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ABSTRACT 

In this study, a Smoothed Particle Hydrodynamics model 

for simulating wave-induced rotations of a bottom-hinged 

flapper was established in a 2-D numerical wave flume.  The 

simulated rotating angles illustrated that the flapper could 

swing back and forth following harmonic wave loadings.  The 

simulations were also seen to be in good agreement with ex-

perimental data, confirming the applicability of the present 

numerical model.  The simulated hydrodynamic behaviors at 

different phases showed that the flapper moved downstream 

under the wave crest and upstream under the wave trough 

following the elliptical form of water particle trajectory.  The 

energy conversions of a flapper during an average wave cycle 

showed that larger rotating angle ranges could result in higher 

energy conversions.  However, smaller rotating angle ranges 

could result in higher captured efficiency. 

I. INTRODUCTION 

Facing the global climate change and oil crisis, issues of re-

newable energy have gained more and more attentions world-

wide.  Among the several marine renewable energies, the ex-

traction of wave energy has been mentioned since late 18th 

century, but so far many technical challenges still need to be 

overcome.  According to the World Energy Council [28], the 

global wave power resources in deep water (i.e. 100 m or 

deeper) are estimated to be 8,000~80,000 TWh/yr, with as high 

as 2,000 TWh/yr to be economically exploitable.  In Taiwan, it 

was reported that the relatively larger incident wave power is in 

the northeastern coastal waters with estimated averaged quan-

tity of about 10~15 kW/m, especially in winter seasons [13].  

Since these coastal areas have long been protected by seawalls 

or even submerged detached breakwaters from larger waves, the 

bottom-hinged flap-type wave energy converter was chosen to 

extract wave energy while reducing incoming waves. 

Currently, developments of the bottom-hinged flap-type 

convertors have reached the stage with only a few test proto-

types [28].  However studies on the complex physical mecha-

nism of interactions between wave and flapper are still insuf-

ficient.  To model such a complicated mechanism could have 

posted great numerical challenges due to difficulties in ob-

taining wave forces at boundaries and setup of complex grids.  

Neither, setting up a regular grid system for irregular or com-

plex geometry has ever been an easy task [15].  The regular 

grid system usually requires additional complex mathematical 

transformation that can be even more expensive than solving 

the problem itself.  Among the few options, the smoothed par-

ticle hydrodynamics (SPH) model of the Lagrangian method is 

adopted in this study for its merits to easily calculate interac-

tions between the moving objects and instant external wave 

forces [21]. 

SPH scheme is a mesh-free method for Lagrangian ap-

proach.  Every particle can be easily calculated independ-

ently, especially for fast moving objects with any shape.  This 

method is originally developed for astrophysics [7, 16].  Later, 

Monaghan first applied it to surface flows [17], including 

simulations of the dam breaking and the wave breaking.  So far, 

SPH has become more widely applied to computational fluid 

mechanics such as two-phase flows [20], weakly incompressi-

ble flows [22, 23], gravity flows [18], porous flows [24, 29], 

and so on.  Recently, the SPHysics model [11] has been de-

veloped by a group of researchers to offer open-source codes 

for more researchers to apply it to carry out case studies on 

coastal engineering, such as simulations of the green water 
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overtopping [8] and the wave overtopping over typical coastal 

structures [6]. 

Moreover, for interactions between waves and solids, 

Monaghan et al. simulated physical features of the impact and 

entry of a rigid body traveling down a slope into water [21].  

Rogers et al. simulated the movement of a caisson break-

water in the surf zone with a Riemann solver-based formula-

tion [25].  The friction force between the moving caisson and 

the bed is modeled with a transition from static to dynamic 

friction force.  Antoci et al. simulated the free oscillations of 

an elastic plate.  Both the displacement of the elastic structure 

subjected to the fluid pressure and the resulting fluid flow can 

be obtained by the SPH model [1].  Violeau et al. modeled 

floating booms and investigated the possibility of studying 

the behavior of an oil spill in the vicinity of a boom to depict 

criteria for oil leakage [27].  Based on these noteworthy ap-

plications, the present numerical scheme herein started with 

the modified SPHysics code [9, 10]. 

The objective of this work is to develop an SPH numerical 

model on simulating behaviors of a rotating flapper.  The 

proposed model may contribute to accurately simulate inter-

actions between fluid and the wave power take-off device. 

