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Abstract: To investigate the overtopping and slamming phenomena that occur in the interactions be-
tween waves and oscillating surge wave energy converters (OSWECs), a two-dimensional numerical
wave flume was established using computational fluid dynamics (CFD) software Fluent by adding
the momentum source terms into the original Navier–Stokes equation. Numerical convergence
studies of the mesh sizes and time steps were firstly performed to ensure the sufficient accuracy of
the numerical model. The variations in the wave heights along the wave propagation direction in
the wave-generating area, working area, and wave-absorbing area were analyzed. The dynamics
of the flap-type OSWEC were simulated using the overset mesh function embedded in Fluent. In
addition, the numerical results were compared with the experimental data, and good agreements
were achieved. External torque was applied to the hinge joint of the OSWEC to simulate the forces
due to the power take-off (PTO) system, and the identified optimal PTO damping was compared
with the numerical results based on the potential flow theory, which verified the correctness of the
numerical PTO system. On this basis, nonlinear wave slamming by the sharp-eagle OSWEC was
analyzed. The results show that under certain incident wave conditions, the sharp-eagle OSWEC can
effectively reduce the maximum rotation angle and angular velocity compared with those of the flap-
type OSWEC, and there is no overtopping that occurring for the sharp-eagle OSWEC. Furthermore,
the sharp-eagle OSWEC performs better than the flap-type OSWEC.

Keywords: OSWEC; two-dimensional numerical wave flume; power take-off (PTO); sharp-eagle;
wave slamming

1. Introduction

As a renewable, pollution-free, and sustainable energy source, wave energy has at-
tracted more attention in recent years, and how to improve conversion efficiency has
become a key issue in this field [1–3]. Although a wide range of wave energy convertor
(WEC) devices has been proposed, these devices can be generally categorized into three
groups, namely, overtopping devices, oscillating water column devices, and oscillating
bodies [4,5]. Among the various WEC concepts, the oscillating surge wave energy convert-
ers (OSWECs) in the oscillating bodies group has attracted much attention due to their
ease of fabrication and maintenance compared with other floating WECs, as well as the
elimination of the mooring system. Unlike the heaving oscillating devices, such as the point
absorber WECs [6], OSWECs are bottom-hinged surface-piercing flaps, which operate in
pitch mode to convert wave energy into electricity [3,4]. One typical example of such device
is the well-known Oyster [4,5], which was particularly designed to deploy in relatively
shallow water.
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At present, laboratory tests are still the most reliable way to study the hydrody-
namic response and power generation efficiency of OSWECs under wave excitations.
Henry et al. [7,8] carried out model tests in a water flume to study the responses of a
bottom-hinged flap under wave excitations. Wei et al. [9,10] studied the influence of
viscosity on the performance of OSWECs and slamming phenomena in a wave tank at
Queen’s University Belfast. Furthermore, experimental studies were carried out to investi-
gate the effects of hydraulic PTO on the energy conversion efficiency of OSWECs [11,12].
Ning et al. [13] studied the hydrodynamic performance of OSWECs under both regular
and irregular waves through experiments. In addition, many scholars have optimized
the geometries of OSWECs to improve their efficiency. Sell et al. [14] studied a strongly
asymmetric OSWEC CCell with a self-zeroing position controller at the Kelvin Hydrody-
namics Laboratory. Ruehl et al. [15] studied a dual-flap floating OSWEC in regular waves
and compared the experimental data results with the numerical results obtained using
the WEC-Sim program. Choiniere et al. [16] studied the load shedding characteristics of
OSWECs with variable geometries. In addition, the adjustable flap provides another control
and adjustment capability for OSWECs, which has been studied by many researchers (see,
for example, Tom et al. [17,18]).

Linear theory in the potential flow frame is the most popular method used to analyze
the interactions between OSWECs and waves in the evaluations of energy conversion
efficiency. Chow et al. [19] investigated the influence of inertia parameters on the energy
conversion efficiency of a bottom-hinged OSWEC based on linear potential flow theory.
Sun et al. [20] performed fully nonlinear time domain analyses to investigate the influence
of wave frequency and wave height on the energy conversion efficiency of an OSWEC. Some
scholars have also studied the influence of PTO systems on energy conversion efficiency
using the high-order boundary element method (HOBEM) [21–23]. Based on potential
flow theory, the performance of multiple OSWECs can also be studied (see, for example,
Cheng et al. [24] and Renzi et al. [25]). Recently, Zou et al. [26] established an efficient
constant parameter time-domain model for a multibody system, which can be applied in
the investigation of multiple OSWECs.

