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Abstract 9 

Incident, reflected, and transmitted wave energies are the primary types of wave energy interacting 10 

with marine structures. This paper proposes an innovative hybrid system that integrates an 11 

Oscillating Water Column (OWC) device with a cylindrical Oscillating Buoy (OB). The front wall 12 

of the OWC is designed with a parabolic shape to collect and focus reflected waves to enhance the 13 

power capture performance of the OB device; therefore, it is referred to as the Parabolic 14 

Oscillating Water Column (POWC). The OB can harvest energy from both heave and pitch modes 15 

and connects to the POWC through a hinge mechanism, known as the Dual-mode Oscillating 16 

Buoy (DOB). The proposed DOB-POWC hybrid system can absorb incident wave energy via the 17 

DOB, capture transmitted wave energy through the POWC, and converge reflected wave energy 18 

within a region using the parabolic wall. Numerical simulations indicate that positioning the DOB 19 

at the focal point of the parabolic front wall significantly enhances the capture factor of the hybrid 20 

system, with a maximum capture factor reaching 160.63%. Furthermore, the hybrid system 21 

combining DOB and POWC features a broad effective bandwidth and can continuously absorb 22 

wave energy across a wider range of wave periods, offering a wider capture bandwidth. 23 

Keywords 24 

Oscillating Buoy, Dual-mode motion, Oscillating Water Column, Capture factor, Energy focusing 25 
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 27 

List of abbreviations： 28 

Nomenclature 

Symbols Abbreviations 

bpto Power Take-Off damping [Nms/rad] BEM Boundary Element Method 

c Damping coefficient of PTO [N/(m/s)] CWR Capture Width Ratio 

D POWC longitudinal width [m] DFBI Dynamics Fluid Body Interaction 

d Distance from the center of DOB to POWC 

front wall [m] 

D-HRWEC Designed Hinged Raft Wave Energy 

Converter 

d1 Diameter of DOB [m] DOB Dual-mode Oscillating Buoy 
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d2 Draft of DOB [m] HFC Horizontal Floating Cylinder 

Hi Incident wave height [m] OB Oscillating Buoy 

h Water depth [m] OWC Oscillating Water Column 

L1 The length from two ends of the hydraulic 

piston cylinder to the central hinge point [m] 

POWC Parabolic Oscillating Water Column 

T Wave period [s] PTO Power Take-Off 

𝜂𝐷𝑂𝐵 Capture factor of DOB [%] RANS Reynolds-Averaged Navier-Stokes 

𝜂𝑃𝑂𝑊𝐶  Capture factor of POWC [%] VOF Volume of Fluid 

λ Wavelength [m] WEC Wave Energy Converter 

  CFD Computational Fluid Dynamics 

 29 

1.Introduction 30 

As fossil fuel resources are depleted and the greenhouse effect intensifies, renewable energy 31 

is becoming increasingly competitive and gaining greater attention. Wave energy is the most 32 

potent and widely distributed form of marine renewable energy, but it has yet to be commercially 33 

developed. Its energy density is five times greater than that of wind energy and twenty times 34 

greater than that of solar energy [1]. Wave energy offers a longer annual power generation 35 

duration compared to wind and solar energy, with substantial reserves estimated at up to 7 billion 36 

kilowatts. Although the first patent for wave energy was filed in the early 17th century, wave 37 

energy harvesting and utilization remain in the developmental stage due to various challenges. To 38 

date, the commercialization of wave energy applications has faced significant challenges. The 39 

primary challenges include high installation costs [2] and relatively low energy conversion 40 

efficiency, resulting in a higher Levelized Cost of Energy (LCOE) compared to other renewable 41 

technologies, such as wind and solar, which diminishes its commercial attractiveness [3]. For 42 

wave energy to be deemed an economically viable energy source, substantial improvements in the 43 

capture factor are necessary. This paper proposes a new hybrid wave energy harvesting device 44 

capable of collecting radiated and reflected waves (waves that do not contribute to energy capture) 45 

for power generation, resulting in a high capture factor design. 46 

The Oscillating Water Column (OWC) device is among the most promising Wave Energy 47 

Converters (WECs) because it has a limited number of moving parts, all positioned above the 48 

water. Having fewer moving parts decreases the likelihood of mechanical failure in wave energy 49 

harvesting devices. Compared to other types of WECs, the OWC dissipates excess wave power 50 

more effectively, thereby enhancing the capture factor [4]. A substantial proportion of WEC 51 

prototypes deployed at sea are of the OWC type [5]. Extensive research has been conducted on 52 

