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Abstract—Renewable energy plays a vital role in ensuring 

the sustainability of the world. Among different renewable 

energy sources, wave energy is one of the least-developed 

technologies. Out of the available Wave Energy Convertors 

(WEC) the Oscillating Wave Surge Converter (OWSC) is one of 

the most researched types of WECs due to its higher 

performance characteristics compared to many other WECs. In 

this background, this research focused on DualSPHysics-based 

numerical prediction of the energy conversion efficiency (ECE) 

and survivability of an OWSC in irregular waves observed in a 

selected coastal location of Sri Lanka. It was found that the 

Power take-off (PTO) damping coefficient, the density of the 

oscillating flap and the shape of the flap highly influence the 

ECE and the hydrodynamic forces on the WEC deciding its 

survivability. If the density of the flap is in the range of 400 - 600 

kg/m3 and its shape is more concave, the ECE increases 

significantly (about 25%) while improving its survivability. On 

the other hand, a significant reduction (25 to 47 %) in 

hydrodynamic forces could be achieved using cone or semi-

cone-shaped flaps at the expense of ECE which would be a good 

alternative for high energetic seas. 
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I. INTRODUCTION  

Energy is the driving force of the economy of any society. 
This primary energy requirement has been mainly fulfilled by 
fossil fuels for centuries and in recent decades different 
alternative renewable energy forms are being explored. In this 
regard, although solar PV and wind energy have been 
developed to large commercial scales and have become very 
popular, sea wave energy due to its characteristics of highest 
energy density, global potential, 24-7 availability, and 
predictability, has gained attention in the recent past [1]. There 
are several wave energy converter (WEC) technologies such 
as Oscillating water column, Overtopping devices, and wave 
absorbing devices such as point absorbers, terminators, and 
attenuators. Among these, the terminator or oscillating wave 
surge converter (OWSC) has been identified as one of the 
most efficient and reliable technologies [2]. It has been found 
that the power captured by an OWSC increases with the 
decrease of water depth [3] and the capture factor increases 
with the device width [4] such that the efficiency of the 
converter initially increases with the flap thickness and comes 
to an optimum and then decreases again [5]. Furthermore, 
laboratory experiments have found that damping also affects 
the performance of an OWSC and it could be adjusted in 
response to the wave conditions to optimize the power capture 
[6] - [7].  

Even though there are numerous studies available on 
optimizing wave energy conversion technologies, only a few 
OWSCs are in commercial operations [8]. Hence, most of the 
existing research still needs to focus on overcoming design 
challenges unique to the OWSCs [9], such as in facing 
irregular waves [10], how to optimize the power capture while 
maintaining stability. A primary study of the effect of flap 
geometries of OWSC in regular waves has been conducted by 
authors [10] and, this paper focused on numerically studying 
and optimizing the power conversion efficiency and 
hydrodynamic forces acting on an OWSC, particularly in 
irregular waves. Accordingly, a Smoothed Particle 
Hydrodynamic (SPH) based numerical model was used for the 
study, and the paper is organized into four main sections: 
Introduction, Methodology, Results, and Discussion and 
Conclusion.  

II. METHODOLOGY 

A. Numerical Modelling and Validation 

Smoothed Particle Hydrodynamics (SPH) is a Lagrangian 
type particle-based meshfree method. It is gaining popularity 
among researchers, especially for modeling wave-solid 
interaction due to the several advantages associated over the 
conventional Finite Element Methods [11]. In SPH, due to the 
particle-based nature, no additional algorithm is required to 
detect the free water surface [11]. Accordingly, the Open-
source software DualSPHysics was used to develop and 
simulate the numerical model of this study. Here, the fluid 
domain was discretized into particles, and the physical 
properties of each of the particles were obtained from Navier-
Stokes equations as an interpolation of the neighboring 
particles, controlled by the kernel function (W) and the 
smoothing length (h). Accordingly, physical properties are 
calculated for all particles and updated at each time step. 

SPH formulation of conservation laws of continuum fluid 
dynamics is divided into two steps as an integral 
representation and a particle approximation. The particle 
approximation can be represented as given in equation (1). 
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Here, a represents the reference particle and b represents 

any of the neighboring particles, m is the mass, ρ is the density 
and r is the position vector of any particle b, and W is the 
kernel function. The selection of an appropriate W highly 
influences the accuracy of the model and the Wenland kernel 



defined in equation (2) was used in alignment with the state-
of-the-art research on WECs [12]. 
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Here, ��  = 21/6πh3 and non-dimensional distance 
between particles q = r/h.  

