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Abstract: A performance assessment of wave power absorption characteristics of isolated and
multiple wave energy converter (WEC) rotors was presented in this study for various wave-heading
angles and wave frequencies. Numerical hydrodynamic analysis of the WEC was carried out using
the three-dimensional linear boundary element method (BEM) and nonlinear computational fluid
dynamics (CFD). Experimental results were used to validate the adopted numerical models. Influence
with and without power take-off (PTO) was estimated on both isolated and multiple WEC rotors.
Furthermore, to investigate the interaction effect among WECs, a q-factor was used. Incorporation
of viscous and PTO damping into the linear BEM solution shows the maximum reduction focused
around peak frequency but demonstrated an insignificant effect elsewhere. The q-factor showed both
constructive and destructive interactions with the increase of the wave-heading angle and wave
frequencies. Further investigation based on the prototype WEC rotor was carried, and calculated
results of the linear BEM and the nonlinear CFD were compared. The pitch response and q-factor
of the chosen wave frequencies demonstrated satisfactory consistency between the linear BEM and
nonlinear CFD results, except for some wave frequencies. Estimated optimal time-averaged power
using linear BEM show that the maximum extracted power close to the zero wave-heading angle
around the resonance frequency decreases as the wave-heading angle increases. Overall, the linear
BEM on the extracted power is overestimated compared with the nonlinear CFD results.

Keywords: isolated WEC rotor; multiple WEC rotors; PTO; q-factor; linear BEM; nonlinear CFD

1. Introduction

Commercial development of many applications in the field of wave energy converter
(WEC) is motivated to deploy in arrays for creating WEC farms. Understanding the hydro-
dynamic behavior in such arrays can determine the optimum configuration of multiple
WECs and maximize wave power extraction. Wave approach angle and large-scale inter-
ference among WECs are important in multiple WEC spacing of hydrodynamic interaction
of waves. A q-factor can be used to quantify the interaction among WEC, which is defined
as the ratio of the total response/power extracted from a multiple of n WECs to n times
the response/power extracted from an isolated WEC, where n is the number of WECs.
Interaction effects may be constructive (q-factor > 1) or destructive (q-factor < 1) depending
on the configuration of multiple WECs and sea conditions.

In the past, many studies on multiple WECs have been analytically, numerically,
and experimentally explored [1–6]. Linear potential flow theory is an adopted numeri-
cal approach that has been extensively used in over 90% of existing numerical methods
since 1969 [7–10] and the standard approach for analyzing multiple WECs in both fre-
quency [11–17] and the linear time domain [18–22]. The linear time domain models directly
use frequency-dependent hydrodynamic coefficients in their motion equation. Nonlinear
hydrodynamic approaches, such as the fully nonlinear potential flow theory, computational

Processes 2021, 9, 1233. https://doi.org/10.3390/pr9071233 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-2081-9673
https://orcid.org/0000-0002-5198-4519
https://doi.org/10.3390/pr9071233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9071233
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9071233?type=check_update&version=2


Processes 2021, 9, 1233 2 of 20

fluid dynamics (CFD), and SPH, are suitable for WEC modelers because of their increased
computational power in recent years [6,8,9]. CFD can provide a rigorous nonlinear treat-
ment of Navier–Stokes equations to analyze multiple WECs. Extensive investigations on
multiple WECs using CFD were performed by [6,10,23,24]. Windt et al. [25] investigated
CFD-based numerical simulations using OpenFOAM on a model scale Wavestar point-
absorber and validated the laboratory experiments. The study includes the effect of PTO
damping and it is implemented in the CFD by the spring-damper model.