OWC devices. Evans [6] initiated theoretical investigations of OWC devices based on linear wave 53 

theory, contributing to their widespread adoption. Recent research on OWCs primarily focuses on 54 

optimizing hydrodynamic conversion processes. Optimization efforts include studies on front wall 55 

entrance geometry [7], chamber shape [8], PTO damping [9] and more. In addition to functioning 56 

as a stand-alone marine device [10], the OWC can be integrated with other offshore structures 57 

such as monopile foundations [11],  breakwaters [12] and floating offshore wind turbine [13] etc. 58 

The concept of multi-chamber OWC devices was introduced to enhance hydrodynamic efficiency 59 

across a broader range of operating conditions [14]. Numerous numerical simulations and 60 
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experiments demonstrate that multi-chamber designs can significantly enhance the overall power 61 

output of OWCs. Zhao et al. [15] conducted experimental studies on the hydrodynamic 62 

performance of the multi-chamber OWC-breakwater system. The results indicate that the multi-63 

chamber OWC-breakwater performs better in wave attenuation for longer wavelengths and 64 

broadens the effective frequency bandwidth. Furthermore, Zhao et al. [16] theoretically 65 

investigated a multi-resonant OWC-breakwater array and found that multiple resonances create 66 

several peaks in hydrodynamic efficiency while broadening the effective frequency bandwidth. 67 

Numerous additional studies on OWC optimization have emerged recently. Ding et al. [17] 68 

investigated the performance and response characteristics of the OWC device with varying air 69 

chamber widths. Their results indicate that reducing the air chamber width leads to a stable 70 

horizontal plane, thereby eliminating standing waves. Gadelho et al. [18]  proposed a dual-71 

chamber OWC equipped with a stepped bottom, designed for land installation. The step located in 72 

front of the first OWC chamber enhances the device's energy capture capability. Zhao et al. [19] 73 

investigated the hydrodynamic characteristics of rectangular OWC arrays under oblique wave 74 

conditions. The theoretical results indicate that oscillating resonance along the coast varies 75 

considerably with the incident wave angle; for large incident wave angles, peak efficiency occurs 76 

at a lower frequency. 77 

The Oscillating Buoy (OB) WEC operates through heave, pitch, surge, or a combination of 78 

these motions. A primary challenge in improving the energy conversion efficiency of WECs is the 79 

optimization of the harvesting mode. Employing both heave and surge/pitch for power generation 80 

can potentially triple the theoretical maximum capture width, indicating that multi-mode WECs 81 

possess greater theoretical potential than their single-mode counterparts. Stansby et al. [20] 82 

performed hydrodynamic experiments on a line absorber comprising three cylindrical floats, 83 

which permit movement in heave, pitch, and surge. The experiments demonstrated that the multi-84 

mode float achieves a larger capture width over a broad range of wave periods. Following this 85 

investigation, Stansby et al. [21] conducted experiments and linear diffraction modeling to 86 

optimize the power capture of the three-float line absorber WEC M4. Their findings indicate that 87 

optimal power capture occurs when the spacing between the first two floats is at least 1.5 times 88 

that of the last two floats. Subsequently, Liao et al. [22]  proposed a self-contained, non-causal 89 

optimal control framework for the multi-float, multi-mode WEC M4. Numerical simulations 90 

indicated that this framework maintains a low computational load. D.R. Lande-Sudall et al. [23] 91 

extended this work by incorporating hydrodynamic forces into the dynamic frame method, 92 

applying it to cases with 3, 6, and 8 floats in both regular and irregular waves. Results were 93 

compared with those obtained using the vector method and experimental measurements, showing 94 

close agreement and indicating that this method is more robust and versatile. OB WECs are 95 

typically integrated with other marine structures, including breakwaters, platforms, and OWCs, 96 

rather than being deployed independently. OWC and OB devices represent two primary types of 97 

WECs, and their integration can enhance wave energy extraction efficiency [24]. Cui et al. [25] 98 

proposed a hybrid WEC that combines an OWC with an OB hinged to the outer wall of the OWC 99 

device. They developed an analytical model based on linear potential flow theory and 100 

eigenfunction matching methods. Furthermore, Wan et al. [26] investigated the hydrodynamic 101 

characteristics of symmetric and asymmetric floats within a hybrid system, emphasizing wave 102 

attenuation and energy extraction performance. Results indicate that asymmetric floating bodies 103 

demonstrate a higher Capture Width Ratio (CWR) and improved wave attenuation performance. 104 
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Additionally, Rashidi et al. [27] investigated the impact of geometric parameters on hybrid WECs, 105 

including OWCs and Horizontal Floating Cylinders (HFCs), in both regular and irregular wave 106 

conditions. The findings confirm that the hybrid system is more efficient than individual WECs. 107 