II. SPH DEVELOPMENTS 

For SPH, the governing equations consist of the continuity 

and momentum equations for a viscous impressible flow.  The 

equations are generally presented as: 

 
1

0
d

u
dt

ρ

ρ
+ ∇ ⋅ =

�

 (1) 

 21du
p u g

dt
υ

ρ
= − ∇ + ∇ +

�

� �

 (2) 

where u
�

 is the particle velocity, p the pressure, g
�

 the gravi-

tational acceleration, ρ the fluid particle density, and υ the 

fluid viscosity. 

1. Kernel Approximation 

According to the fundamental property of the Dirac delta 

function, the partial differential equations of continuum fluid 

dynamic have to be transferred into the SPH form to princi-

pally approximate any function A(r) by 

 ( ) ( ) ( ) '','A A W drr r hr r
Ω

= −∫  (3) 

where h is the smoothing length or width of a kernel function 

W(r – r '). The kernel function should generally satisfy the 

normalization, delta function, and compactness conditions 

[15].  Thus, the gradient of A(r) can be expressed as: 

 ( ) ( )[ ] ( ) '','A A W drr r hr r
Ω

∇ = ∇ −∫  (4) 

If the support domain of W(r) being inside the computa-

tional domain Ω, Eq. (4) can be written as: 

 ( ) ( ) ( ) '','A A W drr r hr r
Ω

∇ ≈ − ∇ −∫  (5) 

2. Particle Approximation 

For the fluid consisting of many particles in computational 

domain Ω, Eq. (5) can be written as: 

 ( ) ( ) ( ),b
a b b

b b

m
A r A r W r r h

ρ
∇ = − ∇ −∑  (6) 

Hence, the continuity and momentum equations by SPH 

approximation can be written as: 
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where b denotes all other particles within the active kernel 

function radius of 2h.  abu
�

 is the velocity variation of the 

particle between the velocity au
�

 of calculated particle a and 

that ( bu
�

) of other particles.  Wab the kernel function, P the 

fluid pressure, and ∏ab an empirical approximation of the 

viscosity effects ([17]).  According to [2], Quintic kernel is the 

best compromise between accuracy and the cost of computa-

tion  time.  Hence, this kernel function has been adopted in 

present model. 

3. Viscosity 

The artificial viscosity proposed by [19] has been adopted 

as being expressed as: 
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with 

 
2 2

ab ab
ab

ab

hu r

r
µ

η
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where the position and the velocity of particle a and b are  

rab = ra − rb and ab a bu u u= −
� � �

 respectively.  The averaged 

sound speed is ( ) 2,ab a bc c c= +
�

� �

the averaged density abρ =  

( ) 2,a bρ ρ+ 2 20.01 ,hη = α is a experiential parameter. 
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Fig. 1.  Experimental setup by [14]. 

 

 

4. SPH Equations for a Rotating Object 

According to [21], the force on each boundary particle is 

computed by summing up the contribution from all the sur-

rounding water particles.  Denoting the force per unit mass on a 

moving body boundary particle k by fk, the equation is given by 

 wp k k

k

dV
f M m f

dt
= =∑  (11) 

where M is the mass of a rigid body, V the velocity of the 

center of mass, subscript wp water particles, fwp the force per 

unit mass exerted by water particle on boundary particle.  For 

a rotating flapper, the torque due to wave impacting on the 

object must be considered.  In general, the wave-induced 

torque τbp being transferred from each boundary particle bp is 

given by 

 
0bp wp Hf rτ = ×∑  (12) 

where 
0Hr  the distance from boundary particle to the hinge at 

H0.  Furthermore, the body force must also be considered in 

modeling rotating object.  The equation of torque τbody by body 

force can be written as: 

 
0

( )body bp Hm g rτ = ⋅ ×∑  (13) 

where mbp and g
�

 represent the mass of boundary particle b 

and gravity acceleration, respectively.  In addition, the equa-

tion of restoring torque by a spring fixing on the hinge can be 

written as: 

 R kτ θ= − ⋅  (14) 

where k is spring constant by measuring in force per angle θ.  

Hence, the total torque τt on the rotating flapper can be written 

as: 

 t bp body Rτ τ τ τ= + +  (15) 

From the total torque τt, the angular acceleration d dtω of 

the rotating flapper can be found by 

 td

dt I

τω
=  (16) 

where I denotes moment of inertia. 