The present study considers the WEC on the basis of Salter’s duck (rotor), which
was patented in 1974 [26]. The cross-section of the WEC rotor is illustrated in Figure 1.
Front shape (paunch) of the WEC rotor resembles the fluid particle displacement and
wave dynamic pressure forces the rotor to move up and down a fixed axis (Figure 1). In
comparison, the rear part (stern) of the WEC rotor is mostly circular and reflects no waves in
the leeward side. The nonsymmetric shape and hydrodynamic behavior of the WEC rotor
improves its efficiency by extracting 90% of the wave energy in two-dimensional sinusoidal
waves [26]. An optimal motion performance of the WEC rotor has been designed to suit the
western part of the Jeju Island in South Korea by performing systematic design parameters
using linear BEM [27]. Poguluri et al. [28] carried out a thorough CFD-based sensitivity
analysis using quasi-2D wave generation and its interaction with the WEC rotor. They
concluded that the simulation parameters with wave forcing zone of one wavelength, grid
aspect ratio of four, interface momentum dissipation (IMD) with artificial viscosity = 1.0
along with high resolution interface capturing method, and standard low-Re k-ε model can
predict highly accurate long-term simulations of wave and WEC rotor interactions. These
were validated with the experimental results and extended the study to the prototype
scale model. Later, Poguluri et al. [29] performed a numerical investigation using a linear
boundary element method (BEM) and a CFD analysis to find the response of multiple
arrayed rotors and its effect due to the rotor spacing without PTO damping.
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Figure 1. Schematic model of the isolated WEC rotor.

With the presented background, the modeling of multiple WEC rotors is considered an
extension of the framework of isolated WEC rotors carried out in previous studies [27–31].
The interaction of multiple WEC rotors is investigated in regular waves on the basis of linear
boundary element method (BEM) (using WAMIT) and nonlinear CFD (using Star-CCM+).
Each WEC rotor has one degree of freedom that includes pitch alone along the y-axis, as
shown in Figure 1. The rest of this paper is organized as follows. The mathematical model
and experimental details of a WEC rotor are outlined in Section 2. The CFD methodology
and numerical settings use to simulate the wave and its interaction with multiple WEC
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rotors are discussed in Section 3. The validation, results, and discussion are presented in
Section 4. Finally, conclusions of this study are drawn in Section 5.

2. Mathematical Model and Experimental Setup

The configuration of multiple WEC rotors in the present study is shown in Figure 2.
Three WEC rotors with a width (W) in the y-direction are considered. A fixed coordinate
system is taken at the center of rotation (O) with a vertical upward z-axis, and the wave
propagates from the negative x-direction to the positive x-direction. The rotor tip is placed
in the “negative” x and approach wave angle (β) is set to 0◦, 30◦, and 60◦ to allow waves
to hit the WEC rotor. Each rotor rotates around its own center of rotation. Geometry
details of principle particulars; moment of inertia in x-, y-, and z-directions; and hydrostatic
properties are listed in Table 1.
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Table 1. Principal particulars of prototype and model-scale isolated WEC rotors.

Description Prototype Model (1:11)

Stern diameter, 2r (m) 4 0.364
Depth of submergence, d (m) 3.6 0.3275

Beak angle, α (◦) 60 60
Width, W (m) 5 0.455

Total mass (kg) 21,327.686 13.65
Pitch moment of inertia around the center of rotation, COR (kg·m2) 117,132.05 0.7479

Hydrostatic coefficient, K55/ρg 22.52 0.16398 × 10−2

Horizontal center of gravity w.r.t. COR (m) −0.8934 −0.0931
Vertical center of gravity w.r.t. COR (m) 1.0189 0.0998

Pitch natural frequency, ω (rad/s) 1.22 4.08

This study primarily deals with the hydrodynamic response of oscillating multiple
WEC rotors within the framework of the linear BEM model under the assumption of
irrotational flow, inviscid and incompressible fluid, linearized kinematic and dynamic
boundary conditions on the free surface, and smaller body motions compared with their
characteristic length.