Although numerical approaches based on potential theories can provide insight into
the hydrodynamics of OSWECs, they are unable to capture viscous and other nonlinear
effects, such as overtopping and slamming. Advanced CFD methods, such as the smoothed
particle hydrodynamics (SPH) method, which is a meshless Lagrangian method using the
particle interpolation method to compute smooth field variables, have been applied to
further study the performance of OSWECs. For this method, each particle has independent
physical information (mass, density, pressure, position, velocity, and internal energy).
Thus, it can be easily applied to simulate free-surface flows, especially for water wave
splashing and fragmentation [27]. Liu et al. [28,29] applied the SPH method to investigate
the performance of a bottom-hinged OSWEC, and their numerical results were in good
agreement with the experimental results. By using the SPH method, Zhang et al. [30] found
that the power generation of bottom-hinged OSWECs largely depends on the mechanical
damping coefficient of the PTO and wave period. Zhang et al. [31] developed an efficient
fully Lagrangian solver for modeling wave interactions with OSWECs, which couples
SPHinXsys with Simbody, presenting an object-oriented application programming interface
for multibody dynamics. This model can accurately simulate the wave elevation, flap
rotation, and wave loading on the flap, with the computational cost of the CPU being
significantly lower. In addition to the SPH method, the open-source software OpenFOAM
5.0 has been widely used to analyze wave interactions with OSWECs, which can consider
the effects of the fluid viscosity by solving the Navier–Stokes equations using the alternative
mesh morphing method. The analyses using OpenFOAM showed good agreement with
the experimental results [32]. In addition, Lin et al. [33] studied the influences of the
geometrical and inertial parameters of OSWECs on the conversion efficiency using FLOW-
3D V9.2 software.
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In this study, a two-dimensional numerical wave flume model was established based
on the professional CFD software Fluent 6.3 by adding the momentum source term into
Navier–Stokes equations to investigate the dynamics and power generation performance
of OSWECs under regular wave excitations. The established numerical model was verified
with published experimental data of a bottom-hinged OSWEC. By adding external torque
at the hinge point to simulate the PTO system, the optimum mechanical damping obtained
via numerical calculation was found to be in good agreement with the theory. On this
basis, the established model was applied to study the slamming phenomena and energy
conversion efficiency of a sharp-eagle-shaped section OSWEC. This paper is arranged as
follows: Section 2 briefly describes the mathematical background of the established model.
Validations of the numerical model with experimental dada and discussions are shown
in Section 3. Numerical results and a discussion for the sharp-eagle OSWEC are given in
Section 4. Finally, some concluding remarks are provided in Section 5.

2. Mathematical Background of the Numerical Model
2.1. Governing Equations

In the present research, a fully functional two-dimensional numerical wave flume was
considered, as shown in Figure 1, which can accurately generate waves and avoid unphysi-
cal reflections. In the direction of wave prorogation (from left to right), the numerical wave
flume can be divided into 4 partitions according to function: partition P1-wave-generating
source area, partition P2-wave-absorbing source area in front of the OSWEC, partition P3
working area, and partition P4-wave-absorbing source area behind the OSWEC. Partition
P1 was set in the left part of flume to generate the required waves. Partition P2 was next to
Partition P1 to absorb the reflected waves due to the presence of the OSWEC and to let the
incident waves pass through. Partition P3 was next to Partition P2 to simulate the required
wave–structure interactions. Partition P4 was in front of the right boundary to absorb the
transmitted waves and avoid the reflections from the right boundary of the flume.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 3 of 19 
 

 

[33] studied the influences of the geometrical and inertial parameters of OSWECs on the 
conversion efficiency using FLOW-3D V9.2 software. 

In this study, a two-dimensional numerical wave flume model was established based 
on the professional CFD software Fluent 6.3 by adding the momentum source term into 
Navier–Stokes equations to investigate the dynamics and power generation performance 
of OSWECs under regular wave excitations. The established numerical model was verified 
with published experimental data of a bottom-hinged OSWEC. By adding external torque 
at the hinge point to simulate the PTO system, the optimum mechanical damping ob-
tained via numerical calculation was found to be in good agreement with the theory. On 
this basis, the established model was applied to study the slamming phenomena and en-
ergy conversion efficiency of a sharp-eagle-shaped section OSWEC. This paper is ar-
ranged as follows: Section 2 briefly describes the mathematical background of the estab-
lished model. Validations of the numerical model with experimental dada and discussions 
are shown in Section 3. Numerical results and a discussion for the sharp-eagle OSWEC 
are given in Section 4. Finally, some concluding remarks are provided in Section 5. 

