wave impact on the cylinders and wave 

field modifications around them. The obtained WEC array database, as part of the WECwakes project, 

is accessible to the research community as specified under the HYDRALAB rules. 

 

A detailed overview of the design and conduct of the experiments and of the WECwakes database is 

given in Sections 2-4. In Section 5, experimental results are presented for the wave field modification 

caused by 25 heaving WECs in two different array geometric configurations (for irregular long-crested 

waves), as well as the paper discussion on the presented findings and on the WECwakes database. 

 

2. EXPERIMENTAL SET-UP 

2.1 Description of an individual Wave Energy Converter 

Each WEC unit is a point absorber type device that comprises three main parts: (i) a hemispherical 

ended buoy of diameter, D = 31.5 cm, and draft, dbuoy = 31.5 cm and overall height 60.0 cm, (ii) a 

vertical steel shaft of 40 mm square section with a gravity metal base, and (iii) a PTO-system based on 

friction brakes comprising PTFE blocks (Polytetrafluoroethylene or else Teflon) and 4 linear springs. 

The dry mass of the buoy is m = 20.490 kg and natural period, by decay test and response 

measurement in regular waves, is  = 1.176 s. The upper part of the buoy is a horizontal PVC cover, 

on which the PTO-system is installed and a potentiometer is connected for the measurement of the 

WEC’s heave displacement (shown in Fig. 4(a) of Section 3). 

 

Details on the WEC unit development, evaluation and experimental study for the preparation of the 

WECwakes project are presented by Stratigaki et al., 2013; Stratigaki, 2014. The preparatory testing of 

a few first prototype WEC units, was followed by the construction of 25 identical WEC units, realized 

at the workshop of Ghent University. Preliminary results for WEC response amplitude operator (RAO) 

and power output, show reasonable agreement between measured response for individual WECs, and 

power output and WEC response predicted using a linear time domain model (Troch et al., 2013). 

 

2.2 The Shallow Water Wave Basin (DHI) 

Tests have been performed in the Shallow Water Wave Basin of DHI (Hørsholm, Denmark). An 

illustration of the empty wave basin (only wave gauges are present) is shown in Fig. 1(a). The 

experimental facility is 25.0 m long and 35.0 m wide, with an overall depth of 0.8 m. Forty-four piston 

type wave paddles, presented in Fig. 1(b), generate waves at one end of the wave basin. Each wave 

paddle is 1.2 m high and 0.5 m wide, and thus the total width of the wave generator is 22.0 m. The 

wave paddles are arranged in two segments of length 18.0 m and 4.0 m with a 20.0 cm step between 

the two segments. The 3-D wave generator is designed to operate at water depths, , between 0.2 m 

and 0.8 m. The wave generator is equipped with Active Wave Absorption Control System 

(abbreviated as AWACS) in order to deal with undesired re-reflexion of waves to the wave generator, 

and to allow full control of the incident waves. A gravel beach with a slope of 1/5.59 has been 

constructed to provide energy absorption at the opposite end of the wave basin. 

 

For the installation of the WEC units in the wave basin a supporting structure comprising, (i) the WEC 

metal gravity bases, (ii) the WEC steel vertical shafts and (iii) a connecting steel frame at the top of 

the WEC shafts have been used, as shown in Fig. 2 for the 5x5-WEC arrays. 
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Figure 1. Shallow Water Wave basin at DHI (Hørsholm, Denmark). (a) View from a location behind 

the wave generator, while taking wave height measurements using a network of 41 resistive wave 

gauges in the empty wave basin (sea-states characterization: no WECs/support structures are present). 

(b) View to the wave paddles of the wave generator, from the side of the wave basin. 

 

 
 

 

Figure 2. The 5x5-WEC rectilinear (a) and staggered (b) array in the DHI Shallow Water Wave Basin 

under irregular long-crested waves with  = 0°. View from behind the wave generator. 

a b 

a 

b 
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2.3 The WECwakes experimental arrangement 

The complexity of the tested WEC array layouts increased gradually. The experiments start with the 

testing of individual WEC units at different locations within the basin. Furthermore, different WEC 

arrays have been tested, of various geometric configurations and different/increasing WEC numbers. 