The momentum equation in its discrete form is evaluated 
in DualSPHysics using the equation (3). 
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Here, P and ρ represent the pressure and density while !��  represents artificial viscosity term given by equation (4). 
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Here, α is the dissipation coefficient and it has been proven 

that α = 0.01 gives more accurate results for wave 

propagation and wave loading on solid structures [13]. Then, &�� = 0.5�&� + &��  is the mean speed of sound. The                 '�� = -./0.1/01/0  2   3 42 , where (��  =  (� −  (�  with ν representing the 

particle velocity, ��� =  �� − �� and 56 = 0.01ℎ6. 
 
In DualSPHysics, fluid is treated as a weakly compressible 
medium where the mass of each particle remains constant 
while density undergoes minor fluctuates. Such density 
fluctuations are evaluated from the continuity equation 
defined by equation (5). �
��� = � 	��
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In order to reduce the density fluctuations, an additional 
term is added to equation (5), which is given by equation (6) 
and named as delta-SPH formulation. 
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;<�<, 78 is the density diffusion term [14] [15]. While 

DualSPHysics treats the fluid as a weakly compressible 
medium, an equation of state given by equation (7) is used to 
evaluate the fluid pressure based on particle density, in each 
time step. 
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Here, γ=7, = = EF2GFB    where ρo = 1000 kg/m3 is the reference 

density and &9 = &�
9� = HI�/I
|GF  which is the speed of 

the sound at the reference density. Equations are integrated in 

time using the Symplectic method [16] and the movement of 
objects is defined following the state-of-the-art [17]. Finally, 
DualSPHysics code is integrated with Project-Chrono which 
supports defining the links between the two bodies [18]. In 
this study, the link type “hinge” was used to connect the 
bottom-hinged flap to the wave tank. Numerical modeling of 
OWSC using the SPH method has been already validated by 
using GPUSPH [19]  and using DualSPHysics [18], and a 
similar validation procedure [5] was followed in this work. 

B. Modelling and analysis of OWSC 

OWSC usually operates in nearshore regions [20] and the 
most fundamental concept of an OWSC is a bottom-hinged 
floating flap connected to a hydraulic power take-off (PTO) 
system which has three stages of energy conversion [21]. In 
the first stage, kinetic energy and potential energy of incoming 
waves are extracted and converted as the mechanical energy 
of the flap. Next, the PTO system converts mechanical energy 
into potential energy by increasing the pressure of the 
hydraulic working fluid inside the PTO system. At the final 
stage, pressurized working fluid drives a hydraulic motor and 
converts the potential energy of the fluid into electrical energy 
by a generator connected to the hydraulic motor.  

To analyze the performance of the OWSC, a 24 m long 
and 1 m wide numerical wave tank, and a rectangular shaped 
(1.5 x 0.5 x 0.12 m) flap hinged at 0.16 m from the bottom of 
the tank were used as shown in Fig. 1. Waves were generated 
using a piston-type wave generator facilitated by 
DualSPHysics located 12 m away from the left side of the flap. 
A wave dissipation beach with a slope of 1:5 was set up 3 m 
away from the right side of the flap, in addition to a numerical 
damping zone applied to minimize the wave reflections [22]. 
Periodic boundary conditions [23] were applied to the lateral 
walls of the tank to minimize the radiated waves from lateral 
walls. The tank was filled up to a 1.5 m height such that the 
top surface of the flap was 0.16 m above the free surface of 
the water. Then, irregular waves having a 0.1 m significant 
wave height and 2.23 s period were generated to match with 
the waves at Unawatuna (after 1:16 Froude scaling), a coastal 
location (6° 00' 60.00" N, 80° 14' 60.00" E) having wave 
energy extraction potential on the Southern coast of Sri Lanka  
[24]. Standard JONSWAP spectrum facilitated by 
DualSPHysics was used to generate the irregular waves and 
the capability of this method has already been validated [22]. 

Firstly, a set of simulations were carried out to study the 
performance (flap motion, power capture, and hydrodynamic 
forces) of the OWSC with different damping coefficients. 
After selecting the optimum damping co-efficient for the set-
up (i.e. 700 Nms/rad), the performance of the OWSC was 
studied for different densities of the flap. Then the power 

 
Fig. 1: Schematic of the wave tank and the flap (Not to scale) 



associated with a unit wave crest length Pi (W/m) of incoming 
waves was calculated as per equation (8). 
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Here, ρ is the density (kg/m3) of water, g is the 
acceleration of gravity (m/s2), Hmo is significant wave height 
(m) and Te is wave energy period (s). Instantaneous power 
PInst  (W) of the OWSC can be calculated as per equation (9). 

 PInst = Bpto.ω2                                    �9� 
Here, Bpto is the damping co-efficient (Nms/rad), and ω is 

the angular velocity (rad/s) of the flap. The overall efficiency 
or capture width ratio (CWR) of the OWSC can be calculated 
as per equation (10). 
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Here, Pa is the averaged power absorbed by the OWSC 
and L is the maximum projected length of the flap 
perpendicular to the wave propagation direction. 