However, its performance is less efficient in irregular waves than in regular waves. 108 

Research on the performance of WECs often encounters a bottleneck, as it is challenging to 109 

bypass inefficient stages through hydrodynamic improvements. Similar to how a paraboloid 110 

reflects light to a focal point, marine structures with a parabolic opening can converge waves to 111 

the focal position. Positioning the WEC at the focal point can enhance wave energy capture. 112 

Zhang et al. [28] developed a three-dimensional numerical wave flume employing the Boundary 113 

Element Method (BEM) to investigate the wave field around the parabolic breakwater. Results 114 

indicate that, within a specific wave environment, the wave height at the focal point can surpass 115 

four times the incident wave height. Subsequently, Mayon et al. [29] positioned the OWC at the 116 

focal point of the parabolic breakwater, achieving a 650% improvement in hydrodynamic 117 

efficiency. Mayon et al. [30] then conducted an experimental study, supported by numerical 118 

simulations, showing that the wave-to-line conversion efficiency of the laboratory model exceeds 119 

70%. Following this experiment, Mayon et al. [31] subsequently conducted an experimental study, 120 

supported by numerical simulations, demonstrating that the wave-to-line conversion efficiency of 121 

the laboratory model exceeds 70%. The cumulative hydrodynamic efficiency of the array is lower 122 

than that of a single OWC chamber at the focal point but higher than that of an isolated OWC 123 

chamber in open sea conditions. Furthermore, the hydrodynamic efficiency of the array is more 124 

stable. Moreover, Zhou et al. [32] examined the power amplification effect of the parabolic 125 

breakwater on the WEC, as well as the additional wave attenuation effect of the WEC on the 126 

breakwater. Results indicate that parabolic breakwaters exhibit similar power amplification effects 127 

across various WECs. However, larger flat WECs generate more power and demonstrate a more 128 

pronounced shadow effect. 129 

Despite extensive research on OB-OWC hybrid systems, multi-mode OB wave energy 130 

converters (WECs) and uniquely shaped OWC coupling systems have received limited attention.  131 

Furthermore, altering the OWC's front wall to a parabolic shape and positioning the OB at its focal 132 

point represents a novel approach. This study proposes an OB-OWC hybrid systems where the 133 

OWC device has a parabolic front wall. The parabolic wall collects and focus wave energy 134 

towards a point at where an OB WEC is planned. This hybrid system can significantly enhance 135 

energy extraction by minimizing energy dissipation through diffracted, radiated, transmitted and 136 

reflected waves as mentioned previously. The effectiveness of the above proposed concept is 137 

examined numerically in this study. 138 

The structure of this paper is as follows. Section 2 describes the development of a multi-body 139 

hydrodynamic model using the nonlinear mode expansion method in the time domain. The 140 

numerical results with convergence analysis are compared with published experimental results in 141 

Section 3. Section 4 analyzes the nonlinear numerical results. Finally, conclusions are drawn in 142 

Section 5. 143 

2.Numerical model 144 

2.1 DOB-POWC integrated system and numerical model 145 

Fig. 1(a) illustrates the hybrid system, which consists of an OWC device and a dual-mode 146 

OB connected to the upper wall of the OWC through an articulated mechanism. The articulated 147 

mechanism consists of an "L"-shaped beam fixed to the OWC and an inverted "L"-shaped beam 148 
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securely attached to the OB. These beams are joined by a central hinge, as depicted in Fig. 1. A 149 

hydraulic Power Take-Off (PTO) system is positioned between the two beams, with one end 150 

connected to the "L" beam and the other end to the inverted "L" beam. When exposed to waves, 151 

the relative motion between the OB and the OWC induces rotation of the two beams around the 152 

central hinge, thereby activating the hydraulic PTO system and generating power. The front wall 153 

of the OWC is parabolic, with the OB positioned at the focal point of the parabola. The OWC 154 

consists of three equally divided chambers. This hybrid system, comprising a dual-mode OB and a 155 

parabolic OWC, is referred to as the Dual-mode Oscillating Buoy-Parabolic Oscillating Water 156 

Column (DOB-POWC) hybrid system. 157 

The key geometric dimensions of the hybrid system are as follows: POWC longitudinal width 158 

D, distance from the center of DOB to POWC front wall d, the diameter of DOB d1, the draft of 159 