All variables can be expressed as complex amplitude multiplied by e−iωt under these
assumptions. Angular oscillation amplitude ξj as a harmonic function of time is expressed
as follows:

ζ5(t) = Re
{

ξ5e−iωt
}

(1)

Hydrodynamic response of the Mth WEC excited by waves with amplitude “a” angular
frequency ω along the pitch direction (denoted subscript 5) can be expressed as

−ω2

[
(JM5 +

n

∑
N=1

AMNS(ω))

]
ξM5(ω) + iω

(
n

∑
N=1

Brad
MNS(ω) + Bvis

M5 + BPTO
M5

)
ξM5(ω) + KM5ξM5(ω) = aXM5(ω) (2)
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where

• n is the total number of WECs (n = 3 in the present study),
• JM5 is the mass moment of inertia of the Mth WEC in the pitch direction,
• AMNS(ω) is the hydrodynamic-added mass inertia of the Mth WEC in the pitch

direction induced by the Sth motion of the Nth WEC,
• Brad

MNS(ω) is the hydrodynamic radiation damping of the Mth WEC in the pitch direc-
tion induced by the Sth motion of the Nth WEC,

• Bvis
M5 is the viscous damping of the Mth WEC in the pitch direction,

• BPTO
M5 is the power take-off (PTO) damping of the Mth WEC in the pitch direction,

• KM5 is the hydrostatic stiffness moment of the Mth WEC in the pitch direction, and
• XM5 is the wave excitation moment acting on the Mth WEC in the pitch direction.

The energy that can be extracted from the WEC rotor is captured by the PTO. The
constant PTO (BPTO

M5 ) damping obtained from the isolated WEC rotor was used for multiple
WEC rotors. Free decay tests were conducted on the isolated WEC rotor to obtain the
viscous damping moment from laboratory tests in Jeju National University [31]. Logarith-
mic decrement method is used to obtain the damping ratio. The viscous damping can be
estimated by subtracting radiation damping from actual damping. The actual damping
is defined as the product of the damping ratio and critical damping [2(JM5 + AM5)ωN ],
where ωN is the undamped natural frequency of the isolated WEC rotor. Viscous damping
values from experiments, hydrodynamic coefficients from the linear BEM analysis, and
PTO damping from Equation (5) were used to solve the motion Equation (2).

The time-averaged Mth WEC power based on linear theory can be expressed as follows:

Popt
M5(ω) =

1
2

ω2B̃PTO
M5 a2

∣∣∣∣ ξM5

a
(ω)

∣∣∣∣2 (3)

where B̃PTO
M5 is the optimal power take-off given by Mth WEC rotor satisfying ∂Popt

M5(ω)/∂B̃PTO
M5

= 0, ξM5
a (ω) is the pitch response amplitude operator (RAO) (from Equation (2)) and are

expressed as∣∣∣∣ ξM5(ω)

a

∣∣∣∣ =
|XM5(ω)|√[

−ω2(JM5 +
n
∑

N=1
AMNS(ω)) + KM5

]2
+ ω2

(
n
∑

N=1
Brad

MNS(ω) + Bvis
M5 + BPTO

M5

)2
(4)

B̃PTO
M5 =

√
(ω2

N −ω2)
2
(JM5 + AM5)

2 + (Brad
M5 + Bvis

M5)
2
ω2)

ω
(5)

ωN is the undamped natural frequency of the pitch direction, is given by√
KM5/(JM5 +

n
∑

N=1
AMNS(ωN)) .

The interaction factor known as q-factor was used to evaluate the interaction effect of
multiple WEC rotors. The energy yield can be quantified because the extracted power is
directly proportional to the square of the response amplitude. Interactions are constructive
with respect to energy yield when q-factor > 1, and the energy diminishes if q-factor <
1 because destructive effects appear. The q-factor response amplitude from “M” WECs
( ξM5

a (ω)) can be expressed as follows:

q− factor =
∑3

M=1
ξM5

a (ω)

M×
(

ξ5,iso
a (ω)

) (6)

where ξ5,iso
a (ω) is the isolated WEC rotor pitch RAO.

