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Abstract

Theaim of thisresearch isto develop a numerical
modelling approach able to provide design criteria
for the optimization of the layout of a farm of Wave
Energy Converters (WECS).

The numerical model MIKE 21BW is calibrated
against the experimental results obtained in Aalborg
wave tank for a farm of floating WECs. The WECs
under exam belong to the Wave Activated Body
type. The calibrated model allows to tests more
configurations at lower cost than physical models.
Specifically, different mutual distance among the
devices and their mutual alignment are examined to
maximise the density of the devices and the
distribution of residual wave energy and therefore
energy production. Simulated and measured wave
heightsrecorded by the many wave gauges placed in
the basin are compared, as wel as wave
transmission and r eflection induced by the devices.

A senditivity analysis, i.e. the identification of the
key model parameters to be tuned in order to
optimise the comparison, isalso carried out.

Keywords: DEXA, experiments, hydrodynamics, numerical
simulation and calibration, transmission coeffitjewave
energy converter, wave farm.

1. Introduction

In the literature there are many contributions iteal

tested in a wave tank to jointly assess the power
production and optimise the design, while invesiara

of WECSs placed in farms is rather limited. Mostioé
investigations of WECs array deals with the infloen

of such installation on the littoral or vice versa the
estimated power conversion capacity based on a
detailed wave and tidal climate and on the singgifi
assumption that each device produce a given energy
absorption [1], [2].

The numerical methods adopted so far to model the
wave field around WECSs are essentially based agethr
different approaches.

The first approach is the traditional simplified
modelling adopted for vessels and floating breakvegat
which is relative to the 2D case (indefinitely long
structure with perpendicular wave attack) and iseba
on the hypothesis of irrotational flow. Available
commercial codes as WAMIT, AQWA are based on
the Boundary Element Method. These models are
typically implemented for uniform bottom, linear
waves and do not account for viscous dissipation,
hypotheses which become less accurate if refewed t
shallow water conditions [1].

The second approach consists of 2D or 3D models
typically developed to assess the impact on therdit
of wind farms and then applied also to wave farms
where the piles or devices are represented thramgh
equivalent bottom friction or percentage of wave
energy absorption respectively [3]. These simotei
are usually done for environmental impact assessmen

with the analysis of wave loads on WECs, usuallyyyrposes and do not consider model calibration.

The third approach uses 2DV and 3D RANS-VOF
models to represent velocities and pressure around
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floating bodies.  Simulations are usually alwaysprototype, the floating model is composed by twagpa
calibrated against experimental data in wave fllone connected with an elastic resistant strip.

tank. The first applications were performed orgkin The model was moored with a “spread type”, i.e.
and multiple floating breakwaters but fixed [4]; mo using four steel chains (each 1.5 m long) fixedhw®
advanced research proposed 3D models combined wibottom with heavy anchors (3 kg each) and linked to
the external solution of the motion equation andhe device at the fairlead point in the middlehs tegs.
iteratively solved. In this way it is possible to Three identical models were available to carry out
reproduce the presence of PTO or moorings by mearxperiments on the effects induced by a wave faga (
of the external forces applied to the WEC [5]. Fig. 2). Since the main target is the evaluatibthe

A recent work [6] applied a 2D Boussinesq model tchydrodynamics induced by the farm, these models do
reproduce the hydrodynamics around a Wave Dragomot carry PTO systems or measurement
based on the experimental results obtained in waviastrumentations on board.
tank. The wave reflection and transmission from th
WEC were modelled by using porous layers with
calibrated coefficients around the device.