2. Mathematical Background of the Numerical Model 
2.1. Governing Equations 

In the present research, a fully functional two-dimensional numerical wave flume 
was considered, as shown in Figure 1, which can accurately generate waves and avoid 
unphysical reflections. In the direction of wave prorogation (from left to right), the nu-
merical wave flume can be divided into 4 partitions according to function: partition P1-
wave-generating source area, partition P2-wave-absorbing source area in front of the 
OSWEC, partition P3 working area, and partition P4-wave-absorbing source area behind 
the OSWEC. Partition P1 was set in the left part of flume to generate the required waves. 
Partition P2 was next to Partition P1 to absorb the reflected waves due to the presence of 
the OSWEC and to let the incident waves pass through. Partition P3 was next to Partition 
P2 to simulate the required wave–structure interactions. Partition P4 was in front of the 
right boundary to absorb the transmitted waves and avoid the reflections from the right 
boundary of the flume. 

 
Figure 1. Layout of fully functional numerical wave flume with internal wave-maker. 

The governing equation of the two-dimensional numerical wave flume model is 
based on the Navier–Stokes equations with additional momentum source terms, which 
can be expressed as follows [34]: 

( ) ( ) 0
u v

t x y
ρ ρρ ∂ ∂∂ + + =

∂ ∂ ∂
 (1)

2 2

2 2

( ) ( ) ( )+ +
y x

i

u u u u u pu v S
t x y xx

ρ ρ ρ μ  ∂ ∂ ∂ ∂ ∂ ∂+ = − + ∂ ∂ ∂ ∂∂ ∂ 
 (2)

Figure 1. Layout of fully functional numerical wave flume with internal wave-maker.

The governing equation of the two-dimensional numerical wave flume model is based
on the Navier–Stokes equations with additional momentum source terms, which can be
expressed as follows [34]:
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where u and v are the velocity components in the x and y directions; ρ is the fluid density; p
is the fluid pressure; µ is the dynamic viscosity coefficient; g is acceleration due to gravity;
Sx and Sy are the additional momentum source terms in the x and y directions.

2.2. Momentum Source Terms for Wave Generation and Absoption

In Equations (2) and (3), the additional momentum source terms in the generating
region (Partition P1 in Figure 1) at time step n can be expressed as:

Sx = (1 − C)(
∂pj

∂x
− ρ

un
j

∆t
) + ρ(1 − C2)(uj

∂uj

∂x
+ vj

∂uj

∂y
) (4)

Sy = (1 − C)(
∂pj

∂y
− ρ

vn
j

∆t
) + ρ(1 − C2)(uj

∂vj

∂x
+ vj

∂vj

∂y
) + ρg (5)

where C is the weighting function of the smooth transition related to the spatial position;
subscript j indicates the calculated value; ∆t represents the size of the time step.

In Equations (2) and (3), the additional momentum source terms in Partition P2 in
Figure 1 at time step n can be expressed as:
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In Equations (2) and (3), the additional momentum source terms in Partition P4 in
Figure 1 at time step n can be expressed as:

Sx = (1 − C)(
∂pl
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− ρ
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The aforementioned additional momentum sources in Equations (2)–(9) were imple-
mented using the DEFINE_SOURCE macro in the user-defined function (UDF) of Fluent.

2.3. The Volume of Fluids Method

The volume of fluids (VOF) method was used to track the free surface. Therefore, the
volume fraction α was introduced. When α = 0, there is air in the cell. When α = 1, all the
cells are full of water. When 0 < α < 1, there is mixture of water and air in the cell. The
volume fraction α needs to satisfy the following equation:

∂α

∂t
+

∂(uα)

∂x
+

∂(vα)

∂y
= 0 (10)
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2.4. Equation of Motion of OSWECs

OSWECs are in oscillatory rotation under the excitation of waves, and their hydrody-
namic behavior was investigated through the time-stepping method. It was expected that
the rotation of the OSWEC would be resisted by the forces exerted by the power take-off
system and generator. Thus, the equation of motion of an OSWEC can be expressed as [20]:(

I + apto
) ..
γ + bpto

.
γ + cptoγ = M (11)

where the dot denotes the temporal derivative, I is the rotational inertia of the OSWEC
about the hinge; αpto and cpto represent the inertia and elastic characteristics of the power
take-off system and generator, respectively; bpto denotes the mechanical damping due to
the power take-off and generator which is simulated by the user-defined function (UDF)
in Fluent; M is the moment due to the fluid as well as gravity; γ denotes the angular
displacement of the OSWEC.