DOB d2, the length from two ends of the hydraulic piston cylinder to the central hinge point o L1 160 

and L2. The distance from the central hinge point to the front wall of POWC is equal to the 161 

distance from the central hinge point to the DOB. 162 

The simulation domain is illustrated in Fig. 1 (c), which includes the coordinate system for 163 

both figures. In the simulations, waves propagate along the positive x-axis, pitch motion is defined 164 

as rotation about the y-axis, and heave response occurs along the z-axis. The length of the 165 

computational domain in the x-direction is approximately 4 wavelengths, while its width 166 

corresponds to the width of the POWC in the y-direction. The hybrid system is located at the right 167 

end of the flow field. To analyze the interaction between waves and floating bodies, overlapping 168 

grids were created around the DOB. The left and right boundaries of the computational domain are 169 

designated as velocity inlets, the top boundary as a pressure outlet, and both the bottom boundary 170 

and the floater surface as non-slip walls. The lateral boundaries of the simulation domain in the y-171 

direction are defined as symmetry boundaries. 172 

 173 
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 174 

 175 

Fig. 1. A diagram of DOB-POWC hybrid system: (a) bird’s-eye view (b) Top view (c) Side view. 176 

2.2 Governing equation and wave energy capture factor 177 

In this paper, a three-dimensional numerical wave tank and a hybrid system were constructed 178 

using Star CCM+ software to study the interaction between waves and the hybrid system.  179 

The Eulerian multiphase flow model employs the incompressible Reynolds-Averaged Navier-180 

Stokes (RANS) equations to describe water-air mixtures, along with the Volume of Fluid (VOF) 181 

method to track the interface between the air and water phases. Fluids in nature are governed by 182 

the laws of conservation of mass and momentum. Equation (1) gives the mass conservation 183 

equation (also called continuity equation), 184 

( ) 0
t





+  =


u  (1) 

185 

where t refers to the time, ρ is the fluid density, ( / , / , / )x y z =       is the differential 186 

operator. For incompressible fluids ρ is constant, and the formula can be abridged as: 187 

0 =u  (2) 188 

The momentum conservation equation can be expressed as: 189 

( )
( )T

b
t





+  =  +



v
v v σ f                                                 (3) 190 

where σ is the stress tensor,  fb  refers to the resultant force of various volume forces acting on the 191 

unit volume of the continuum. For fluids, the stress tensor is usually written as the sum of normal 192 

stress and shear stress, so p= − +σ I T . Among them, p is the pressure, T refers to the viscous 193 

stress tensor. 194 

The parabolic front wall of POWC can be mathematically described by: 195 

2

02 ( )y a x x= − −                   (4) 196 
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where a is a parameter that determines the concavity of the curve around the symmetry axis, and 197 

(x, x0) is the vertex location along the central axis of the parabola. The focal point of the parabola 198 

is at (xf, 0) with 0 / 2fx x a= − . 199 

The mechanical coupling between the DOB and the PTO system is established using a 200 

Dynamics Fluid Body Interaction (DFBI) model and a mechanical joint module within the 201 

software. The PTO system is represented as simplified by applying external damping moments to 202 

the DOB. The magnitude of the PTO damping moment [33] can be calculated by: 203 

˙
2

2

2

2
PTOM cL =   (5) 204 

where, the damping coefficient c of PTO is set as 500 (N/(m/s)) [34], the length from the two ends 205 

of the hydraulic piston cylinder to the central hinge point is L1=L2=0.1m, 
2

22 / 2ptob cL= , 
˙

  206 

refers to angular velocity of DOB which is determined by θ(rotation angle of DOB indicated by 207 

Fig. 2). 208 

 209 

Fig. 2. A diagram of the articulated mechanism with hydraulic energy storage PTO system. 210 

Capture factor is an indicator equivalent to efficiency for WEC power capture performance 211 

evaluation, which is defined as the ratio between the captured power Ep to the wave power 212 

available to the WEC Ew. 213 

The captured power Ep of DOB can be calculated by: 214 

2 21
Ω

2
p ptoE b =  (6) 215 

where bpto is the PTO damping converted to a rotational damping, for the above PTO model, 216 

2

22 / 2ptob cL= , ω is the relative rotation frequency, Ω refers to the amplitude of the relative 217 

pitch angle between DOB and POWC. 218 

The captured power Ep of POWC can be calculated by: 219 

0

1
( ) ( )

mT

pE q t p t dt
mT

=                                              (7) 220 

where T refers to incident wave period, q(t) is airflow velocity at the stoma, p(t) is air pressure at 221 

the stoma. 222 

The average energy flow rate of unit width Ew’ can be calculated by: 223 
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2
1 2