The numerical modelling approach presented in this
paper builds on this last work. In this case, ipldt
WECs of the Wave Activated Body type are analysed
within a staggered wave farm. Synthetic descn#io
of the device and of the numerical tool are prodide B _popn
Section 2 and 3 respectively. The details of the P v }
experimental and numerical set-up are reported in — e B
Section 4. The most relevant results, such asl@mti Frw ] Eos
wave energy, wave heights in the basin, wave ridiec A ——
and transmission induced by the devices are cordpare
in Section 5. Once the model is calibrated, two
additional configurations with aligned devices and =
fstagger_ed devices but.reduced gap width are exdmine Figure 2: Wave farm configuration, distances are in cm.
in Section 6. Conclusions about the approach hed t
design layout of the wave farm are finally drawn in
Section 7.
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3. Numerical model description

The numerical simulations have been carried out
2. Device Description using the software MIKE 21 BW, developed by DHI
) ) o ) [8]. MIKE 21 is a modelling system for 2D free-
The floating WEC under investigation is called grface flows, such as e.g. estuaries, coastatsvate
DEXA (www.dexawave.com). It consists of two rigid seas. MIKE 21 BW, i.e. the Boussinesq Wave module,
pontoons with a hinge in between, which allows eachy the model for calculation and analysis of shartd
pontoon to pivot in relation to the other (see Fiy. long-period waves in ports and coastal areas.
The draft is such that at rest the free water serfa  This model is based on the numerical solution ef th
passes in correspondence of the axis of the folnhanced Boussinesq equations formulated by Madsen
buoyant cylinders. The Power Take-Off (PTO) systemyng Sgrensen [9] and their updates related to thew
consists of a low pressure power transmissiohreaking and moving shoreline [10]. MIKE 21 BW is
technology [7]. capable of reproducing the combined effects of
important wave phenomena, such as shoaling,
refraction, diffraction, partial reflection and
transmission from obstacles and internal wave
generation (including directional spreading).
In particular to represent the hydrodynamics induce
by a WEC farm the 2DH BW Module (two horizontal
space co-ordinates, with rectangular grid) was ehos

4. Description of the setups

This section describes both the numerical and the
experimental set-up, since the laboratory resultq [
For the purpose of this analysis, 1:60 scale maddels were used to calibrate the numerical simulation.
Froude similitude were tested. Each model is 0rD6
4.1 Wave States

long (dimension in the following indicated withand . ;

0.38 m wide (dimension indicated wil}). As for the Previous physpal tests on DEXA model_s_showed
that wave transmission coefficiedt; and efficiency
tend to decrease and increase respectively with

Figure 1: DEXA Concept (www.dexawave.com).
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increasing the dimensionless lendth, , wherel, is  selected to match the measured reflection and
the peak wave length [11]. For the purpose of thisransmission coefficients.

analysis, eight wave states (WSs) have been The porous factor proved to be the key design and
considered. These WSs correspond to 3D Jonswagalibration parameter. After several attemptsorider
irregular non-breaking waves (see Tab. 1). Sincéo optimise the representation of wave transmission
Zanuttigh et al.[11] highlights that the instaltatiwater  porous factor of 0.90 has been selected.

depth and the wave steepness do not strongly dffect  To assure full wave absorption behind the numerical
K+, the selected WSs were performed all on the watewave-maker a sponge layer of 50 cells has been
depth h;=0.30 m. All the water condition representcreated. The assigned sponge values are obtased,
intermediate condition, where 1/20s,/L,<1/2. for the porosity factor, through an internal Toolbo
The set-up of the sponge layer fulfilled the predd

V\iS Hé [(;T(])] T°5[S7] L"‘Eg]]Y ”Iinzo guidelines [8], for _instance: the sponge layer bvid'F
- - - : should be one/two times the wave length correspandi
2 3.00 6.5 62.8 1.00 to the most energetic waves; sponge layers shault b
3 3.00 7.8 83.3 0.75 least 20 lines wide (but 50 are suggested); to mige
4 3.00 10.6 125.7 0.50 reflections, the values of the sponge layer coeffits
5 4.00 78 83.3 0.75 increase smoothly towards the boundary/land.
6 4.00 106 | 12571 050 In the tested configuratidm./L, is often lower than
7 500 78 833 075 0.22, hence the classical Boussinesq formulatieed
water terms excluded) has been chosen. For the
8 5.00 10.6 125.7 0.50 smallest wave periods (i.By/Lo 0.40) the comparison

