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Abstract
A two-dimensional numerical Computational Fluid Dynamics (CFD) model is established on the basis of viscous CFD theory to
investigate the motion response and power absorption performance of a bottom-hinged flap-type wave energy converter (WEC)
under regular wave conditions. The convergence study of mesh size and time step is performed to ensure that wave height and
motion response are sufficiently accurate. Wave height results reveal that the attenuation of wave height along the wave tank is
less than 5% only if the suitable mesh size and time step are selected. The model proposed in this work is verified against
published experimental and numerical models. The effects of mechanical damping, wave height, wave frequency, and water
depth on the motion response, power generation, and energy conversion efficiency of the flap-type WEC are investigated. The
selection of the appropriate mechanical damping of the WEC is crucial for the optimal extraction of wave power. The optimal
mechanical damping can be readily predicted by using potential flow theory. It can then be verified by applying CFD numerical
results. In addition, the motion response and the energy conversion efficiency of the WEC decrease as the incident wave height
increases because the strengthened nonlinear effect of waves intensifies energy loss. Moreover, the energy conversion efficiency
of theWEC decreases with increasing water depth and remains constant as the water depth reaches a critical value. Therefore, the
selection of the optimal parameters during the design process is necessary to ensure that the WEC exhibits the maximum energy
conversion efficiency.
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1 Introduction

Traditional energy sources have dwindled and environ-
mental pollution and climate warming problems caused
by the use of fossil fuels have intensified with the rapid

growth of global energy demands; thus, renewable energy
is attracting growing attention (Kerr 2007). Wave energy,
which has high power density and extensive distribution,
is an inexhaustible renewable clean energy source. In re-
cent years, many countries, such as the UK, the USA,
Norway, Australia, Ireland, and Denmark, have contribut-
ed to the rapid development of wave energy by massively
investing in research on wave energy devices. Wave en-
ergy conversion technology, however, remains uncom-
mercialized. Raft, point absorber (Ning et al. 2016a,
2017; Chen et al. 2018a,b,c), oscillating water column
(He et al. 2012; Ning et al. 2016b), and flap types (Sun
et al. 2018) are the main forms of wave energy devices.
The flap wave energy converter (WEC) can be catego-
rized as gravity and bottom-hinged flaps in accordance
with hinge position (Salter 1974). Bottom-hinged flaps
have numerous advantages, such as a broad frequency
response range, adaptability under extreme loads, high
efficiency under conventional sea conditions, simple
structure, easy installation and maintenance, and low cost.

Article Highlights
• The energy conversion efficiency of the flap-type WEC decreases as
incident wave height increases because of energy loss.
• The energy conversion efficiency of the flap-type WEC decreases as
water depth increases.
• The maximum energy conversion efficiency is achieved when the opti-
mal PTO damping calculated with the linear frequency domain theory is
selected.
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It has been rapidly developed in recent years given its
considerable application value in shallow offshore waters.

A large number of domestic and foreign works on
the hydrodynamic performance of bottom-hinged flap
wave energy have been performed by using different
research methods, including analytical and numerical
methods and physical model experiments. Folley et al.
(2007a, b) analyzed the influence of parameter variation
on the hydrodynamic performance of bottom-hinged
flaps by applying a frequency domain model. They
found that viscosity loss is proportional to the square
of the swing speed of the flap under the assumptions
of a single frequency linear wave, linear power take-off
(PTO) damping, and small amplitude motion. Flocard
and Finnigan (2010) analyzed the hydrodynamic perfor-
mance of a cylindrical buoyant pendulum in a sink ex-
periment with a scale ratio of 1/33 and different
parameters, such as cylinder diameter, water depth,
PTO damping, and moment of inertia. Adjusting the
moment of inertia of the swing plate improved the
conversion efficiency of the device. Chaplin and
Aggidis (2007) analyzed the torque output of a buoyan-
cy pendulum under extreme wave conditions in a tank
test with a geometric scale of 1/100. Ogai et al. (2010)
designed a suspension pendulum device that was
installed before a coastal protective structure in a tank
test. They then determined the influence of the device
on the protective structure and the conversion efficiency
of the device. Wei et al. (2015, 2016) investigated the
influence of fluid viscosity on the dynamic performance
of the bottom-hinged flap and compared CFD results
with experimental results. Crooks et al. (2016) exam-
ined the nonlinear motion of a bottom-hinged flap at a
large swing angle by comparing model test results and
two numerical results. Henry et al. (2014) identified the
mechanism underlying the effect of impact load on a
bottom-hinged flap through impact tests. They compared
their experimental results with two numerical results. By
combining theoretical analysis, numerical simulation,
and model experiments, Zhao et al. (2013) systematical-
ly evaluated the hydrodynamic performance of WECs.
They emphasized the influence of PTO damping on the
hydrodynamic performance of the device.