1
16 sinh 2

' / y
i

w w

gH kh
E E

k
D

kh

   
= +


= 


 (8) 224 

The average energy flux Ew (with a wave front width equal to the WEC with) of a linear wave 225 

can be expressed as: 226 

2
1 2

1
16 sinh 2

i y

w

gH D kh
E

k kh

   
= + 

 
                                            (9) 227 

where, ρ refers to the water density, g denotes the acceleration of gravity, Hi refers to the incident 228 

wave height, h refers to the water depth, Dy refers to the longitudinal width of the wave energy 229 

device and k is the wave number. 230 

The capture factor η can be calculated by: 231 

p

w

E

E
 =  (10) 232 

The overall capture factor of the DOB-POWC hybrid system can be expressed as: 233 

PAOWC

/ /

'

pPAOWC pyPA BOWC yMOBMO

MOB

w

D E DE

E
  

+
= + =o  (11) 234 

3 Convergence study and validation 235 

3.1 convergence study 236 

Before evaluating the hydrodynamic performance of the proposed hybrid system, a 237 

convergence test for the numerical simulation was performed. The detailed model parameters are 238 

provided in Table 1. The numerical tank's length and height are set to 4 times the incident 239 

wavelength and 2 times the water depth, respectively. A wave forcing damping zone with a length 240 

of 1.5 times the incident wavelength is applied at the left end of the tank. The tank height is set to 241 

2 times the water depth. Three different grid schemes (coarse, moderate, and fine) are examined 242 

with a wave period of T=1.2s and a wave height of Hi=0.08 m. The detailed mesh parameters are 243 

provided in Table 2. The time step is fixed at dt=T/1000. The dynamic grid region near the DOB 244 

is further refined using a trimmed grid generation to accurately simulate multi-mode motions. Fig. 245 

3 shows the pitch response time history of the DOB and the pressure response time history inside 246 

the POWC chamber for different grid schemes. including the pitch of the DOB and the pneumatic 247 

pressure in the POWC chamber. The results indicate that the coarse grid scheme affects numerical 248 

accuracy compared to the fine scheme, with differences exceeding 7%. However, the moderate 249 

scheme yields results nearly identical to those of the fine scheme within a reasonable 250 

computational time, with relative amplitude and phase differences smaller than 5%. The moderate 251 

grid scheme and dt=T/1000 are used in Section 4 unless otherwise specified. 252 

 253 

Table 1 Key parameters of the numerical model. 254 

Parameters Value 

POWC longitudinal width (D) [m] 5 

Distance from the center of DOB to POWC front wall (d) [m] 1.5625 

Diameter of DOB (d1) [m] 0.2 

Draft of DOB (d2) [m] 0.15 
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Wave height (Hi) [m] 0.08 

Water Depth (h) [m] 1 

POWC opening ratio (α) [%] 0.625 

Damping coefficient of PTO (c) [N/(m/s)] 500 

The length from the two ends of the hydraulic piston cylinder to the central hinge 

point (L2, L3) [m] 

Duration of the CFD simulation 

0.1 

 

10T 

 255 

Table 2 Mesh parameters 256 

Case Mesh size(wave) Mesh size(DOB) 

Fine cells Δz=Hi/20, Δx=2Δz Hi/20 

Moderate cells Δz=Hi/15, Δx=2Δz Hi/15 

Coarse cells Δz=Hi/10, Δx=2Δz Hi/10 

 257 
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Fig. 3. Mesh convergence of moving responses: (a) the pitch of DOB, (b) pneumatic pressure in the chamber of 259 

POWC. 260 

3.2 Validation of DOB 261 

A two-floater hinged raft WEC system, named D-HRWEC, is used to validate the presented 262 

DOB numerical model. This WEC system consists of two geometrically identical floaters 263 

connected by a hinged arm, along with a controllable PTO unit that provides linear rotational 264 

damping of bpto=20 Nms/rad. The experiments corresponding to this system were conducted by Jin 265 

et al. [35]. The numerical mesh used for the simulation is shown in Fig. 4. The mesh is refined 266 

around the free surface and the floaters to ensure accuracy. Fig. 5 presents a comparison of the 267 

relative pitch response between the numerical simulation and Jin’s experimental results. The 268 

results indicate good agreement between the numerical simulation and the experimental data. The 269 

slight over-prediction of numerical values at the trough is likely due to the fact that the physical 270 

friction of the controllable PTO mounted inside the WEC device was not included in the 271 

numerical simulation. 272 

 273 
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Fig. 4. Mesh generation for the validated model D-HRWEC. 274 
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Fig. 5. Numerical and experimental comparison of relative hinge angles between floaters. 276 

3.2 Validation of OWC 277 

In this subsection, the numerical model is verified by reproducing wave interaction with a 278 

fixed offshore OWC device. The wave height (Hi) is set as 0.08m and the water depth (h) is 0.6 m. 279 