A full-scale prototype WEC rotor (see Table 1) was proposed for real-time testing at
the west coast of Jeju Island, South Korea. Initial validation of numerical models on the
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model-scale WEC rotor is compared with the experimental results prior to the analysis
of the prototype WEC rotor. Properties of the 1:11 scale-down model of the WEC rotor
experimentally investigated in Jeju National University are presented in Table 1. The
experimental setup of the model made of acrylic material is illustrated in Figure 3. The
experimental setup consists of the following:

• The wave tank is equipped with a hydraulic piston-type wave maker at one end to
generate waves and a wave absorber at the other end.

• The WEC rotates due to wave excitation around a fixed-axis shaft (y-direction) located
below the waterline, and both ends of the shaft are connected to vertical rods, which
are supported from the fixed frame along the wave flume.

• A ball bearing mechanism is provided for smooth rotation in the pitch motion.
• An image processing technique is used to measure the pitch motion of the WEC rotor.
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3. Computational Fluid Dynamics

The problem domain is solved using three-dimensional implicit, unsteady, and in-
compressible Navier–Stokes equations. The computational domain is discretized into a
small number of finite control volumes with a grid, which uses integral form of conser-
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vation equation. Quantities in governing equations are decomposed into their mean (Ui,
P) and fluctuating (u′i, p′) components, where Reynolds-averaged Navier–Stokes (RANS)
equations along with the continuity are expressed as follows:

DUi
Dt

= −1
ρ

∂(P)
∂xi

+
∂

∂xj

[
υ

(
∂Ui
∂xj

+
∂Ui
∂xi
− 2

3
δij

∂Uk
∂xk

)]
+

∂

∂xj
(−u′iu

′
j) (7)

∂

∂xi
Ui = 0 (8)

where the velocity field is Ui(x, y, z, t), P is pressure, ρ is the constant density of the fluid,
δij is Kronecker delta function and υ is the kinematic viscosity of the fluid.

The WEC is allowed to move by only a single degree-of-freedom in the pitch around
the y-axis where the rigid body motion was carried out using dynamic fluid body interac-
tion. The motion equation of the Mth WEC rotor is expressed as follows:

Iwec
M

∂

∂t
ωM = nwec

M + Ed
M (9)

where Iwec
M is the moment of inertia of the Mth WEC rotor, ωM is the angular velocity of the

Mth WEC rotor, nwec
M is the resultant moment acting on the Mth WEC rotor, and Ed

M is the
external damping moment of the Mth WEC rotor.

The computational domain is set in the Cartesian coordinate system Oxyz with the
origin located at the COR of the center WEC rotor 2, where the x-direction is the propagation
of the wave from the negative x-axis to the positive x-axis and positive z-axis pointing
upwards. For prototype WEC rotor see Table 1, three-dimensional numerical wave tank
(NWT) is used to generate desired waves, and the flow is controlled by boundary conditions
assigned to different regions in the domain, as shown in Figure 4a. The velocity inlet is
located at the upstream side of the model, while the pressure outlet boundary is found
in the downstream side; the top is a pressure outlet and all other boundaries are wall
boundaries except the y = 0 symmetry. Wave forcing was applied at inlet and outlet
boundaries with 0.5 × λ, where λ is the wave length. The forcing is performed using
fifth-order Stokes wave theory. The middle portion in the vicinity of the WEC rotor of the
computational domain was chosen as 2 × λ. Fifth-order Stokes waves were generated to
represent realistic regular waves. Water depth is fixed at 40 m.