Table1: Selected Wave States for the calibration, wikre  among simulations run both with the classical aith w
is the significant incident wave heigfi}, is the peak wave  the enhanced Boussinesq equations show in the latte
period,L, is the peak wave Ic_ength and | is the device length 556 |ower incident wave energy spectra and lower
values are in full scale. wave heights along the basin. Moreover the model
4.2 Laboratory wavefarm requires more CPU time, therefore all the resulteeh
Figure 2 shows the tested wave farm layout. Irpresented were obtained from simulations run whith t
particular it consists of a staggered configuratidth  classical formulation.
two models (device nr. 1 and 2) deployed along the In order to guarantee the numerical stability a# th
first farm line (towards the wave-maker), with A8m  simulation, a high-resolution in both space andetim
wide central gap in betweenk)8 In order to simulate was selected. The grid spacing in both cross-sfi@re
the presence of the second farm line, a third maesl  direction of wave propagation) and long-shore diogc
placed just behind the gap. was equal to 0.05 m. The minimum wave period (i.e.
The physical tests were performed in the directional,=0.74s) was resolved by more than 35 time stes (i.
deep wave basin of the Hydraulics and Coastalynis/3) since the moving shoreline was included.
Engineering Laboratory at Aalborg University, DK. Therefore the calculation time step of 0.01s was
The basin is 15.7 m long (in waves direction), 15 chosen.
wide and 1.5 m as maximum deep. To reduce the The chosen space and time discretization fulfil the
reflection from the basin, the sidewalls are mafle oCourant criterion, i.e. CR<1.00. Furthermore tsbee
crates and a 1:4 dissipative beach, made of cancrethat an efficient space and time model resoluti@s w
and gravel withDs;=5 cm, is placed opposite to the selected, the suggested values from MIKE 21 BW
wave maker. Model Setup Planner, included in the Online Help,

. were also checked.
4.3 Numerical wave farm and parameters

The numerical bathymetry exactly reproduced the 4.4 Measurements
basin and the beach. Bottom friction was inclutgd The hydrodynamic measurements were performed
means of a constant Manning number of 4¢/mfor by using in the physical basin a total number of 27
the concrete bottom and of 30'#s for the devices. A resistive Wave Gauges (WGs), which give the
varying Manning number between 40 and 2(/mwas  instantaneous value of the surface elevation. data
adopted for the beach. were simultaneously acquired at the sample frequenc

The three floating devices were reproduced asf 20 Hz by means of Wavelab, a software developed
porous layers, in order to simulate wave transmissi by Aalborg University [12]. This software allowed
and reflection through them. The selection ofwhkie  also to automatically perform the calibration prawes.
to be attributed to the porous layers, i.e. thealted Figure 2 shows six groups of three WGs, which are
porous factor, has been derived from an iterativéiecessary to calculate the incident wave heigftgnd
procedure. The internal Toolbox of MIKE 21 “Wave the reflected oneHg). In particular, data processing
reflection coefficient” allows to obtain the valoéthis  presented in the next Section will refer to WGS8+ir0
factor depending on the water depth, the wavelaced in front of the device nr. 1, WGs nr 11-13,
conditions, the width and permeability of the lagmd  placed behind the same device and WGs 22-24 placed
on the typical diameter of the stones. The valrele behind the device nr. 3.
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In the numerical simulation -a part from the 2D Regarding the reflected wave energy, instead, the
maps- the results are extracted in time inmodel overestimates the lab values at least ofités
correspondence of the same 27 positions to evalnate (see Fig. 3b).
wave height and_ the wave transmission, in the 52 Wave Height
frequency domain. The values of the numericéls along the basin are

Since the calculation time step is 0.01s, the dutpu N 9

A close to the experimental ones with the exceptidhe
was post processed to avoid different sample frecyue L )
between the lab and the numerical model. WGS W'th'n. the gap (;ee Fig. 4). Thg reason of the
differences in the gap is due to the device motsimge

. . . in the numerical simulation the device is modebesda
5. Calibration analysis fixed body (a porous pile with rectangular section)
In order to tune the numerical model, the values othdeed, if we compare for brevity the long-shore
the setup parameters have been calibrated baste on distribution of the wave heights across the gap (3.
comparison between the numerical outputs and the). the wave height in the lab tends to decreasa the

physical significant wave heighits andK; values. centre of the gap towards the device (i.e. from &G
. . to WG 15) while in the simulation instead the trend
5.1 Wave Generation and Energy comparison seems to be constant.