The power per unit length EP extracted by the converter over each motion cycle is the
average of the work performed to the converter by the fluid over several periods, which
can be obtained by:

EP =
bpto

NT

t+NT∫
t

.
γ

2dt (12)

where T is the period of the body motion; N is an integer denoting the number of motion
cycles considered.

When the wave amplitude and motion amplitude are small, the problem can be
linearized in the potential flow frame. Equation (12) can be simplified as:

EP =
1
2

bpto

∣∣∣ ..
M
∣∣∣2[(

I + apto + az
)
ω −

(
cpto + cz

)
/ω
]2

+
(
bpto + bz

)2 (13)

where az and bz are the effectively linear added mass and radiation damping coefficients,
which are both functions of the wave frequency ω; cz is the restoring force coefficient due
to the difference in the contributions from the hydrostatic term and the weight of the flap.

When the incident wave frequency ω is given, the optimized damping coefficients to
achieve the maximum power output can be expressed as [20]:

bpto = bopt =

√[(
I + apto + az

)
ω2 −

(
cpto + cz

)]2
ω2 + b2

z (14)

3. Validations of the Established 2D Numerical Wave Flume
3.1. Convergence Study

A numerical wave flume, as shown in Figure 1, was established in Fluent. A typical
wave with period T = 1.9 s and H = 0.1 m was selected [7] in the present study, with wave
length λ = 3.2 m in water depth dw = 0.305 m. The total length of the numerical flume L was
5λ, and the total height of numerical flume d was 0.8 m. The length of the wave-generating
area Lg was λ; the length of the wave-absorbing area in front of the OSWEC Lqx was 2λ;
the length of the working area Lw was λ; the length of the wave-absorbing area behind
the OSWEC Lhx was λ. The distance between the OSWEC and the left boundary of the
numerical flume Lf was 11.0 m. The upper boundary of the numerical wave flume was set
as ‘Pressure outlet’, and all other boundaries were set as ‘wall’.

To minimize the attenuation of the wave height along the propagating direction,
meshes in the vertical direction of the wave flume were much denser than those in horizon-
tal direction, as shown in Table 1. The convergence analysis was carried out in the flume
without structures to eliminate the influence of mesh size and time step on the accuracy of
the numerical results. There were three cases considered in the present study, which are
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summarized in Table 1. For cases a and b, the same time steps were adopted, but denser
meshes were used in case b. For cases a and c, the mesh sizes were the same, but a smaller
time step was set in case a. The time histories of the surface elevation at x = 11.0 m (an
OSWEC will be considered here in further studies) in the three cases are shown in Figure 2.
It can be observed that convergence was achieved in the three cases. The settings of the
mesh size and time step in case a were used in the following analysis.

Table 1. Cases for convergence study of the mesh size and time step.

Case No. Region Mesh Size (m) Time Step (s)

a Horizontal direction ∆x = λ/80 = 0.04
∆t = T/1000 = 0.0019Vertical direction ∆y = H/16 = 0.00625

b
Horizontal direction ∆x = λ/100 = 0.032

∆t = T/1000 = 0.0019Vertical direction ∆y = H/20 = 0.005

c Horizontal direction ∆x = λ/80 = 0.04
∆t = T/800 = 0.002375Vertical direction ∆y = H/16 = 0.00625

In addition, the ratio between the monitored and target wave heights over the prop-
agating direction is shown as black solid line in Figure 3 (Red dot line presents incident
wave height). It can be seen that wave heights dramatically fluctuated in Partitions P1 and
P2, then gradually reached the target wave heights and remained stable within the working
area (Partition P3). This indicated that the generated wave could be used in the analysis
of wave–OSWEC interactions. In addition, as shown in Figure 3, the wave height was
observed to drastically decrease in the wave-absorbing area behind the OSWEC (Partition
P4), which implied that the reflected waves from the right boundary of the flume could be
ignored in further analyses.
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3.2. Geometry and Meshes of OSWEC

Referring to the experiment reported by Henry et al. [7], the model of the OSWEC in
our further analysis is shown in Figure 4, which was hinged on the seabed. The particulars
of the flap are summarized in Table 2. In the present study, overset meshes were used to
bring together different parts of the computational domain and move them relative to one
another without having to remesh multiple time (as shown in Figure 5). The overset meshes
consisted of component mesh and background mesh. The component mesh is shown in
Figure 5a, where there is a hole representing the flap profile. The boundary condition of the
hole was set as the wall, and the outer boundary condition of the component mesh was set
as the overset. The background mesh was used for wave generation and absorption, which
remained stationary, as mentioned in Section 3.1. The compositions of the component mesh
and background mesh are shown in Figure 5b. All numerical simulations were completed
on a workstation with an Intel E5-2623 v3. CPU (4 cores and 8 threads), which required
7~9 h depending on the total number of meshes and time steps.