A gap equal to the width of the WEC rotor between the WEC rotor 3 and the wall in the
y-direction was considered for all test cases. An overset meshing strategy was selected to
address the WEC response. An overset mesh typically contains a WEC rotor superimposed
on a background mesh containing the surrounding geometry and data are interpolated
between the two meshes [32]. Multiple overset regions are created for each WEC rotor in the
present study. Only half of the computational domain was chosen due to the symmetrical
configuration of the xz-plane, and this cannot be implemented when the wave-heading is
different from zero. Component grids are allowed to overlap and flow field information
is transmitted from one grid to another through the overlap region. A mesh size that
matches the overset boundary must be maintained to use this method effectively because
conservation issues will occur when large discrepancies exist in the mesh size the grid
technique. The cell size along x-(∆x/∆z) and y-(∆y/∆z) directions was set to 4 to minimize
conservation errors (Figure 4a,b). The cell size in overset regions and the background
was matched using overlapping reason. Linear interpolation technique is used to transfer
the information between the two grids. The cell size around the WEC rotor is reduced to
15% of the basic cell size of the overset region (base size = 1.0 m), and three cells within
the prism layer were generated. All − y+ wall along with the two-equation low-Re k− ε
model was adopted for simulations. Automatic convective Courant–Friedrichs–Levy (CFL)
was utilized to stabilize the numerical solution and choose a suitable time step. The time
integration is based on a second-order implicit scheme with 10 inner iterations per time
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step is adopted. The volume of fluid (VOF) is used to handle the free surface interface
between the two immiscible fluids (water and air) and to improve the interface tracking
high-resolution interface capturing, along with interface momentum dissipation, is used.
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4. Results and Discussion
4.1. Validation

Adopted numerical models of the linear BEM and nonlinear CFD were validated
with the experimental results, and for the investigation a single WEC rotor without PTO
damping was used. The advantage of any numerical model can be nullified if unsuitable
settings are selected. The first and second authors performed an in-depth sensitivity
analysis on the single WEC rotor and compared the linear BEM and nonlinear CFD results
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with the findings in the literature and experimental results in Poguluri and Bae and
Poguluri et al., respectively [27,28]. The details of the NWT used for validation can be
found in [28].

The WEC rotor in the linear BEM is discretized with 1200 panels using Multi-surf, and
only half of the model was used for analysis due to the symmetry of the xz-plane. The
damping ratio of 0.0849 and the corresponding viscous damping value of 4.113 N·m·s/rad
were obtained from the experimental free decay test conducted by Kim et al. [31]. The
influence of domain, mesh size, mesh moving strategy around the WEC rotor, and associ-
ated domain boundary conditions in nonlinear CFD simulations were referred to in [28]
and omitted in the present paper. Tests are conducted with the following fixed wave
parameters: wave frequency range: 3.25–6.0 rad/s, wave amplitude (a): 0.005 m, and water
depth (h): 0.6 m. Non-dimensional pitch RAO *, (

(
ξ5,iso

a

)
L, where L is the characteristic

length of the model equal to 1) in the experiments was plotted along with the linear BEM
and nonlinear CFD results for different wave frequencies, as shown in Figure 5. The chosen
value of the damping ratio was based on the acceptable match between the maximum
pitch motion response of the WEC rotor and the experimental results; see [31]. Consistency
between the linear BEM results and the experimental and nonlinear CFD findings is only
possible when incident, diffracted, and radiated waves are linear and the same with the
present chosen wave frequencies. The means of three to four cycles of the steady solution
from the nonlinear CFD and experimental results were used to obtain the single value
of the pitch response. The present linear BEM and nonlinear CFD results are consistent
with the experimental results except at wave frequencies close to the resonance region.
The nonlinear CFD and experimental results slightly overestimate the non-dimensional
RAO compared with the linear BEM but the overall consistency was relatively acceptable.
Furthermore, the time history of the pitch response of the WEC rotor is compared with
the experimental results for two wave frequencies of 3.70 and 3.98 rad/s (see Figure 6).
The pitching response of the WEC rotor was acceptable for four cycles compared with
the experimental results. The experimental pitch response was then affected by wave
reflections from both ends of the wave flume and eventually led to differences in amplitude
and phase. In the foregoing sections, additional investigations on the prototype isolated
and multiple WEC rotors will be carried out by retaining most of the numerical settings of
the model unless otherwise mentioned.
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Figure 6. Comparison of nonlinear CFD and experimental results of pitch response for the isolated
WEC rotor.