Measured and simulated wave energy spectra were Fyrthermore also the different spreading, seehén t
compared based on the frequency analysis domain ghragraph 5.1, leads to a different wave height
the groups of three aligned WGs [13 in front thev&va gistribution in the wake of the devices.
maker and along the basin. _ ~ Besides, it can be observed that the numerical wave

As regards wave generation, the numerical model igyaker is more stable than the wave-maker in the
able to predict the incident wave energy at the VBGS |aporatory [11]: in fact it is able to reproduce tlame

9-10 (see Fig. 3a), being the energy differencéhat H, by changingT, also for the less energetic WSs (see
peak frequency on an average of the 3%. The worst/ss 1-2 in the Fig. 4).

case, leading to a difference up to the 18%, cpoeds

5

R . 4. ]
to the lower WS, i.e. WS nr. 2, where problems in = ~-WSI Lab
. 2 A\ - WS2 Lab
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3.5 se & < L -©-WS5 Lab
35 o® AT 2 ) oo '
bods T37 PO 508 36 23 ToSPIEs TR DG
a) \ — tstgroup of WGs (34-5) X 2T\ se &3\: ‘pe$ | © WS7Lab
—&—~NUM: 1st group of WGs (3-4-5) 3.0 el b4 e i
— 2nd group of WGs (8-9-10) s & 4 P g0 3 - WSS Lab
—e~NUM: 2nd group of WGs (8-9-10) e [ 3@ >4 &03” .‘ ¢ .(0’.' /o V& 7 | -=WSI1 Num
3rd group of WGs (11-12-13) 25 4 o & 2 L3 § s" ® WS2 Num
1 NUM: 3rd group of WGs (11-12-13) N § O‘OQ L
‘g ——4th group of WGs (14-15-16) WS3 Num
“F,, —e—NUM: 4th group of WGs (14-15-16) 20 o WS4 Num
> 5th group of WGs (19-20-21) -0-WS5 Num
@ NUM: 5th group of WGs (19-20-21) ;
2 6th group of WGs (22-23-24) 1.5 WS6 Num
~ s NUM: 6th group of WGs (22-23-24) - WS7 Num
® WS8 Num
1.0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 WGs
W P S—— Figure 4: Comparison of théls recorded in the 27 WGs
1 12 14 16 . .
Frequency [Ha] placed along the basin. Values are in full scale.
b) PRALE 1.00 —o—WSI Lab -0~ WS2 Lab
2 —— 1st group of WGs (3-4-5) e
, —e—NUM: 1st group of WGs (3-4-5) I WS3 Lab WS4 Lab
] ——2nd group of WGs (8-9-10) ~ - - RS
ﬁ —e—=NUM: 2nd group of WGs (8-9-10) i 3.50 \." -&-WSS5 Lab WS6 Lab
@ 3rd group of WGs (11-12-13) ) s — ST Sty
/ \ NUM: 3rd group of WGs (11-12-13) = ﬁ = \‘g _ I —©- WS7 Lab —©- WSS Lab
s —— 4th group of WGs (14-15-16) R I -
E W —e—NUM: 4th group of WGs (14-15-16) 3.00 —e—WSI1 Num - WS2 Num
>4 ? 5th group of WGs (19-20-21) B i & vs
3 / \ NUM: 5th group of WGs (19-20-21) A L d WS3 Num WS4 Num
2 i \ 6th group of WGs (22-23-24) 250 - T -
= \\‘ =Y NUM: 6th group of WGs (22-23-24) - ~<Jo-.-.d._._. o |°® ~WS5 Num WS6 Num
3 ﬁ — \ s—ﬂ’e:&*%\ —- WS7 Num —e- WS8 Num
% /4 S N \N \Q\a ,/— 200 g o |
i i ” s < ’————‘“.
W e £ i S ————— — ) QR TN I ST <
G i I 'é‘%i? 5 &
02 04 06 08 1 12 14 16 18 2 1‘00_—/0 i
Frequency [Hz]
. . . o progressive distance [m]
Figure 3: Lab and numerical conditions of the incident (a) 100 S ” " P p” 0

and reflected (b) energy spectrum for the WS8.