Table 2. Particulars of the analyzed OSWEC model [7].

Item Unit Value

Height of flap: h m 0.31
Height of the hinge from
seabed: hs

m 0.1

Width of flap: w m 0.0875
Mass of flap: m kg 6.27
Rotational inertia about the
hinge: I kg·m2 0.1147

Height of the center of gravity:
yc

m 0.1324
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3.3. Verification of the Estblished Numerical Wave Flume

Figures 6 and 7 show comparisons of the angular displacements and velocities of the
flap between the present results and the experimental data [7]. Good agreements were
achieved, which validated the accuracy of the present numerical model.
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The numerical predictions of the pressure distribution and the corresponding stream-
lines around the flap are provided in the right column in Figure 8, and the experimental
observations at the same time instants are provided in the left column in Figure 8. It can be
observed that the flap motions and flow fields obtained with the present model generally
agreed well with the experimental observations. In particular, as shown in Figure 8a,b,
the “wave overtopping” phenomenon was observed, which corresponded to the instant
when the flap reached its maximum angular rotation. For this situation, two distinct char-
acteristics of water particle movement could be observed: (1) the water particles of the
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whole water body moved toward the back of the flap, namely, from the left to the right
side, as shown in Figure 8b; (2) the water body moved along the flap and the bottom of the
numerical flume. The pressure of the water body was closely related to the water depth,
and the pressure near the bottom of the water body was close to 3 kPa. Under the action of
waves, there was a strong variation in the dynamic pressure between the water body in the
overtopping part and under the hinge point of the flap. Figure 8c,d show the flow field at
the time instant of 333 ms, when the flap rotated toward the left side, and the overtopping
water on top of the flap was separated. The movement of the water body in the whole flow
field could be divided into three parts, as shown in Figure 8d: the front water body far away
from the flap, the water body moving to the left side, and the water body moving along the
bottom of the flume. The pressure at the bottom of the flume was close to 2.8 kPa, which is
relatively lower than that shown in Figure 8b. Figure 8g,h show the flow field at the instant
when the flap moved back to the vertical direction with zero angular displacement and
maximum angular velocity. A significant difference in the water level could be observed on
the two sides of the flap. When the flap crossed the vertical position to the position shown
in Figure 8i,j, the water in front of the flap was compressed. At the time instant shown in
Figure 8m,n, the water body flowed over the top of the flap. At the time instant shown in
Figure 8o,p, the water body was rapidly squeezed, and the angular displacement of the
flap reached its maximum value.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 9 of 19 
 

 

right side, as shown in Figure 8b; (2) the water body moved along the flap and the bottom 
of the numerical flume. The pressure of the water body was closely related to the water 
depth, and the pressure near the bottom of the water body was close to 3 kPa. Under the 
action of waves, there was a strong variation in the dynamic pressure between the water 
body in the overtopping part and under the hinge point of the flap. Figure 8c,d show the 
flow field at the time instant of 333 ms, when the flap rotated toward the left side, and the 
overtopping water on top of the flap was separated. The movement of the water body in 
the whole flow field could be divided into three parts, as shown in Figure 8d: the front 
water body far away from the flap, the water body moving to the left side, and the water 
body moving along the bottom of the flume. The pressure at the bottom of the flume was 
close to 2.8 kPa, which is relatively lower than that shown in Figure 8b. Figure 8g,h show 
the flow field at the instant when the flap moved back to the vertical direction with zero 
angular displacement and maximum angular velocity. A significant difference in the wa-
ter level could be observed on the two sides of the flap. When the flap crossed the vertical 
position to the position shown in Figure 8i,j, the water in front of the flap was compressed. 
At the time instant shown in Figure 8m,n, the water body flowed over the top of the flap. 
At the time instant shown in Figure 8o,p, the water body was rapidly squeezed, and the 
angular displacement of the flap reached its maximum value. 

  
(a) Experimental observation at 0 ms (b) Numerical results at 0 ms 

  
(c) Experimental observation at 333 ms (d) Numerical results at 333 ms 

  
(e) Experimental observation at 436 ms (f) Numerical results at 436 ms 

Figure 8. Cont.



J. Mar. Sci. Eng. 2023, 11, 1607 10 of 19J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 19 
 

 

  
(g) Experimental observation at 574 ms (h) Numerical results at 574 ms 

  
(i) Experimental observation at 667 ms (j) Numerical results at 667 ms 

  
(k) Experimental observation at 697 ms (l) Numerical results at 697 ms 

  
(m) Experimental observation at 733 ms (n) Numerical results at 733 ms 

Figure 8. Cont.