For the rotating flapper, the rotational velocity d dtθ being 

obtained by angular acceleration d dtω  in last time step, 

hence, the moving angular velocity can be written as: 

 

1n n n
d d d

t
dt dt dt

θ θ ω
+

     
= + ⋅ ∆     

     
 (17) 

where subscript “n” denotes the computational value in last 

time step of  ∆t.  Thus, each boundary particle Xk in next time 

step can be predicted by 

 
1 ( )

n

n n

k k k

d
X X t

dt

θ+  
= + ⋅ ∆ 

 
 (18) 

III. MODEL SETTINGS 

1. Experimental Setups 

The experiments were carried out at the National Taiwan 

Ocean University (NTOU) [14].  The dimensions of the wave 

flume are 28 m in  length, 0.8 m in width and 0.8 m in depth.   

It is equipped with a piston-type wave-maker at one end and 

an absorbing 1:10 sloping mattress wall at the other end, as 

shown in Fig. 1. 

A rigid acrylic flapper with a height of 0.5 m, a width of 0.2 

m and a thickness of 0.005 m was placed at the central region 

of the wave flume.  Two torsion springs on the hinge were 

installed on a wood bottom to provide resorting forces, as 

shown in Fig. 2.  The depth of the still water was 0.5 m, and  

the bottom-hinged flapper’s freeboard was 0.2 m.  In addition, 

free surface displacements were measured by capacity-type 

wave gauges (WG) located along the centerline of the flume.  

Four wave gauges (WG-1 to WG-4) were placed in front of the  
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Fig. 2.  The bottom-hinged flapper by [14]. 
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Fig. 3.  Temporal surge front position for dam-breaking simulation. 
 
 

flapper, and another two (WG-5 to WG-6) were placed be-

tween the flapper and the absorbing wall.  Moreover, a high- 

speed camera was installed to record the angular displacement 

of rotating flapper in the wave flume. 

To consider larger waves in northeastern coastal waters of 

Taiwan, experimental wave heights of 5.0~7.5 cm and wave 

periods of 1.34~1.56 s for a model scale of 1:20 have been 

applied.  For more details the readers can refer to [14]. 

2. Computational Parameters 

The 2-D SPH model for a rotating object was validated on 

dam-break cases and preliminarily studied on wave-flap 

structure interactions by [4] and [3].  In Fig. 3, it is clearly seen 

that the simulations by present model are quite close to those 

by the SPH model of [12] and experimental data on the tem-

poral front surge positions for a dam-breaking case.  Therefore, 

the present model is validated to be able to reasonably simu-

late dynamic fluid behaviors.  By considering high computa-

tional efficiency and high resolutions in simulation, the pre-

viously adopted 2-D SPH numerical wave flume was slightly 

shortened with a length of 13 m and a depth of 0.5 m.  A pis-

ton-type wave-maker was set on the upstream and a 1:5 slope 

on the downstream boundary for reducing reflected waves.  

The simulations adopted a particle spacing of dx = dz = 0.02 m, 

the empirical coefficient α = 0.03 for viscosity term and the 

density of flapper of 1.18 g/cm3.  We applied the dynamic  

W
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Fig. 4. Model setups and the normalized coordinates system (not to the 

scale). 

 

 

boundary conditions reported in [5] to the present study.  More-

over, the initial settings of the model assigned 3129 particles 

on the solid boundary, 60 particles on the rotating flapper, and 

13225 fluid particles.  A coordinate x was normalized with 

respect to the water depth d of the flapper and the flapper base 

was set at / 0.x h =   The wave trains propagate toward the 

flapper from left to right as being illustrated in Fig. 4. 

3. Spring Coefficient 

The spring coefficient k per rotating angle was measured by 

[14].  Because of pulling (flapper moving to upstream) and 

pushing (flapper moving to downstream) forces being given 

by opposite rolling springs, the restoring torques were divided 

into two group of experimental data, as shown in Fig. 5.  The 

comparisons of the restoring torques with rotating angles of a 

flapper illustrated that the testing angles have reached 60 

degrees with linear variations of rotating angles of a flapper.  

Hence, the simulated restoring forces in the present model 

could be used by linear regression analysis from experimental 

data, including the equations of pulling (y−) and pushing (y+) 

forces.  The resulting spring coefficients k of pulling and 

pushing were found to be 6.701 and 6.553, respectively. 