In this study, a two-dimensional bottom-hinged flap
WEC under the condition of nonlinear regular waves is
simulated on the basis of viscous CFD theory. The mo-
tion response and power absorption performance of the
WEC are also analyzed. The accuracy of the numerical
model is verified by using published experimental and
numerical results. The effects of wave height, wave fre-
quency, water depth, and PTO damping on the motion
response, power generation, and efficiency of the flap
WEC are investigated.

2 Numerical Methods

2.1 CFD Theory

The CFD method is used to calculate the numerical change
within a finite volume and is based on the theory of viscous
hydrodynamics (Isaacson and Cheung 1992, 1991; Mei
2012). The increase in fluid mass is equal to the net mass of
the fluid flowing in the microbody. The mass conservation
equation, also known as the continuity equation, can be ob-
tained in accordance with this law. The equation is given be-
low:

∂ρ
∂t

þ ∇⋅ ρuð Þ ¼ 0 ð1Þ

The time averagingmethod is themost widely usedmethod
for studying turbulent fluctuation. The turbulent motion is
regarded as the sum of time-averaged flow and pulsating flow.
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The control equation above shows that an additional item

−ρu0
iu

0
j exists in the equation. This item is defined as Reynolds

Stress and is expressed as τ ij ¼ −ρu0
iu

0
j.

The commercial software Star-CCM is used in this work.
The fifth order wave theory included in the software is chosen
to generate nonlinear waves.

2.2 Wave Energy Absorbing Efficiency

The energy conversion efficiency R of the wave energy con-
version device is defined as the ratio of the wave energy Ep

captured by the WEC and the incident wave energy Ew per
unit time (Henry et al. 2014; Dalton et al. 2010; Kim and Yue
2006). The expression is

R ¼ Ep

Ew
ð4Þ

The mechanical damping coefficient of the energy output
system bpto has a great effect on Ep. Thus, when the frequency
of the incident wave ω is given, Ep can reach the maximum
value when the derivation of the absorption energy rate is 0,
∂Ep/∂bpto = 0. The optimal damping coefficient bopt is

bpto ¼ bopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I þ apto þ az
� �

ω2− cpto þ cz
� �� �2

ω2
þ b2z

s
ð5Þ
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When the moment of inertia and the hydrostatic recovery
torque counteract each other, the natural frequency of the flap
is the natural frequency. The expression is

ωn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cpto þ cz

I þ apto þ az

s
ð6Þ

When the resonance conditions are met such that ωn = ω,
the mechanical damping coefficient bpto is the same as the
radiation damping coefficient bz. Thus, bpto = bz.

3 Numerical Results and Discussions

3.1 Geometric Parameters of the Device

The case presented by Henry et al. (2014) is carried out for
comparison to verify the accuracy of the present model. Flap
height is h = 0.205 m, and tank depth d is 0.305 m. In this
work, the parameters are nondimensionalized with h and d.
The thickness and height of the model are 0.0875 m and
0.31 m, respectively. The thickness B, mass m, rotational in-
ertial around the hinge I, and the height of mass center yc are
0.0875 m, 6.27 kg, 0.1147 kg·m2, and 0.1324 m, respectively.
The width of the two-dimensionl CFDmodel is set as equal to
the thickness of one layer of the grid to reduce the amount of
calculation. The mass and rotational inertial should be adjust-
ed in accordance with the ratio of the CFD model width to the
real model width.