J. Mar. Sci. Eng. 2023, 11, 1607 11 of 19J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 19 
 

 

  
(o) Experimental observation at 795 ms (p) Numerical results at 795 ms 

Figure 8. A sequence of frames showing the process of the slam event. 

3.4. Verification of the Numerical PTO 
In order to verify whether the proposed method (mentioned in Section 2.4) can cor-

rectly simulate the mechanical characteristics of a PTO system, the following verification 
tests were performed: In order to ensure the incident wave was a linear wave, the param-
eters of the incident wave were set as follows: wave period T = 2.0 s, wave height H = 0.05 
m, and water depth d = 1.4878 m. Under these wave conditions, the added mass and damp-
ing coefficients az and bz were approximately 0.739 kg·m2 and 0.336 Ns·m/rad, which were 
obtained from potential flow theory. As shown in Equation (14), when bpto was set to bopt, 
the rate of the extracted power Ep reached its maximum value. Here, in order to verify the 
correctness of the applied numerical PTO in Fluent, the variation in the rotational angle 
amplitude ϒ and the rate of the extracted power Ep were studied by changing the damping 
bpto, as shown in Figure 9. It can be observed in Figure 9a that the motion amplitude de-
creased with the increasing of the PTO damping. The wave energy conversion rate Ep, as 
shown in Figure 9b, was determined by Equation (12). When bpto/bopt = 1, the wave energy 
conversion rate Ep reaches the maximum value, which is consistent with the findings ob-
tained using linear potential flow theory. Hence, the correctness of the numerical PTO 
system using UDF in Fluent was verified. 

  
(a) Amplitude of the rotation (b) Wave energy conversion rate 

Figure 9. Influence of PTO damping on the rotation amplitude and wave energy conversion rate. 

4. Analysis of Sharp-Eagle OSWEC 
Sharp-eagle devices [35] generally include three parts: an eagle head wave absorber, 

a semisubmersible carrier, and a hydraulic PTO system. To investigate the hydrodynamic 
characteristics of sharp-eagle OSWECs, a model similar to that analyzed by Ye et al. [35] 
was used in the present study. Schematic diagrams of the sharp-eagle OSWEC and similar 
flap-type OSWEC are shown in Figure 10. The origin of the coordinate system was set at 
the hinge of the OSWEC, and the hinge height was 0.1 m. It can be observed in Figure 10 
that the sharp-eagle section consisted of four arcs, and their corresponding coordinates of 
centers and radiuses are summarized in Table 3. The mass, gravity center, and moment of 
inertia of the sharp-eagle OSWEC were kept the same as those shown in Table 2 [7]. In the 

Figure 8. A sequence of frames showing the process of the slam event.

3.4. Verification of the Numerical PTO

In order to verify whether the proposed method (mentioned in Section 2.4) can cor-
rectly simulate the mechanical characteristics of a PTO system, the following verification
tests were performed: In order to ensure the incident wave was a linear wave, the parame-
ters of the incident wave were set as follows: wave period T = 2.0 s, wave height H = 0.05 m,
and water depth d = 1.4878 m. Under these wave conditions, the added mass and damping
coefficients az and bz were approximately 0.739 kg·m2 and 0.336 Ns·m/rad, which were
obtained from potential flow theory. As shown in Equation (14), when bpto was set to bopt,
the rate of the extracted power Ep reached its maximum value. Here, in order to verify the
correctness of the applied numerical PTO in Fluent, the variation in the rotational angle
amplitude Υ and the rate of the extracted power Ep were studied by changing the damping
bpto, as shown in Figure 9. It can be observed in Figure 9a that the motion amplitude
decreased with the increasing of the PTO damping. The wave energy conversion rate Ep, as
shown in Figure 9b, was determined by Equation (12). When bpto/bopt = 1, the wave energy
conversion rate Ep reaches the maximum value, which is consistent with the findings
obtained using linear potential flow theory. Hence, the correctness of the numerical PTO
system using UDF in Fluent was verified.
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4. Analysis of Sharp-Eagle OSWEC