o . . Figure 5: Hsin long-shore direction, where the zero is at the
The validity of the energy comparison is also prove centre of the gap (WG 18). Values are full scale.
by the 3D - BDM analysis carried out on the first 7

WGs. This method allows to highlight that the 53 WaveTransmission

directional spreading is higher in the laboratdrgrt in The values ofK; were calculated as the ratio
the numerical simulation. between the wave height behind a device and the wav

height at the wave-maker, both for the laboratarg a
the numerical tests.
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Table 2 shows the comparison I§f, whereKy is  tests were carried out for WSs 4-5-7. The mainltes
the Kt related to the front device (in the first linehda are reported below.

K is theKy related to the back device (in the second
line).

It is possible to note that the average valuesdiff
for less than the 3.5% fdfy and 7% forKy,. The
higher differences are related to the back devieetd
a different wave height distribution along the gdiphe
first line, i.e. different representation in the deb of
the mutual interaction among the devices and differ
wake effects acting on this third device.

6.1 Alignment

The first new configuration consists of a different
placement of the devices in the basic module, by
changing from a three staggered devices to a module
with four aligned devices.

The main consequences are a slight decrease of the
K of the back devices (see Tab. 4) and of the wave
heights recorded at the last WGs 25-27 (in the lmick
the new device). It is indeed expected that tlesgmce

WS | Kuine | Kinom | Kroias | Kioaum of a second device in the last line should affety the
1 0.88 0.82 0.68 0.82 results in the rear part.
2 0.96 0.90 0.77 0.86
3 097 094 083 092 WS KTb,NUM 3 DEXA KTb,NUM 4 DEXA
4 | 097 | 097 | 095| 096 4 0.96 0.94
5 | 097 | 093] 089] 0.0 5 0.90 0.88
6 | 097 | 096 | 094] 0.4 7 0.89 0.86
7 0.99 0.92 0.86 0.89 Table 4: Ky for the numerical simulations: with 3 DEXA in a
8 0.96 0.95 0.90 0.92 staggered module, and with 4 DEXA in an aligned ated
Table 2: Ky for the lab tests and the numerical simulations. g2 M utual Distances
54 Wave Reflection The further analysis is related to the influencehef

The reflection coefficienKx is defined as the ratio 9aP Width using the staggered configuration. Tap g
between the reflected and the incident wave height Width can be a design parameter able to optimiee th
front of a device. Table 3 reports the resultstig ~ COmbination  of coastal protection and energy
front device axy (derived from the WGs 8-9-10) and production. In fact the gap width reduction could

for the back device aw, (derived from the WGs 19- increase the number of devices in the farm, i.e. th
20-21). energy production, and at the same time could dsere

From the table it is seen that they s is in the the wave height behind the farm exploiting a

range 16-34%Kgyum instead varies in a wider range constructive interaction between the devices iamaes

27-70%. The much greater differences in the vabjes farm line. _ _
Kg than in the values d€; can be related to a different N the simulation, the gap width has been decreased

representation of the dissipation induced by theche rom 80 to €, leading, as expected, to modest changes
These differences may decrease by adding a porosity theH recorded in the gap (see Tab. 5).

layer in the numerical beach. Of course the same Gap width 8b Gap width 6b
reasons for discrepancy stated above in paragraph 5 ws | Mws | Five | Hiwe | Hiwe
(i.e. the device interaction in the gap and théedsht 11516 | 100091 | 141516 | 109001
motion of the devices) still apply. 4 2.02 2.03 1.95 1.97
5 2.64 2.54 2.51 2.50
WS | Kriiag | Krinum | Krotag | Kronum 7 3.03 311 3.09 3.06
1 0.32 0.53 0.34 0.70 - - - -
2 0.28 0.41 0.28 0.48 Table6: H, in the gap, in the staggered module, in the chse o
3 0.23 0.39 0.21 0.44 a gap width of B (left), and ® (right).
4 0.18 0.39 0.17 0.39 6.3 Discussion of the numerical results
> 0.23 0.35 0.20 0.39 The results are qualitatively compared focusing on
s 8;2 ggg 8;2 822 the hydrodynamic interaction among the devices,
3 0.19 0.57 0.17 0.8 especially on the wake effect of the first line.heT