IV. MODEL VALIDATIONS 

1. Surface Displacement 

In order to avoid the initial unstable records in experiments  



376 Journal of Marine Science and Technology, Vol. 22, No. 3 (2014 ) 

 

y− = 6.7007x

y+ = 6.5532x

0 0.4 0.8 1.2

Rotating Angle (Rad)

0

2

4

6

8

S
p
ri

n
g
’s

 T
o
rq

u
e 

(N
-m

)

0 20 40 60

Rotating Angle (deg)

Pulling Force (to the upstream)

Pushing Force (to the downstream)

Equation for Pulling Force

Equation for Pushing Force

 

Fig. 5.  The experimental data for spring torque and rotating angle. 

 

 

and secondary reflection in the numerical flume, the free sur- 

face displacements (η) in laboratory flume from the pre- 

scribed wave gauges (WG-2, WG-3, and WG-4) for incident 

waves were taken in normalized coordinate numerical flume at 

/ 5x L = − , / 4x L = − , and / 3x L = − , respectively.  For ac-

curately estimating the variations between experimental data 

and simulations, the errors were expressed with the statistics 

shown in Eqs. (19 to 21). 

 
1

1
100%

n
i i

i i

P O
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N O=

−
= ×∑  (19) 
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∑

∑ ∑
 (21) 

where MAPE is the mean absolute percentage error, RMSE the  

root mean square error, R the correlation coefficient, N the 

number of samples, Oi the experimental data at ith time step,  

Pi predicted value at ith time step by the present model, O   

the mean value of observations, P  the value simulated at the 

same time. 

The surface displacements were derived by searching the 

closest and the highest particles near the wave gauges within a 

radius of 2dx.  Fig. 6 shows the time series of surface dis-

placements from WG-3 in front of the flapper.  The results  
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Fig. 6. Comparisons of incident waves and permeable waves around the 

flapper between the simulations and experimental data. 

 

 

included a simulation time of 6 s with approximately 4 to 5 

waves in the time series.  It is clear from Fig. 6 that the sim-

ulated phases of free surface displacement for different tests 

were in fair agreement with experimental data.  Only the 

simulated wave crests in Test 1 and wave troughs in Test 3 

were slightly smaller than experimental data.  Comparisons of 

the values of R, MAPE and RMSE are presented in Table 1.   

We noted that the simulated surface displacements at the three 

wave gauges were well correlated with high correlation coef-

ficients (0.97-0.99).  The maximum percentage of error was 

1.04%.  The variations of RMSE were 0.96 to 0.54 suggesting 

that the simulated surface displacements by the present model 

agree reasonably with the experimental observations. 

2. Rotating Angles of a Flapper 

The rotating angles of a flapper from simulations and ex-

perimental data are shown in Fig. 7.  The negative rotating 

angles denote counter-clockwise rotations and the positive 

ones clockwise rotations.  The simulations show that the ro-

tating angles of the flapper were still in good agreement with 

the experimental data with high correlation coefficient (R) of 

0.96-0.99.  The variations of RMSE were 0.82 to 1.67.  In 

particular, the slight different wave conditions could cause the 

variations of the rotating angles at the high peak. 

Comparisons of the rotating angles with the maximum value 

(θMax.) and minimum value (θMin.) and their sums (θMin. + θMax.) 

during a wave cycle for three tests are presented in Table 2.  

The average rotating angles had slight variations between  

0.2 to 3.5 degrees.  The results show that the rotating angles  

in experiments were slightly larger than those in simulations  
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Table 1.  The wave conditions and validation statistics. 

HExp. TExp. HSim. TSim. R MAPE RMSE 
Gauge Test 

(cm) (s) (cm) (s)  (%)  

1 7.71 1.56 7.57 1.58 0.97 0.44 0.96 

2 5.36 1.56 5.52 1.57 0.98 0.54 0.64 2 

3 4.83 1.34 6.73 1.34 0.98 1.04 0.86 

1 8.21 1.56 7.70 1.58 0.97 0.06 0.76 

2 5.81 1.56 5.32 1.57 0.99 0.70 0.54 3 

3 5.47 1.34 6.17 1.34 0.99 0.03 0.55 

1 8.18 1.56 7.51 1.58 0.97 0.49 0.84 

2 5.63 1.56 5.37 1.57 0.96 0.09 0.59 4 

3 4.77 1.34 6.09 1.35 0.97 0.62 0.56 

 

 

Table 2.  The average maximum and minimum rotating angles of flapper and associated statistics. 