Sharp-eagle devices [35] generally include three parts: an eagle head wave absorber, a
semisubmersible carrier, and a hydraulic PTO system. To investigate the hydrodynamic
characteristics of sharp-eagle OSWECs, a model similar to that analyzed by Ye et al. [35]
was used in the present study. Schematic diagrams of the sharp-eagle OSWEC and similar
flap-type OSWEC are shown in Figure 10. The origin of the coordinate system was set at
the hinge of the OSWEC, and the hinge height was 0.1 m. It can be observed in Figure 10
that the sharp-eagle section consisted of four arcs, and their corresponding coordinates of
centers and radiuses are summarized in Table 3. The mass, gravity center, and moment of
inertia of the sharp-eagle OSWEC were kept the same as those shown in Table 2 [7]. In the
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following analyses, the incident wave condition remained the same as those in the case of
the flap-type OSWEC: wave period T = 1.9 s and wave height H = 0.1 m.
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Table 3. Coordinates of centers and radius of the arcs (unit: m).

x Coordinate of Center y Coordinate of Center Radius

Arc R1 −0.3551 −0.0626 0.3575
Arc R2 0.1717 −0.3795 0.6895
Arc R3 0.2153 0.0195 0.2132
Arc R4 0.2787 0.2630 0.0383

4.1. Nonlinear Wave Slamming Forces on Sharp-Eagle OSWEC

Due to its special geometrical features, sharp-eagle OSWECs experience wave slam-
ming, which may result in different dynamic characteristics compared with the conven-
tional flap-type OSWECs. The time histories of the angular displacements and the veloc-
ities of sharp-eagle and flap-type OSWECs are shown in Figure 11. It can be observed
in Figure 11a that positive rotations of the sharp-eagle OSWEC are similar to those of
the flap-type OSWEC, and its negative rotation is significantly lower. This is due to the
asymmetry of the cross-section, as shown in Figure 10. It can be found in Figure 11b that
the amplitudes of the angular velocities of the sharp-eagle OSWEC are much smaller than
those of the flap-type OSWEC.
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To study the wave slamming characteristics of the sharp-eagle OSWEC, the time
histories of the wave forces and moments about the hinge have been plotted and compared
with those of the flap-type OSWEC, as shown in Figure 12. As shown in Figure 12a, the
horizontal wave force on the sharp-eagle OSWEC is found to be much larger than that
on the flap-type OSWEC. In addition, the horizontal wave force acting on the sharp-eagle
OSWEC is significantly asymmetrical. Due to the smaller part of the sharp-eagle OSWEC
under water, the minimum value of the vertical wave force on the sharp-eagle OSWEC
is smaller than that of the flap-type OSWEC, while the maximum vertical wave force on
the sharp-eagle OSWEC is much larger than that of the flap-type OSWEC. In addition, the
vertical wave forces on the sharp-eagle OSWEC showed slamming force featured, which
dramatically increased and decreased, as also shown in references [36,37]. As shown in
Figure 12c, the external torque on the sharp-eagle OSWEC about the hinged point is much
smaller than that of the flap-type OSWEC. In summary, based on the comparisons shown
in Figures 11 and 12, the sharp-eagle OSWEC generally has smaller motion and wave
forces/moments, except for the vertical wave forces under present conditions, which show
significant slamming features.
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Furthermore, the streamline and pressure distribution around the sharp-eagle OSWEC
are plotted in Figure 13 to clearly show the slamming event, which shows the variation
process for the OSWEC moving from the leftmost to the rightmost side under wave exci-
tation. Blue lines in left column of Figure 13 present free surface of water and black lines
are streamlines. As shown in Figure 13a,b, when the OSWEC was on the leftmost side at
time instant t = 0 ms, its angular velocity was zero, but its angular acceleration reached
the maximum. At this time instant, the water particles under the eagle head move toward
the opposite direction of the incident wave, and a counterclockwise eddy formed behind
the OSWEC. In addition, as shown in Figure 13a,b, a significant water level difference can
be observed between the left and right sides of the OSWEC. As shown in Figure 13c,d,
when the OSWEC rotate toward the right side after 133 ms passes, its angular velocity
was 18 deg/s, and air bubbles appeared under the eagle head. As shown in Figure 13e,f
corresponding to t = 247 ms, the angular velocity of the OSWEC was 15.15 deg/s, and
there as a small deceleration process of the angular velocity, which lasted for a short time.
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As shown in Figure 13g,h, corresponding to t = 380 ms, the OSWEC began to accelerate
to the right side, and its angular velocity reached 31.34 deg/s. At this moment, the air
bubbles under the eagle head continue to develop, and the left eddy continue to expand.
When the OSWEC is further accelerated to the position shown in Figure 13i,j, its angular
velocity is 68.51 deg/s. At this moment, the water level as almost flat; the air bubbles
are further expanded; the left water body move toward the sharp-eagle OSWEC; and the
water body behind the OSWEC is further squeezed to the right side. When t = 627 ms, as
shown in Figure 13k,l, the water level at the left side is higher than that at the right side
of the OSWEC, and a much larger air bubble is found at the left side. At this moment,
the angular velocity was 119.36 deg/s; the OSWEC continue to rotate to the right; and
the two eddies originally adjacent to each other in the left part shown in Figure 13i merge
into one big eddy. When the OSWEC rotated to the position shown in Figure 13m,n, its
angular velocity reaches the maximum, with a value of 129.21 deg/s, and the flow field of
the water body changes dramatically. In the left water body, the air bubbles under the eagle
head irregularly extend. When the OSWEC reaches the position shown in Figure 13o,p, its
angular velocity is 92.43 deg/s, and the air bubbles moved toward the water surface. When
the OSWEC move to the position shown in Figure 13q,r, the air bubbles move to the water
surface and burst. At this moment, the angular velocity was 52.57 deg/s; the water body
on the left swells up along the arc due to the inertia effect; and the water level in front of the
eagle head significantly raises. At this moment, the right water body is not supplemented
in time, which forms eddies and bubbles. As shown in Figure 13s,t, the OSWEC moves to
the rightmost side; the water body on the left start falling back; the restoring force reaches
the maximum; and the OSWEC tends to rotate to the left.
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According to the flow field at different time instants shown in Figure 13, it can be
observed that the sharp-eagle OSWEC will not experience overtopping. However, the
flap-type OSWEC, as shown in Figure 8, experiences significant overtopping, even if the
height of the flap and inertia parameters are the same.