The wave period (T) is 1.3s and the air outlet width (e) is 0.009m. The experiments corresponding 280 

to this device were conducted by Iturrioz et al [36]. The numerical mesh used for the simulation is 281 

shown in Fig. 6. Fig. 7 presents a comparison of the air pressure between the numerical simulation 282 

and Iturrioz’s experimental results. The numerical simulation results are in good agreement with 283 

the experimental data. 284 

 285 

Fig. 6. Mesh generation for the validated model OWC. 286 
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Fig. 7. Numerical and experimental comparison of chamber air pressure. 288 

 289 

4 Numerical results 290 

This section presents the numerical simulation results for the proposed hybrid system. First, 291 

this section investigates the effects of the parabola's radian and the focal position of the POWC on 292 
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the hybrid system's capture factor. Following this, an exploration of how the number of chambers 293 

impacts the DOB-POWC is conducted. Additionally, this section analyzes the effects of the 294 

POWC's opening ratio, the height of the incident waves and the shape of DOB. Unless stated 295 

otherwise, the geometric parameters of the DOB-POWC hybrid system align with the data 296 

presented in Table 1. 297 

4.1 Effect of POWC in different radians 298 

The motion responses of the DOB are heavily dependent on the damping torque generated by 299 

the PTO unit. This damping torque, in turn, significantly affects the radiated waves produced by 300 

the DOB’s motion in waves. The energy dissipation by these radiated waves results in reduced 301 

power capture performance. Additionally, varying the radians of the front wall of the POWC 302 

results in changes in the focal position. Variations in the gap distance between the DOB and the 303 

POWC also significantly impact the overall energy harvesting efficiency of the hybrid system 304 

does. Conversely, altering the radian of the POWC’s front wall will change both the shape and the 305 

width of the POWC chamber. To investigate the above, three different cylindrical gaps from the 306 

center of DOB to POWC front wall are considered  i.e. d/h=1.3, 1.6 and 2.1, and DOB is placed at 307 

the focal position of the parabolic arc. Other parameters are consistent with Table 1 in Section 3.1. 308 

Fig. 8 presents the capture factor of DOB (ηDOB), POWC (ηPOWC) and the overall system (ηo) 309 

against dimensionless wave period T(g/h)0.5. The values from Fig. 8 (a) show that the maximum 310 

capture factor of DOB is enhanced when the gap from the center of DOB to POWC front wall 311 

decreased. As can be seen from Fig. 9, wave height at the focal point decreased when the gap d/h 312 

increased. This explains the phenomenon and indicates that energy is confined within the gap 313 

between the DOB and the POWC. When a wave reflects off the floating body, only a small 314 

fraction of the energy is radiated outward. Conversely, it is conjectured that the DOB can be 315 

approximately considered as isolated devices as the gap distance increases. Because of the wave 316 

gathering ability of the parabolic arc front wall, the maximum capture factor of the DOB ηDOB can 317 

reach 160.63%. In addition, the ability of DOB to harvest long period waves is significantly 318 

decreased compared with short period waves. However, as can be seen from Fig. 8 (b), the capture 319 

factor of POWC is enhanced when the dimensionless wave period T(g/h)0.5 increased. Therefore, 320 

this hybrid system can harvest wave energy effectively in all wave period (3.1<T(g/h)0.5<6.9). As 321 

shown in Fig. 8 (b), when the gap d/h increases, the capture factor of POWC decreases. This 322 

phenomenon can be explained by the fact that the parabolic arc radian decreases as the gap d/h 323 

increases. Consequently, the chamber width of the POWC increases. As the chamber width 324 

increases, the water mass within it also increases. As a result, the wave is more readily reflected by 325 

the water column, leading to increased energy dissipation. In Fig. 9, the position of the maximum 326 

wave amplitude is not accurately at the focal point, especially when the focal point is far away 327 

from the parabolic wall. This may be due to the actual focus shift caused by the collision of the 328 

wave reflected by the parabolic wall with the incident wave. 329 

It is remarkable that the double peak phenomenon would exist in the overall capture factor of 330 

the hybrid system which can be seen from Fig. 8 (c). The phenomenon is more significant when 331 

the gap from the center of DOB to POWC front wall decreasing to d/h=1.3. This is due to the fact 332 

that the resonance periods of DOB and POWC is different. During short wave periods, the DOB 333 

exhibits a higher capture factor, while the POWC is less effective in harvesting wave energy. In 334 

contrast, during long wave periods, the POWC has a higher capture factor. Therefore, this hybrid 335 

system is capable of harvesting wave energy from both long and short wave periods. The 336 
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maximum capture factor of the hybrid system will be higher with decreasing the gap d/h. 337 