4.2. Multiple WEC Rotors
4.2.1. Linear BEM Results

Figure 7 shows the pitch RAO of multiple WEC rotors by changing wave frequencies
from 0.5 rad/s to 2.0 rad/s with an increment of 0.02 rad/s for different wave-heading
angles β = 0◦, 30◦, and 60◦. Line denotes the isolated WEC rotor and symbols represent
multiple WEC rotors. The viscous damping is 25.0 kN·m·s/rad (see [31]). The spacing
between rotors was tested for 10 m, which is the center-to-center distance. Notably, the pitch
RAO of isolated and multiple WEC rotors

(
ξ5,iso

a , ξM5
a

)
predicts a similar hydrodynamic

behavior with a range of wave frequencies. The isolated WEC rotor at a small wave-
heading angle predicts increased RAO within the range of frequencies considered, while
peak amplitudes are slightly affected in the case of multiple WEC rotors. Peak pitch RAO
variations according to the wave frequency and wave-heading angle were observed, and
the main resonance frequency was within the range of 1.2–1.23 rad/s (see Table 2). The
influence of PTO damping on the WEC RAO is illustrated in Figure 8. Equation (3) shows
that the estimated minimum PTO damping of the WEC rotor is 34.6 kN·m·s/rad. Figure 8
clearly shows the maximum reduction focused around the peak frequency although the
influence is in-significance as moving away from the peak. The PTO damping has a strong
influence on peak frequencies at all wave-heading angles (see Table 2). Figure 9 shows the
variation of the q-factor (given by Equation (6)) as a function of the wave-heading angle
and frequency for with and without PTO damping. Interaction effects are constructive
(see the dark red contour in Figure 9) within the range of (0.5 < ω < 1.08 and β ≤ 60◦)
and (1.34 < ω < 1.82 and β < 30◦) for without PTO and (0.52 < ω < 1.1 and β ≤ 60◦) and
(1.33 < ω < 1.77 and β < 30◦) for with PTO but destructive otherwise.
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Table 2. Peak pitch RAO (rad/m) of isolated and multiple WEC rotors with and without the PTO
damping for different wave-heading angles (◦).

Isolated
Multiple

Rotor 1 Rotor 2 Rotor 3

Without PTO
1.21, 2.248 1.23, 2.078 1.18, 1.844 1.23, 2.078
1.21, 2.096 1.22, 2.053 1.20, 1.803 1.19, 1.859
1.21, 1.727 1.21, 1.690 1.21, 1.664 1.18, 1.659

With PTO
1.20, 1.130 1.20, 1.113 1.18, 1.081 1.20, 1.113
1.19, 1.055 1.20, 1.050 1.18, 1.021 1.18, 1.025
1.17, 0.881 1.17, 0.880 1.17, 0.870 1.15, 0.852
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Note:

• Each cell represents (peak frequency (rad/s), peak pitch RAO(rad/m)).
• First row: β = 0◦, Second row: β = 30◦, and Third row: β = 60◦.
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Figure 9. q-factor as a function of the wave frequency (rad/s) for different wave-heading angles (◦):
(a) Without PTO, and (b) With PTO.

4.2.2. Nonlinear CFD Results

NWT simulations were performed for a fixed spacing (center-to-center spacing =
10 m), zero wave-heading angle, wave height = 1.5 m (target wave height), and three wave
frequencies of 1.09, 1.20, and 1.32 rad/s. The time history of angular velocity and pitch
response of isolated and multiple WEC rotors with and without PTO are presented in
Figures 10 and 11 and Table 3. The time history shows that the WEC responds nonlinearly
to incoming waves. The angular velocity and pitch response signal demonstrated that
crests and troughs are affected by the applied PTO while the phase slightly increases over
time. These changes were significant in the case of ω = 1.32 rad/s and a similar trend was
observed with multiple WEC rotors but with reduced magnitudes.
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Figure 10. Numerical comparison of isolated WEC rotor with and without PTO for different wave frequencies: (a) angular
velocity and (b) pitch response.
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Figure 11. Numerical comparison of multiple WEC rotors with and without PTO for different wave frequencies: (a) angular
velocity of multiple WEC rotors 1 and 3, (b) pitch response of multiple WEC rotors 1 and 3, (c) angular velocity of multiple
WEC rotor 2, and (d) pitch response of multiple WEC rotor 2.