 

In Fig. 3, a plan view of the general experimental arrangement in the wave basin, and the 

configuration comprising the 5x5-WEC rectilinear array, is presented. Also the standard locations of 

the wave gauges are shown. The lateral, w, and longitudinal, l, spacing between the WECs (centre-to-

centre spacing) are w = l = 5D = 1.575 m, where D, is the WEC diameter (D = 0.315 m). 

 

The wave generator of the wave basin has a total length of 22.0 m and thus, does not extend across the 

entire basin width of 35.0 m. Vertical guide walls have been installed in order to avoid diffraction of 

the generated waves to either side of the basin. This technique results to a larger effective domain 

within the wave basin. Moreover, it simplifies the numerical treatment of the experimental set-up, 

using e.g. fully reflective boundaries for simulating the guide walls. The distance between the guide 

walls and the outermost WECs of the 5x5-WEC array, is nearly 25D = 7.875 m, and so reflection of 

waves scattered and radiated by the array is not expected to substantially influence the findings. The 

guide walls comprise plywood panels that extend 2.0 m beyond the toe of the absorbing beach, such 

that directional waves are not reflected back to the test region. 

 

 

 

Figure 3. Plan view of the WECwakes experimental arrangement in the DHI wave basin and standard 

5x5-WEC rectilinear array. Grid at 1.0 m increments, wave gauge arrangement (x) and WEC positions 

(●) are indicated. The hatched region along the x-axis at the bottom of the figure denotes the extent of 

the wave paddles, while at the opposite end, the wave absorbing beach is indicated. At the sides, 

plywood guide walls are used. Water depth is constant,  = 0.70 m. 

 

3. INSTRUMENTATION AND ACQUIRED DATA 

3.1 Wave field measurements 

Resistive Wave Gauges (abbreviated as WGs) have been used to take wave elevation measurements 

(η(t)) at specific locations throughout the wave basin. A total number of 41 wave gauges have been 

used, positioned around and at the locations of the WEC units, according to the tested WEC array 

geometric configurations. Moreover, a CERC 5 wave gauge array (shown in Fig. 3) is used in front of 

the WEC arrays for estimating wave directionality and wave reflection.  
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Two WG plans have been used throughout the experiments: (a) WG plan 1 (Fig. 3) for recording the 

wave elevations around the WEC units, and (b) WG plan 2 for recording the wave elevations at all 

locations where WEC units have been installed and tested within all WEC array configurations. For 

setting up WG plan 2, first all WEC units and the support structures have been removed, and then the 

wave gauges of WG plan 1 have been placed to the center points of the WECs. Each of the 41 WGs 

has been assigned a unique number. The undisturbed wave field has been recorded in an empty wave 

basin (without any WECs or support structures) using both WG plans 1 and 2. 

 

3.2 Measurements of the heave displacement of the WEC units  

A potentiometer has been attached to each WEC unit (example shown in Fig. 4(a)), for measuring the 

time varying heave displacement, . In total, 25 potentiometers have been used. The heave 

displacement measurements provide information on the WEC response, as well as data for calculating 

power absorption of the WEC units (Stratigaki, 2014). 

 

3.3 Measurements of the surge force on the WEC units  

The arrangement for measuring the wave induced surge force on each WEC unit, , requires 

two load cells, attached both, at the top and at the bottom of the WEC shaft and to an auxiliary parallel 

axis, in the longitudinal direction of the wave basin, as presented in Fig. 4(b). To calculate the surge 

force on a WEC unit, the sum is taken of the recorded signal at the top and the bottom load cell. The 

surge force has been measured on 5 WECs situated in the central column of the WEC array geometric 

configurations (Fig. 3). In total, ten load cells have been used. The arrangement to measure surge 

forces on the WECs has been developed and constructed at the workshop of Ghent University. 

 

3.4 Video acquisition  

Videos (40fps) have been recorded for all WEC array configurations, taken from two locations outside 

the wave basin: (i) from a location behind the wave generator and (ii) from a location at the opposite 

end of wave basin, behind the wave absorbing beach.  

       
 

Figure 4. (a) Potentiometer, used for heave displacement measurements of the WEC units. the PTO-

system is also shown; (b) Load cells installed at the top and at the bottom of the WEC shaft, used for 

measurement of the surge force on the WEC units. 

 

4. EXPERIMENTAL TEST PROGRAMME 

Four types of waves have been considered: regular, polychromatic, long-crested irregular and short-

crested irregular waves. For the majority of the tests, two wave periods,  = 1.18; 1.26 s, have been 

considered. The wave period,  =  = 1.18 s corresponds to the natural period,  , of the WEC unit. 