C. Analysis of the Flap Geometry 

Following the performance analysis of the OWSC for 
different damping coefficients and densities using the primary 
flap-type (i.e. rectangular) as explained in section-II-B and 
selecting a moderate density (i.e. 500 kg/m3) of the flap, the 
study was extended to another three different flap geometries 
as shown in Fig. 2 to improve the performance of the OWSC. 
Here, the volume of the flap was kept constant for all 
geometries and the maximum projected width in the wave 
propagation direction was also kept constant (0.5m). 
Furthermore, flap height was kept at 1.5 m and its top surface 
was kept 0.16 m above the free water surface for all 
geometries. Simulations were done to analyze flap motion, 
power capture, and hydrodynamic forces acting at the flap for 
the three new geometries (see Fig. 2).  

III. RESULTS AND DISCUSSION 

Before studying the performance of the OWSC in the 
numerical wave tank, generated waves were measured using a 

wave gauge located 5 m downstream from the wave generator. 
Variation of the measured water surface elevation is given in 
Fig. 3 and it characterizes irregular waves. 

A. Performance of OWSC with Rectangular Flap type  

The numerical wave tank was then used to measure the 
rotation angle of the flap (positive towards beachside) and 
angular velocity of the flap against time for different damping 
coefficients. The results are given in Fig. 4 and 5, and it is 
evident that when there is an increase in the damping 
coefficient, both flap rotation angles and flap velocities 
decrease, which are due to the increased resistance to the 
motion of the flap. 

The hydrodynamic forces acting on the flap for horizontal 
direction (forces towards beachside positive) and vertical 
direction (upward positive) are depicted in Fig. 6 and 7, 

 
Fig. 5: Time variation of the angular velocity of the flap 

 
Fig. 6: Time variation of the hydrodynamic forces (horizontal) acting on 

the flap  

        

Rectangular Concave Cone Semi-cone Rectangular Concave Cone Semi-cone 

Fig. 2(a): 3D view of different flap shapes Fig. 2(b): End view of flaps installed in the wave tank 
(wave propagation-left to right) 

Fig. 2: Different flap shapes used for the analysis 

 
Fig. 3: Time variation of the water surface elevation 

 
Fig. 4: Time variation of the rotation angle of the flap  



respectively. Net hydrodynamic forces in the vertical direction 
were calculated based on the flap weight, buoyancy force, and 
vertical hydrodynamic forces. It can be observed that by 
increasing the damping coefficient (i.e. increasing the 
resistance to motion) the hydrodynamic forces in the 
horizontal direction can be increased while causing no effects 
in the vertical direction. 

Next, the variation of the instantaneous power of the 
OWSC was calculated and plotted in Fig. 8. Here, it can be 
observed that power initially increases with the damping 
coefficient and reaches a maximum at around 700 Nms/rad, 
and decrease thereafter. This suggests that the power 
extraction becomes optimised at an intermediate value of the 
damping coefficient.  

A comparison of CWR and the average forces (average 
absolute value of the forces) acting in the horizontal direction 
of the flap is given in Fig. 9. It can be observed here that when 
increasing the damping coefficient, up to a certain value (700 
Nms/rad), CWR increases with the expense of hydrodynamic 
forces acting in the horizontal direction, which requires more 
structural strength of the device. However, increasing the 
damping coefficient beyond 700 Nms/rad demands more 
structural strength while power output also getting reduced. 
Thus, for the selected setup, the optimum damping coefficient 
can be taken as 700 Nms/rad. 

Rotation angles and angular velocities of the flap for 
different densities of the flap are shown in Fig. 10 and 11, 
respectively. It can be observed that both the rotation angle 

and angular velocity of the flap in the return stroke slightly 
increase when the density of the flap decreases. This is due to 
the augment of the net buoyancy force (i.e. Buoyancy force 
minus the weight of the flap) acting on the flap as the density 
decreases.  

Next, the hydrodynamic forces acting on the flap in the 
horizontal and the vertical directions are given in Fig. 12 and 
13, respectively for different flap densities. Here, no much 
significant increase of horizontal forces can be observed for 
lower densities. However, it can be observed that average 
vertical force increases while lowering the density as the net 
buoyancy force increases for lower densities. Average power 
or CWR continuously decreases while increasing the flap 
density as depicted in Fig. 14.  

Fig. 8: Time variation of the instantaneous power 

 
Fig. 7: Time variation of the hydrodynamic forces (vertical) acting on the 

flap 

 
Fig. 9: Average force (horizontal) and CWR against damping coefficient 

 
Fig. 11: Time variation of the angular velocity of the flap 

Fig. 12: Time variation of the hydrodynamic forces (horizontal) acting on 
 the flap 

 
Fig. 10: Time variation of the rotation angle of the flap  

 

 
Fig. 13: Time variation of the hydrodynamic forces (vertical) acting on the 

flap 



From Fig.14, it is clear that lowering the flap density 
will increase the CWR at the expense of vertical 
hydrodynamic forces acting at the flap. However, keeping the 
flap density at a too lower value is not practical, thus a 
moderate density of 500 kg/m3 was selected for further 
analysis of flap geometries. 