Table 3 presents the pitch RAO and q-factor comparison between the linear BEM and
nonlinear CFD results. The pitch RAO of wave frequencies (1.02, 1.20, and 1.32 rad/s)
without PTO shows the satisfactory overall consistency between the linear BEM and
nonlinear CFD solutions, except for the significant variation in the case of 1.20 rad/s.
The linear BEM results demonstrate higher destruction in the q-factor compared with
the nonlinear CFD findings. The overall consistency of the pitch RAO with PTO was
reasonable, whereas variations were higher than 42% when the linear BEM and nonlinear
CFD results were compared at 1.32 rad/s. The variation of the q-factor was high at the wave
frequency of 1.20 rad/s. The free surface wave profile colored by the vertical water particle
displacement in the NWT is shown in Figure 12. Large differences in the free surface wave
elevation at the rear and front sides of rotors, phase lag among rotors, and the interaction
of radiated waves allow for a rigorous mixing of the flow at the center of rotation (see
Figure 12). The WEC rotor 2 demonstrated stronger and more distinct mixing than WEC
rotors 1 and 3. The violent liquid motion resulted in large slamming forces and significant
changes without PTO at ω = 1.20 rad/s and with PTO at 1.32 rad/s compared with other
cases. However, compared with the nonlinear CFD, the linear BEM results typically led to
the overestimation of findings in most of the tested cases because the violent interaction is
neglected.
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Table 3. Comparison of pitch RAO with and without PTO for linear BEM and nonlinear CFD results.

Solution PTO Damping Isolated WEC Rotor
Multiple

q-factor
WEC Rotor 1 WEC Rotor 2 WEC Rotor 3

Linear BEM

Without
1.473 1.446 1.513 1.446 0.997
2.231 2.027 1.816 2.027 0.877
1.627 1.645 1.526 1.645 0.987

With
1.344 1.343 1.359 1.343 1.003
1.506 1.484 1.435 1.484 0.975
1.326 1.337 1.300 1.337 0.999

Nonlinear CFD

Without
1.525 1.509 1.575 1.509 1.004
1.674 1.645 1.656 1.645 0.985
1.651 1.601 1.574 1.601 0.964

With
1.242 1.299 1.361 1.299 1.063
1.501 1.289 1.285 1.289 0.858
1.000 0.997 0.916 0.997 0.970

Note:

• First row: ω = 1.09 rad/s, Second row: ω = 1.2 rad/s, and Third row: 1.32 rad/s.
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BEM results, the maximum extracted power in both isolated and multiple WEC rotors 
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Figure 12. Comparison of the free surface wave elevation along the NWT for multiple WEC rotors: (a) ω = 1.20 rad/s and
(b) ω = 1.32 rad/s.