figures 6a,b,c report the disturbance coeffici&m)
Table 3: Kg for the lab tests and the numerical simulations. gefined as the ratio between the loe and theHg

o _ _ _ recorded in front the wave-maker for the three
6. Additional numerical configuration configuration: three staggered devices with a gajthw

Once the accuracy and the limitations of theOf 8b, four aligned devices with the same gap width of

software are well-known, it is possible to extehe t 32'\/@2? Vatﬁzcggillzt?ggeﬁ%tﬁod%fgurat'on with three
physical database at lower cost. 9ap X

. The incident wave height in front of the back devic
Two design parameters of the farm layout have bee . .
selected so far: the alignment and the distanosdmat Hepends on the wake of the front devices. In act

the devices. In order to analyse both the infleeoica figure 6b the back device is fully surrounded bg th

; . . ._effects induced from its forward device, therefires
change in wave height and wave period the numerIC";lglredictable a reduction of its energy productiigure
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constructive wave interaction in the gap of thetfiine,
leading to an increasing of the wave height in tfroh
the back device. Table 6 reports the rangiéofor the

three analysed cases.

a) 105

(meter)

241112011 12:07:00

b) =[] 1

ES:E‘;ESES%SS‘EZ%SEEBS“

C) s

[ &V

B Avove 106

6 7 8 9 10 1" 12
(meter)
241112011 120626

Figure 6: Kp, respectively: three staggered devices (gap
width 8b), four aligned devices (same gap width) and three

staggered devices wittb@ap width.

Figure Range of Ky in Range of Kp bghi nd
the gap the back device
6a 0.98 — 0.90 0.94 - 0.86
6b 0.98 — 0.90 0.90 -0.78
6C 1.02 - 0.90 0.92 - 0.82

Table 6: Range oK for the three analysed cases: 3
staggered devices (6a), 4 aligned devices (6b)3and
staggered devices with & §ap width (6c).

7.Conclusions

This paper presented for the first time the nunadric
modelling of a DEXA wave farm, with MIKE 21 BW,

by DHI.

The devices have been reproduced as porous bodies
and the simulations have been calibrated with eser
of parameters based on physical tests, performéukin
directional deep wave basin at Aalborg Univerditig.

The calibrated model well reproduces the incident
wave energy, the wave heights at the wave-maker and
the wave transmission coefficiedt; induced by the
devices. The values d&f; are particularly important,
since they represent a measure of the residual wave
energy to be re-converted by the rear devices.

The stability of the software with respect to the
laboratory tests (i.e. the ability to reproduce Haene
incident wave height with changing the wave periisd)
considered a positive aspect for the validity oé th
simulation and its repeatability.

Reflected wave energy is overestimated by the
model of about 2.5 times with respect to the messur
values. A better representation —as further omgjoi
work proves— may be achieved by using a porous laye
in the numerical beach.

The model MIKE 21 BW is not able to accurately
reproduce the wave field around the wave farm,
especially in the space among the devices duedo th
impossibility to include the motion of the floating
bodies.

Two additional configurations have been simulated
and compared with the one tested in the laboratory.

When the staggered configuration is maintained, the
decrease of the gap width leads to an overall great
incident wave height in front of the second line do a
constructive wave interaction in the gap.

When an aligned configuration is selected by
keeping constant the gap width and the cross shore
distance among the devices, the second line fadislé
the wake of the first line and therefore the avdda
residual wave energy is lower.

It is suggested thus to adopt a staggered layadit an
increase the density of the devices with decreattiag
gap width but still allowing the moored devices to
freely move.

The model was developed by DHI for full scale
conditions, therefore it would be worthy to make
additional simulations by repeating at prototypalec
few of the tests performed at lab scale.
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