4.2. Power Output of the Sharp-Eagle OSWEC

To study the power output of present sharp-eagle OSWEC, the incident wave condition
in the experiment by Henry et al. [7] is considered: wave height H = 0.1 m, wave period
T = 1.9 s, and water depth dw = 0.305 m. The influence of the PTO damping coefficients
on the power output is shown in Figure 14. As shown in Figure 14a, the instantaneous
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power output of the flap-type OSWEC within one wave period experiences two peaks, and
the maximum peak reaches 1.4 W when bpto = 0.1 Nms/rad. As shown in Figure 14b, the
instantaneous power output of the sharp-eagle OSWEC also experiences two peaks, and
the maximum peak reaches 1.6 W when bpto = 1.2 Nms/rad. Based on the instantaneous
power generation, mean power output is calculated using Equation (12), which is plotted
in Figure 15. The maximum mean power output of the sharp-eagle OSWEC reaches 0.56 W
when bpto = 1.2 Nms/rad, while the maximum mean power of the flap-type OSWEC is only
0.46 W when bpto = 0.336 Nms/rad. Compared with the flap-type OSWEC, the maximum
mean power output of the sharp-eagle OSWEC is increased by 21.74%.
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5. Concluding Remarks

By adding additional momentum sources to the N–S equations in the CFD software Flu-
ent, a two-dimensional numerical wave flume with wave-generating and wave-absorbing
functions is established in this study. It can be concluded that the established wave flume
can generate the required waves in the working area. Compared with traditional deformed
mesh, overset meshes are adopted to simulate large rigid body motions. The rotations of
the bottom hinged flap are simulated successfully, and the numerical results are in good
agreements with the published experimental data.

Furthermore, the PTO system is simulated by applying numerical torque about the
hinge, which shows good agreements with the theoretical predictions, and the feasibility
of applying numerical PTO is confirmed. The flow field around the flap is analyzed to
provide further insight into the overtopping phenomena in the interactions of waves and
flap-type OSWECs.
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On this basis, the slamming phenomena and power generation of a sharp-eagle
OSWEC have been analyzed and compared with those of a flap-type OSWEC. It can be
confirmed that sharp-eagle OSWEC will experience significant slamming forces, and the
analysis of the flow field around OSWEC could provide insight into the physical process.
The performance of the sharp-eagle OSWEC is much better than that of flap-type OSWEC.

However, present study only serves as a preliminary study on the hydrodynamic and
performance evaluations of sharp-eagle OSWEC in two-dimensional wave flumes. More
realistic analyses may have to rely on three-dimensional wave flumes and the diffraction
effect can be investigated further. In addition, a wider range of wave conditions needs to
be considered in future studies, especially for irregular waves. Integration of sharp-eagle
OSWECs with offshore wind turbines with monopile foundation [38] can be studied to
promote the application of wave energy convertors as large-scale offshore wind technology
has been commercially utilized. In addition, research on arrays of sharp-eagle OSWECs may
bring improvement of the conversion efficiency from the hydrodynamic interactions [39].
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