Additionally, when the gap d/h increases, the hybrid system can continuously harvest wave energy 338 

effectively over a wider range of T(g/h)0.5. 339 
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Fig. 8. Capture factor versus nondimensional wave period for different radians of the parabola and the focal 342 

position of POWC (a) DOB (b) POWC (c) Overall hybrid system. 343 
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Fig. 9. Wave amplitude around the front wall of POWC (T(g/h)0.5=3.8) 346 

(a) d/h=1.3 (b) d/h=1.6 (c) d/h=2.1. 347 

4.2 Effect of the number of POWC chambers 348 

In this paper, the POWC is equipped with three chambers. As the number of chambers will 349 

affect the hydrodynamics of the OWCs, the corresponding energy capture performance will be 350 

different depending on different number of chambers, leading to different radiation from the OWC 351 

device, and hence may impact the performance of the OB device. Therefore, the effect of the 352 

number of chambers on the energy conversion of the DOB-POWC hybrid system is discussed in 353 

this section. This section considers the different number of POWC chambers i.e. n=1, 2 and 3, and 354 

the efficiency contour of the overall system and respective devices is presented in Fig. 10 (a)-(c). 355 

It is remarkable from Fig. 10 (a) that the change in the number of POWC chambers has 356 

almost no effect on DOB. This phenomenon suggests that variations in wave behavior within the 357 

POWC chambers do not influence the wave reflection from the parabolic front wall. Compared 358 

with n=2 and 3, n=1 has the largest chamber plane area in which the water column can easily enter 359 

to trigger piston-type and sloshing-type resonances, leading to more energy dissipation. In other 360 

words, the resonance modes within the chambers are closely linked to the chamber’s dimensions 361 

relative to the wavelength. This relationship facilitates the alignment of crest and trough regions 362 

inside the chamber. Consequently, the opposing liquid levels balance each other out and enhancing 363 

overall energy conversion performance of the multi-chamber POWC, as illustrated in Fig. 10 (b). 364 

Moreover, the more chambers the POWC has the better energy harvesting ability for long period 365 

waves. 366 

As a comparison, the overall capture factor as presented in Fig. 10 (c), are found to reach the 367 

maximum value 112% at the nondimensional wave period T(g/h)0.5=3.8. As the nondimensional 368 

wave period T(g/h)0.5 continues to increase, the second peak value of capture factor appears. It is 369 

clear that the more chambers the POWC has, the higher is the peak value of the capture factor. 370 

However, energy conversion is suppressed at the region between the two high regions, generating 371 

a ‘U’ shape area. The wave elevation at various measurement points within the chamber becomes 372 

more uniform as the POWC number increases from n=1 to n=3. The performance of the POWC is 373 

not significantly affected by the d/h while the performance of the DOB devices in short waves is. 374 

This increased uniformity promotes more synchronized pneumatic air movement, resulting in 375 

higher wave energy extraction, as shown in Fig. 11. 376 
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Fig. 10. Capture factor versus nondimensional wave period for different number of POWC chambers 379 

(a) DOB (b) POWC (c) Overall hybrid system. 380 
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 382 

 383 

Fig. 11. Wave amplitude of POWC chamber (T(g/h)0.5=6.2) (a) n=1 (b) n=2 (c) n=3. 384 

4.3 Effect of the POWC opening ratio 385 

All the simulations above are conducted for a given pneumatic damping coefficient. To 386 

further determine the optimal PTO system for the hybrid system, three different pneumatic 387 

damping coefficients were tested in this section. In this subsection, three simulation scenarios with 388 

opening ratio α=0.625%, 1.25% and 1.875% correspond to pneumatic damping coefficients Cd 389 

=68,275, 16,938 and 7470 are performed. Fig. 12 presents the effects of WECs on the capture 390 

factor. 391 

As plotted in Fig. 12 (a), the capture factor of the DOB remains nearly constant as the 392 

opening ratio of the POWC increases. The capture factor of the DOB increases with the opening 393 

ratio of the POWC in long wave period (5<T(g/h)0.5<6.9). This is because the DOB absorbs energy 394 

not captured by the POWC, which is reflected by the back wall. For the POWC, as presented in 395 

Fig. 12 (b), the capture factor decreases with increasing opening ratio. This phenomenon can be 396 

explained as follows: When the pneumatic damping coefficient decreases, the water surface 397 

elevation in the chamber rises. Looking at Fig. 12 (a) and (b), it is obvious that the orifice opening 398 

ratio has a significant impact on the POWC between 4.5 and 6.5 (T(g/h)0.5), meaning the radiated 399 

waves within this region will be significantly different, namely, the radiation wave from the OWC 400 

to the OB are significantly different under different orifice opening. However, the DOB device is 401 

not responding to waves significantly when the wave period exceeds T=4.5. Consequently, the air 402 
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pressure in the chamber increases, which enhances the wave energy absorption by the POWC. 403 