The damping coefficients are dimensionless as follows
(Singh and Sen 2007; Isaacson and Cheung 1991):

bpto ¼
b*pto

ρh3gb
ffiffiffiffiffiffiffiffi
h=g

p ð7Þ

cpto ¼
c*pto

ρh3gb
ð8Þ

Letters with asterisks represent the dimensional parameter.

3.2 Convergence Study

Generally, wave elevations decay along the wave propa-
gation direction because of fluid viscosity. Therefore,
wave generation in the absence of the structure is first
calculated to ensure that the generated waves at the posi-
tion of the structure are the desired waves. The schematic
of the computational model is provided in Fig. 1. The
following case with wave height H = 0.1 m and wave pe-
riod T = 1.9 s is consided. The length of the wave tank is
chosen as L = 4λ (λ = 3.2 m). The length of the damping
zones at both sides of the computational domain is set as
λ. Two different meshes are chosen for the convergence

study. For mesh a, wave height is divided into 20 layers
in the vertical direction and wavelengh is divided into 80
parts in the horizontal direction. The element size of mesh
b is twice that of mesh a. The time step is set as Δt = T/
500 for both cases. Time step is further subjected to con-
vergence analysis with Δt = T/500 and Δt = T/1000 for
mesh a. Figure 2 shows the comparisons of wave eleva-
tions at the center of the wave tank. The three curves are
visually identical and suggests that the simulation with
mesh a and Δt = T/500 is sufficiently accurate. Figure 3
presents the wave height along the wave tank when the
wave elevation is stable. The wave height of the whole
tank is close to the given wave height. At position x =
3 m, the maximum attenuation of the wave height is ap-
proximately 4.2%, which satisfies the demand of accura-
cy. The above results illustrate that the numerical wave
tank can generate stable and accurate waves.

3.3 Verification

The case in Henry et al. (2014) is simulated again for
comparison to verify the accuracy of the present model.
The time histories of the angular displacement and
velocity of the WEC are presented in Fig. 4. The
comparison with the experimental and numerical results
obtained by Henry et al. (2014) by using Fluent
Software is also given. In general, all results are in good
agreement. Moreover, the present results, especially the
results for the crest value, are close to the experimental
data. These results validate the accuracy of the present
numerical model.

Fig. 1 Schematic of the flap

Fig. 2 Convergence study for wave elevations withH = 0.1 m at T = 1.9 s
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3.4 Effect of Design Parameters on the Generator

3.4.1 WEC Performance with Different PTO Damping
Coefficients

The maximum wave energy conversion power Ep and conver-
sion efficiency R are obtained when the optimal PTO damping
bopt is selected. bopt can be calculated by using Eq. (5) on the
basis of the linear frequency domain theory. Different PTO
damping coefficients are considered to verify their suitability
for the viscous theory and for identifying the effect of PTO
damping on motion response. In the experiment discussed in
this section, the nondimensional wave height H = 0.05, wave
frequency ω = 0.5, and water depth d = 1.4878 are considered.
In this case, the nonlinear effect of small wave height can be
neglected. The linear frequency analysis method states that

when the wave frequency is 0.5, the added mass of the
WEC is az = 0.735, and the radiation damping is bz = 0.339.
The effect of mechanical damping bpto on the energy conver-
sion efficiency when the resonance condition bopt = bz is sat-
isfied is studied first. Thus, the inertial characteristic apto and
the elastic characteristic cpto of the power output system are set
as 0, and bpto= υbopt is defined. The values of υ are 0.6, 0.8, 1,
1.2, 1.4, and 1.6. The rotation angle, WEC energy absorption,
and energy conversion efficiency change with bpto are provid-
ed in the following diagram in Fig. 5.