Wave period,  =  = 1.26 s is selected based on the ratio between the wave length, , and the lateral, 

Top  
load cell 

Bottom 
load cell 

WEC 
buoy 

PTO-system: 
PTFE-blocks & 
springs 

WEC 
shaft 

Potentiometer 

a b 



Proceedings of the HYDRALAB IV Joint User Meeting, Lisbon, July 2014  
 

7 

w, and longitudinal, l, spacings between the WECs (O’Boyle, 2013). The water depth has been kept 

constant throughout the entire testing period at  = 0.70 m. In Table 1, a summary of the tested wave 

basin and WEC array configurations with regard to the studied wave conditions is provided. A short 

description of the wave basin and the WEC array configurations is given in the first column of Table 

1, as well as in the last column where configuration sketches are shown. In columns 2-5, the types of 

tests regarding wave conditions are listed, for each wave basin and WEC (array) geometric 

configuration. In columns 6-7 it is indicated whether the diffracted wave field for WEC units or shafts 

under incident waves and whether tests for WEC decay motion have been performed for a specific 

WEC array configuration. 

 

Table 1. Summary of the tested wave basin and WEC (array) configurations. 

Configuration 

Types of tests regarding wave conditions 

Reg. 

LCW 

Polychro- 

matic 

Irr.  

LCW 

Irr.  

SCW 

Diffraction; no WEC 

motion 

WEC decay 

motion 

WEC lay-out 

sketches 

Waves only √ √ √ √ √ (shafts) N/A - 

Individual WEC √ √ √ √ √ √ 

 

2-WEC column (*spacing, , 

5  to 20 ) 
√ √ √ 

√  

(l=5 ) 

√  

(l=5 ) 
√ 

 

2-WEC row (*spacing, , 

5  to 20 ) 
√ √ √ - 

√  

(  =5 ) 
- 

 

5-WEC column (*all 

columns) 
√ √ √ 

√  

(middle 

column) 

√  

(middle column) 

√  

(middle 

column)  

5-WEC row √ √ √ - - - 

 

10-WEC,  

2 columns 
√ √ √ - - - 

 

5 × 5-WEC  

rectilinear array 
√ √ √ √ √ - 

 

5 × 5-WEC  

staggered array 
√ √ √ √ √ - 

 

3 × 3-WEC rectilinear 10  √ √ √ √ - - 

 

3 × 3-WEC rectilinear 5  √ √ √ √ - - 

 

13-WEC staggered array √ √ √ √ √ - 
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The regular waves (Table 2) are defined in terms of a wave period, , and a wave height, . For the 

majority of the regular wave tests, H = 0.074 m has been used. For the regular waves, wave attack of 

different directions is also considered with waves propagating from the wave paddles to the WEC 

arrays under wave angles,  = 0°, 10° and 20°. 

  

Also polychromatic waves (Table 3) have been considered, which consist of consecutive regular 

waves with different wave lengths, . The wave period, , and wave height, , thus vary during a test. 

A polychromatic wave can be expanded as a sum of regular (monochromatic) waves. The 

polychromatic waves have been defined based on (O’Boyle, 2013), applying a random starting phase 

to each wave component, with wave propagation angle,  = 0°.  

 

The irregular waves are defined by a JONSWAP spectrum, , with peak period,  = , 

and, for the majority of the tests, significant wave height,  = 0.104 m to achieve equivalent energy 

contents to the regular waves with  = 0.074 m. Tests with irregular long-crested waves (Table 4) 

have been performed for a wider range of significant wave heights, , and peak wave periods, .  

Table 2. Target sea state characteristics used to generate regular waves.  

Wave height 

 (m) 
Wave period,  (s) Wavelength,  (m) Wave angle,  (°) 

0.074 
1.180 

1.260 

2.133 0 10 20 

2.384 0 10 20 

 

The short-crested irregular waves have a directional spread that is defined by a parametrical cosine 

power 2s model (Longuet-Higgins et al., 1963). The spreading parameter, s, gives the degree of 

directional energy concentration. Short-crested irregular waves with s = 75 and s = 10 have been 

considered to represent swell with long decay distance and wind seas, respectively (Goda and Suzuki, 

1975). The selection of the irregular short-crested wave conditions is based on research findings by 

Troch et al., 2010 and Beels et al., 2010. Short-crested irregular waves have been generated with  = 

0°,  = 0.104 m,  = 1.26 s and  = 2.405 m. 