Exp. Sim. R RMSE ∑exp. ∑sim. MAPE 
Test 

θMin. θMax. θMin. θMax.   θMax. + θMin. θMax. + θMin. (%) 

1 -8.3 10.2 -7.9 7.6 0.98 1.67 18.5 15.5 16.22 

2 -6.2   6.9 -6.0 5.9 0.99 0.82 13.1 11.9   9.16 

3 -4.9   5.5 -4.9 5.6 0.96 1.11 10.4   9.9   4.81 
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Fig. 7. Comparisons of the rotating angles of a flapper between the 

numerical results and the experiments. 

 

 

under smaller wave conditions but were still in good agree-

ments.  The sums of average rotating angle differences from 

16.22% in Test 1 to 4.81% in Test 3 between simulations and 

measurements for a period mainly occurring in the vicinity of 

wave crest.  In general, the present model was still thought to 

be able to reasonably simulate rotations of a flapper. 

V. HYDRODYNAMIC PERFORMANCE 

For analyzing the kinematic property of the flapper under 

waves, in Test 1 wave conditions (H = 7.51 cm, T = 1.58 s) 

were adopted for simulation.  The resulting flapper’s motions 

and the fluid kinematic behaviors in the vicinity of the flapper 

were investigated, respectively. 

1. Velocity Fields 

The wave-induced flow fields near around a flapper are 

closely related to the designs of the WEC (Wave Energy 

Converter), especially on improving the efficiency and stabil-

ity.  First we divided the motion of a flapper into four phases, 

i.e., t/T = 0 (wave crest), 1/4, 2/4 (wave trough), and 3/4.  Fig. 

8 demonstrates the original SPH simulated particle form on 

the left panels and the post-processing velocity fields on the 

right panels.  It is seen in Fig. 8 that as wave crest at t/T = 0 

or wave trough at t/T = 2/4 approaches the flapper, the hori-

zontal velocities reached maximum values of about 0.1 m/s 

under the wave crest and wave through and decayed from 

free-surface to the bottom,  especially near the flapper at  

x/h = -0.4 to 0.4.  When the flapper moving to the maximum 

angles (about ±8°), the fluid velocities of about 0.03 m/s in 

z-direction were nearly the same as those in x-direction at  

t/T = 1/4 and t/T = 3/4, as shown in Fig. 8(b) and (d). 

Generally, velocities in the same direction could drive 

flapper back and forth, but those in opposite directions could 

cause the flapper in momentary stop and then to an opposite 

rotating direction.  Note that the fluid vectors near the flapper 

to the bottom at the downstream and to the surface at the up-

stream when the flapper had maximum angles, as shown in  
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Fig. 8.  The motions of a bottomed-hinged flapper at different phases.  (a) t/T = 0; (b) t/T = 1/4; (c) t/T = 2/4; (d) t/T = 3/4. 
 
 

Fig. 8(b) and (d).  The results imply that elliptical form of 

water particle trajectory had quite influenced the rotations of  

a flapper in a whole wave cycle. 

2. Motions and Power 

Fig. 9 illustrates the angular motions of a rotating flapper 

during an averaged rotating cycle.  In this figure, the positive 

and negative rotating angles were denoted as downstream and 

upstream motions of the flapper.  Accordingly, wave-induced 

positive angular velocities to the downstream resulted in 

positive torques, while negative angular velocities to the up-

stream resulted in negative torques. 

In Fig. 9, the wave-induced maximum rotating angles range 

between 7.88 and -8.01 degrees at about t/T = 1/4 and  

3/4, respectively.  The angular velocities at t/T = 0 or 1 were 

about 31 deg/s to the downstream and those at t/T = 0.54 were 

about -31.05 deg/s to the upstream.  In particular, the average 

instantaneous angular velocities from t/T = 2/4 to 3/4 in-

creased more rapidly, implying the flapper experiences  

larger angular acceleration from downstream to upstream.   
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Fig. 9. Comparisons of the physical behaviors during an  averaged mo-

tion of a flapper. 

 

 

Obviously, the flapper’s rotating velocity to upstream is 

faster than that to downstream.  Therefore, it is clear that 

when the flapper being vertical to the bottom (θ = 0) the an-

gular velocities have reached the largest values without the 

angular acceleration.  On the contrary, when the flapper being 

at the maximum angles the angular acceleration have reached 

the largest values. 

In order to further understand the power capture of a flapper 

during an average wave cycle,  the instantaneous power P  

during a wave cycle could be estimated by the expression as 

 
0

lim
t

W dW
P

t dt∆ →

∆
= =

∆
 (22) 

where ∆W is the amount of the work and ∆t is a period of time.  