As illustrated in Fig. 5a, the amplitude of the rotation angle
gradually decreases as the mechanical damping coefficient
bpto increases. Figure 5b and c show that the peak values of
the energy absorption and energy conversion efficiency are
obtained only when υ = 1, but not under the conditions of
small damping or large damping. In addition, given that the
wave heightH = 0.05 is in the range of linear theory, when the
incident wave frequency equals the natural frequency of the

Fig. 5 Variations in γ0, EP, and R versus PTO damping coefficients

(a) Angular displacement

(b) Angular velocity

Fig. 4 Comparisons of the angular displacement and velocity results
obtained by the present study and those obtained by Henry et al. (2014)
through experiments and Fluent simulation

Fig. 3 Wave height attenuation along the propagation direction
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WEC, and the damping equals the optimal damping bopt, the
energy efficiency of the WEC can reach approximately 50%.

3.4.2 WEC Performance at Different Incident Wave Heights

In the experiment presented in this section, we define apto = 0,
bpto = 0.339, cpto = 0.091. As presented in Fig. 6, the trends of the
wave energy conversion power Ep and the energy conversion
efficiency of the WEC at different wave heights are similar.
However, the wave energy conversion power Ep and the energy
conversion efficiency of theWEC decrease with increasingwave
height because the dissipation of wave energy increases and the
energy that could be absorbed by the PTO system decreases.
Ning et al. (2016b) similarly regulated the energy absorption
EP and the energy conversion efficiency of the WEC.

3.4.3 WEC Performance at Different Water Depths

For this experiment, we define apto = 0, bpto = 0.339, and
cpto = 0.091. The shallow water effect at different water depths
is studied. The Ursell number can be used to explain the shal-
low water effect and is defined as Ur =HL2/d3 (Ursell 1953).
Here, the maximum Ursell number is 0.0105 × 3.62/0.53 ≈
1.08. The results for the Ursell number indicate that the shal-
low water effect exists. The variations in the amplitude of of
rotational angle, wave energy conversion power of the WEC,
and energy conversion efficiency at different water depths are
shown in Fig. 7.

Figure 7 shows that water depth has a considerable effect
on the amplitude of the rotation angle, the energy conversion
power Ep, and the energy conversion efficiency of the WEC.
As water depth increases, these three values dramatically de-
crease. As water depth increases to a critical value, these three
parameters remain constant and no longer decrease. This trend
is attributed to the shallow water effect. The reciprocal move-
ment of the flap is excited by the wave, and its rotation angle
and angular velocity are mainly affected by the horizontal

Fig. 6 Variations in γ0, EP, and R versus nondimensional wave
frequeceny at different wave heights and under the optimal PTO
damping coefficiencts

(a) Amplitude of the rotational angle 

(b) Wave energy conversion power  

(c) Energy conversion efficiency

Fig. 7 Variations in γ0, EP, and R versus water depth
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speed of the incident wave. At shallow water depths, the hor-
izontal speed of the incident wave is large, and the exciting
force of the flap is large. Thus, the rotation angle and angular
velocity of the flap increase, and the power absorption of the
WEC will correspondingly increase. Although wave breaking
and wave energy dissipation will occur in shallow water, the
energy absorption of the WEC in shallow water may not be
less than that in deep water. Nevertheless, the impact load of
the flap in shallow water will decrease. This effect may pro-
long the working life of WECs.

4 Conclusions

In this paper, the motion response, wave power, and energy
conversion efficiency of a two-dimensional flap-type WEC
under the condition of nonlinear regular waves is studied in
detail. The following conclusions are obtained:

1) For a given water depth, the nonlinear effect of waves
become pronounced, and motion response and energy
conversion efficiency decrease as wave height increases.

2) The horizontal speed of water particles in waves, the ex-
citation force of the flap, and the efficiency of the WEC
all decrease as water depth increases. The performance of
WEC will remain constant and will no longer deteriorate
when water depth increases to a critical value.

3) The rotation angle of the WEC decreases rapidly as wave
frequency increases. The motion response reduces as the
nonlinear effect strengthens. When wave frequency
reaches a critical value, the performance of the WEC will
remain unchanged as wave frequency increases.

Thus, in the design of oyster WECs, the natural frequency
of the WEC should be close to the wave frequency, and the
PTO damping should be chosen carefully to increase wave
energy conversion efficiency.
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