Table 3. Target sea state characteristics used to generate polychromatic wave (  = 0°).  

Wave height,  (m) Wave period,  (s) Wavelength,  (m)  

0.024 0.870 1.186  

0.030 1.008 1.581  

0.036 1.178 2.109  

0.032 1.217 2.231  

0.030 1.260 2.367  

0.022 1.385 2.761  

0.018 1.510 3.152  

Table 4. Target sea state characteristics used to generate irregular long-crested waves (  = 0°). 

Significant wave height, 

 (m) 

Peak wave 

period,  (s) 

Wavelength for peak wave 

period,  (m) 

0.0749 1.050 1.733 

0.0816 1.100 1.890 

0.1040 

1.180 

1.260 

1.350 

1.500 

2.156 

2.405 

2.687 

3.154 
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5. WAVE FIELD MODIFICATION AROUND 5x5-WEC ARRAYS AND DISCUSSION 

An objective of the WECwakes project is to study the effect of WEC arrays on the wave field. Here, 

the wave field modifications due to wave energy extraction and the WECs’ motion have been 

quantified around the 5x5-WEC arrays, of rectilinear (shown in Fig. 2(a)) and staggered (shown in 

Fig. 2(b)) lay-out, respectively, for unidirectional irregular waves (  = 1.26 s and  = 0.104 m). 

 

To measure the combined incident-diffracted-radiated wave field (or else the perturbed wave field), 

due to the response of the WECs, damping has been applied through the PTO-system. A difference 

percentage (x100%) term is defined in Eq. [1] and plotted in Figs. 5(a-b) for the 5x5-WEC arrays, 

used for quantifying the effect of the oscillating WECs under wave action (causing the perturbed wave 

field), on the recorded undisturbed wave field: 

 

 [1]  

 

Note that the difference percentages are positive, when the effect of the heaving WECs causes increase 

of the perturbed wave field amplitudes compared to the undisturbed incident wave field. On the other 

hand, negative difference percentages indicate wave amplitude attenuation due to the heaving WECs, 

compared to the undisturbed incident wave field. The negative differences, therefore, presented in Fig. 

5, refer to significant wave height, Hm0, decrease due to wave power extraction by the WEC units. 

 
Figure 5. Non-dimensional percentage of change of at locations within and around the 5x5-WEC 

rectilinear (left) and the staggered (right) array due to perturbed wave field (heaving WECs with 

damping applied). Unidirectional irregular waves of  = 1.26 s and = 0.104 m. The basin width 

(X, columns) and length (Y, rows) are expressed in number of WEC unit diameters,  = 0.315 m. 

 

There is clearly wave attenuation in the lee of the WEC arrays due to the operation of the oscillating 

WEC units. Results for extra-array effects for long-crested irregular waves indicate up to 

18.1% and 20.8% reduction in significant wave height downwave of the 5x5-WEC rectilinear 

and staggered array, respectively, for the perturbed wave field. This wave height attenuation 

is expected to be larger, since the WEC units used for the presented WEC array experiments 

are not optimally controlled in irregular seas; in real wave farm applications WECs are 

designed to be optimally controlled to extract a great amount of power from the waves, and 

therefore the array will cause larger wave height dissipation downwave. These wave height 

attenuation results can be further used for estimating the coastline evolution due to the presence of a 

WEC array, i.e. by applying traditional formulae. 

 

Moreover, power results show that intra-array interactions can be either constructive or 

destructive depending on the geometrical arrangement of the array, the spacing between the 

WECs, the number of the devices within an array and the wave conditions. A detailed analysis 
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of the power output of the WEC arrays is presented by Stratigaki (2014). Finally, the data 

obtained from these experimental tests will be very useful to validate and extend a large range of 

numerical models used to model response, power absorption and wave field modifications due to 

oscillating WECs. Validation of such models will enable optimization of the geometrical layout of 

WEC arrays for real applications and will therefore enable reduction of the cost of energy from wave 

energy systems. Most importantly, the WECwakes database is extensive, and can be extrapolated to 

floating structures/platforms, stationary cylinders under wave action, etc., for understanding of e.g. 

wave impact on the cylinders and wave field modifications around them. 
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