Hence, the instantaneous power is the limiting value of the 

average power as the time interval ∆t approaches zero.  For 

averaged captured power ( rP ) of a flapper, Eq. (22) can be 

re-written as: 

 
0

1
( ) ( )

T

rP t t dt
T

τ ω= ∫  (23) 

Table 3. The wave power, wave-induced rotating angles of 

a flapper, and captured power. 

Case H(cm) T(s) 
θ 

(deg) 
wP  

(W/m) 
rP  

(W/m) 
r wP P  

(%) 

1 7.41 1.58 18.54 4.3 2.4 55.8 

2 5.11 1.58 15.60 2.1 1.2 59.6 

3 5.05 1.35 14.18 1.7 1.1 65.1 

4 2.59 1.36 13.16 0.5 0.3 72.3 

5 5.12 1.12 14.11 1.5 1.0 66.1 

* 
wP  is the wave power, θ  is the rotating angles, 

rP  is the cap-

tured power. 
 
 

where τ denotes the instantaneous torque by SPH calculation, 

ω  the instantaneous angular velocity, and T the wave period or 

rotating period of a flapper.  Hence, the derived four instan-

taneous output powers in an average wave cycle is shown in 

the bottom panel.  Because of the simple harmonic motion the 

zero instantaneous powers have occurred at the zero angular 

velocities with the maximum angular accelerations or the zero 

angular accelerations with the maximum angular velocities.  

Moreover, both of the instantaneous maximum powers under 

the wave crest were more than 3.5 W/m and those under the 

wave trough were more than 4.7 W/m.  It is also noted that the 

larger instantaneous powers under the wave trough could be 

induced by the larger instantaneous angular accelerations.  

According to the incident wave power by wP  = 0.5 H 2
T, in 

Test 1 the wave conditions could reach the average wave 

power of about 4.3 W/m during a wave cycle.  Hence, the 

captured average instantaneous power of about 2.4 W/m dur-

ing a wave cycle suggested about 55.8% of efficiency of the 

flapper. 

3. Energy Conversion 

According to [26], wave characteristics nearby Port of 

Keelung in winter of 2008 could be adopted as the typical 

input waves for evaluating the WEC conversion of a flapper.  

Comparisons of the related wave conditions, wave power, 

wave-induced rotation of a flapper, and the captured power are 

shown in Table 3.  It is clearly seen that larger wave power by 

wP  = 0.5 H 2
T with larger wave heights or periods could cause 

larger rotating angles of a flapper, resulting in higher captured 

power by flapper’s motions.  The wave powers from 0.5 W/m 

to 4.3 W/m could cause the flapper’s average  rotating angles 

to be 13.16° to 18.54°.  The energy conversions from 0.3 W/m 

to 2.4 W/m suggested the converted efficiency of about 72.3% 

to 55.8%. 

Note that a flapper with larger rotating angles could gen-

erate higher powers but with lower efficiency of captured 

wave power.  On the other hand, a flapper with smaller rotat-

ing angles could generate higher efficiencies of power con-

version.  As a result, with similar wave periods (i.e., case 1 & 

2, and case 3 & 4), the waves with higher wave heights could 

cause larger rotating angles and higher converted energy.  With 
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similar wave heights (i.e., case 2 & 3 & 5), waves with longer 

wave periods were also seen to generate higher converted 

energy. 

VI. CONCLUSIONS 

A SPH 2-D numerical wave flume model was adopted to 

simulate wave-induced rotations of a bottom-hinged flapper 

with a restoring spring system.  The simulated angular motions 

were noted to be in reasonable agreement with experimental 

measurements for an acrylic flapper. 

By comparing the simulations with experimental data, we 

found that the surface displacements and simulated rotating 

angles of a flapper were highly correlated and had low error 

variations.  Hence, the flapper could reasonable swing back 

and forth following harmonic wave loadings using the present 

model.  Simulations of the hydrodynamic behaviors at dif-

ferent phases point out that the flapper moved to downstream 

under the wave crest and upstream under the wave trough.   

We also noted that the flapper rotated with the elliptical tra-

jectory of water particles. 

The simulated energy conversions of a flapper during an 

average wave cycle suggest that the larger range of the wave- 

inducd flapper’s rotating angles could generate the higher 

converted energy.  On the other hand, the smaller range of 

rotating angle could generate higher captured power efficiency.  

For similar wave periods, higher waves could induce larger 

rotating angle ranges and higher energy conversions.  For 

similar wave heights, waves with longer wave periods could 

generate higher converted energy. 
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