4.3. Optimal Time-Averaged Extracted Power

Figure 13 illustrates the extracted power characteristics of isolated and multiple WEC
rotors as a function of the wave frequency and wave-heading angle. The dotted line
denotes the isolated WEC rotor and the contour represents multiple WEC rotors using
linear BEM. The absorbed power presented in kW and based on Equation (3) corresponds
to the optimal time-averaged extracted power of each wave frequency. Peak values are
summarized in Table 4. The evident influence of the natural period on the extracted power
in both isolated and multiple WEC rotors is illustrated in Figure 13. The maximum time-
averaged optimum extracted power is distributed around the zero-heading angle close to
the resonance frequency and continuously decreases as the wave-heading angle increases.
Table 5 lists the extracted power at specific frequencies where the nonlinear CFD simulation
results are compared with the linear BEM results. According to the linear BEM results, the
maximum extracted power in both isolated and multiple WEC rotors were obtained at
ω = 1.20 rad/s, followed by ω = 1.32 rad/s and ω = 1.09 rad/s. Nonlinear CFD simulations
showed that the maximum extracted power was observed at a similar wave frequency of
linear BEM results, followed by ω = 1.09 rad/s and ω = 1.32 rad/s.
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Figure 13. Time averaged optimum extracted power Popt in (kW) from isolated and multiple WEC
rotors as a function of the wave-heading angle (◦) and wave frequency (rad/s). Comparison of
isolated WEC rotor with multiple WEC rotors (a) 1, (b) 2, and (c) 3.

Table 4. Peak time-averaged optimum extracted power Popt in kW of isolated and multiple WEC
rotors for different wave-heading angles (◦).

Solution Isolated WEC Rotor
Multiple

WEC Rotor 1 WEC Rotor 2 WEC Rotor 3

Linear
32.834 32.375 29.577 32.375
28.364 28.303 26.370 26.350
19.043 19.094 18.563 17.082

Note:

• First row: β = 0◦, Second row: β = 30◦, and Third row: β = 60◦.
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Table 5. Comparison of time-averaged optimum extracted power Popt in kW of isolated and multiple
WEC rotors for different wave frequencies (rad/s).

Solution Isolated
Multiple

WEC Rotor 1 WEC Rotor 2 WEC Rotor 3

Linear
20.908 20.879 21.360 20.879
31.791 30.874 28.885 30.874
29.800 30.347 28.658 30.348

Nonlinear
17.836 19.521 21.440 19.521
26.054 19.209 19.109 19.209
11.570 11.494 9.716 11.494

Note:

• First row: ω = 1.09 rad/s, Second row: ω = 1.2 rad/s, and Third row: 1.32 rad/s.

5. Conclusions

A preliminary assessment of multiple WEC rotors was conducted, and the effects
of the wave-heading angle and wave frequency with and without PTO damping were
quantified using linear BEM along with the isolated WEC rotor. Laboratory experiments
were carried out to validate the adopted numerical models on a scale-down isolated WEC
rotor. Nonlinear CFD simulations were carried out on prototype WEC for three different
wave frequencies at a fixed wave-heading angle to verify and compare the results obtained
from the linear BEM solution. The following conclusions can be drawn from the present
study:

• The range of tested wave frequencies showed that the small wave-heading angle of
the isolated WEC rotor increases the RAO while peak amplitudes are slightly affected
in multiple WEC rotors with the linear BEM.

• The maximum reduction of the pitch RAO is focused around the peak frequency but
insignificant elsewhere with the application of the PTO damping system.

• The q-factor demonstrated a constructive interaction in the range of (0.5 < ω < 1.08 and
β ≤ 60◦) and (1.34 < ω < 1.82 and β < 30◦) for without PTO and (0.52 < ω < 1.1 and β
≤ 60◦) and (1.33 < ω < 1.77 and β < 30◦) for with PTO but destructive otherwise with
the linear BEM.

• Investigation based on the prototype isolated and multiple WEC rotors, the pitch
RAO, and the q-factor with without PTO at chosen wave frequencies demonstrated
satisfactory overall consistency between the linear BEM and nonlinear CFD results,
except for significant differences at 1.20 rad/s without PTO and 1.32 rad/s with PTO.
These differences were qualified by nonlinear CFD simulations because the violent
liquid motion at the center of the rotation leaves large slamming forces on the WEC
rotor and leads to reduced and distinct responses from other wave frequencies.

• The estimated maximum time-averaged optimal power is distributed close to zero-
heading angles around the resonance frequency and continuously decreases as the
wave-heading angle increases.

• The linear BEM results showed overestimated extracted power compared with the
nonlinear CFD due to the absence of nonlinear effects.
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