B. Performance of the OWSC for different Flap Geometries 

Based on the results of Section A, the damping coefficient 
of 700 Nms/rad and flap density of 500 kg/m3 were used here 
to analyze the effect of different flap geometries (see Fig. 2) 
on the power generation performance of the OWSC. The flap 
rotation angles and flap angular velocities for four different 
geometries were analysed as given in Fig. 15 and 16, 

respectively. It can be observed from here that the concave-
shaped flap records the highest rotation angle and angular 
velocity while the cone or the semi cone shapes records 
relatively lower values compared to the rectangular shape 
flap. 

Next, the hydrodynamic forces acting on the flap in 
horizontal and vertical directions are given in Fig. 17 and 18, 
respectively for the above cases. It can be observed that the 
concave shape produces a higher force in the vertical direction 
compared to the rectangular shape, while the cone and the 
semi cone lead to lower values in both directions. This is due 
to the lower buoyancy forces acting on them mainly because 

more volume of the flap is extending out of the water due to 
their shape (at the vertical orientation, the top edge of each of 
flap is fixed at 0.16 m above the free water surface). On the 
other hand, due to their better hydrodynamic shapes the cone 
and the semi-cone, give a lower horizontal force compared to 
the other two shapes. 

 Finally, the CWR and average hydrodynamic forces were 
compared for different damping coefficients for all geometries 
as shown in Fig. 19. The performance compared with the 
rectangular-shaped flap for all shapes and it is interesting to 
see that the concave-shaped flap gives a higher (24-36% 
increment) CWR for all damping coefficients with a slight 
decrease of forces in the horizontal direction, and moderate 
increments in the vertical direction compared to the 
rectangular flap. On the other hand, cone and semi-cone 
shapes indicate lower CWR (26-90% less) while the impact of 
hydrodynamic forces was also found to be lower (25-47% 
less).  

IV. CONCLUSION 

This study used Smooth Particle Hydrodynamic (SPH) 
method to find the optimum damping coefficient, flap density, 
and flap geometry of an Oscillating Wave Surge Converter 
(OWSC) to improve the performance and structural stability 
under irregular waves observed at a selected coastal location 
in Sri Lanka. The analysis found that the Capture Width ratio 
(CWR) of OWSC highly depends on the power takeoff 
damping coefficient and there is an optimum damping value 
for maximum CWR. In terms of hydrodynamic forces acting 
on the flap, there is no effect on the vertical component of the 
force, however a horizontal component of the force 
continuously increases with damping, which gives a negative 
impact in terms of its survivability in rough waves. Therefore, 
choosing the optimum damping coefficient for a particular 

 
Fig. 15: Time variation of the flap rotation angle  

 Fig. 19: Average hydrodynamic forces and CWR against the damping 
coefficent 

 
Fig. 14: Average force (vertical) and CWR against the density of the flap 

 
Fig. 17: Time variation of the hydrodynamic forces (horizontal) acting at 

flap  

 
Fig. 18: Time variation of the hydrodynamic forces (vertical) acting on the 

flap 

 
Fig. 16: Time variation of the angular velocity of the flap 



OWSC is a must. Even though lowering the density of the flap 
continuously increases the CWR, the vertical component of 
the hydrodynamic forces also increases simultaneously. On 
the other hand, it is not practical to fabricate a flap with a too 
lower density while satisfying the structural strength 
requirements. Hence a moderate density in the range of 400 
kg/m3 to 600 kg/m3 can be recommended. 

Regarding the influence of flap geometries on the 
performance of an OWSC, concave-shaped flaps should be 
the choice as it extracts high power for all damping values 
with the minimum effect of hydrodynamic forces. For 
instance, the study showed a 24-36% increment of power 
while the hydrodynamic forces in the horizontal direction 
decreased by 38-0% and vertical forces increased by 14-18% 
only. On the other hand, if there is a concern about the 
survivability of the OWSC in violent sea conditions, conical 
or semi-conical shapes can be recommended as they produce 
the least hydrodynamic forces while maintaining a moderate 
CWR. Finally, when it applies the above results for real sea 
conditions mentioned in section II (B) where the incident 
wave power is 11.2 kW/m of the wave front, a rectangular 
shaped flap could produce 3.69 kW/m while a concave- 
shaped flap would produce 4.58 kW/m. As future work, 
extending the analysis by fine-tuning the concave-shaped flap 
and a study of the drag forces and fluid turbulence around the 
flap could revel opportunities to improve the OWSCs further.  
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