Although the capture factor of POWC changes with the opening ratio, the wave period of the peak 404 

value of the capture factor T(g/h)0.5=6.3 is invariant, which indicates that the opening ratio will not 405 

change the resonance period of POWC. This explains the variation of the overall efficiency with α 406 

as displayed in Fig. 12 (c). In order to enhance the air pressure in the chambers and adequately 407 

convert wave energy within rather wider periods, opening ratio α=0.625% is appropriate. Indeed, 408 

this is also consistent with the results of Zhao et al. [15], the optimal opening ratio is 0.5-1.0% 409 

approximately. 410 
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Fig. 12. Capture factor versus nondimensional wave period for different POWC opening ratios 413 

(a) DOB (b) POWC (c) Overall hybrid system. 414 

4.4 Effect of different wave heights 415 

The effects of wave height on the hydrodynamic performance of the DOB-POWC integration 416 

are examined in this section. The numerical simulations are performed with three different wave 417 

heights i.e. Hi/h =0.04, 0.08 and 0.12. Other parameters are maintained the same with the data in 418 

Table 1. Fig. 13(a)–(c) presents the influence of wave height on the capture factor of the DOB, the 419 

POWC and the whole hybrid system versus wave period. 420 

As presented in Fig. 13 (a), when the wave height Hi/h =0.04, T(g/h)0.5=3.8, capture factor of 421 

DOB occurs a sudden drop. This phenomenon may occur because, under these wave conditions, 422 

the peak of the wave reflected from the parabolic front wall coincides with the peak of the incident 423 

wave. As a result, the wave forces on the front and back sides of the DOB become balanced, 424 

leading to a reduction in the capture factor. Excluding this case, the capture factor of the DOB 425 

decreases as the wave height increases. This is expected because short-period waves with high 426 

nonlinearity can generate more higher-order waves reflected by the front wall. These higher-order 427 

reflected waves are more easily absorbed by the DOB. From Fig. 13 (b), weaker wave 428 
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nonlinearity i.e. Hi/h = 0.08 can enhance the maximum capture factor of the POWC compared to 429 

Hi/h = 0.04, but it is opposite for stronger wave nonlinearity i.e. Hi/h= 0.12. This implies that a 430 

proper POWC design should take into account the change of wave conditions which is important 431 

for the resonant characteristic and the operation efficiency, making it relatively rigorous to 432 

complete for practical applications. In Fig. 13 (c), for the DOB-POWC hybrid system, the 433 

maximum capture factor (ηo=134.5%) occurs at short period waves. The hybrid system achieves 434 

the highest overall energy conversion efficiency when subjected to waves with a height ratio of 435 

Hi/h =0.08. This appears to indicate that within all simulated periods, there is a general identity of 436 

the maximum overall capture factor for Hi/h =0.08 that the DOB-POWC hybrid system should 437 

observe. 438 
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Fig. 13. Capture factor versus nondimensional wave period for different wave heights 441 

(a) DOB (b) POWC (c) Overall hybrid system. 442 

4.5 Effect of different DOB shape 443 

The dependence of the energy conversion performance of the integrated system on different 444 

DOB shapes is discussed in this section.  As indicated in Fig. 14, under the condition that the 445 

volume and draft of the DOB remain unchanged, the diameter of the DOB is changed to make it 446 

show three shapes: slender, medium and flat. 447 

Fig. 15 (a) shows that the DOB's ability to absorb short-period waves improves with 448 

increasing diameter. Conversely, slender DOBs exhibit a higher capture factor in the medium 449 

wave period (3.8<T(g/h)0.5<5). All three DOB shapes are less effective at absorbing long-period 450 

waves. In Fig. 15 (b), all curves of capture factor of POWC exhibit a similar variation trend 451 

against the period for different DOB shapes. This behavior occurs because extremely short 452 

incident waves are mainly reflected by the DOB, while only moderate and long-period waves can 453 

enter the chamber, causing a piston-type oscillatory motion of the water surface. Since the DOB's 454 
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ability to absorb medium and long-period waves is weak, its shape has minimal impact on the 455 

POWC's energy capture. 456 

Fig. 15 (c) displays the capture factor contours for the overall system. The total capture factor 457 

curve of the hybrid system mirrors that of the DOB for medium and short-wave periods, indicating 458 

that energy harvesting is predominantly influenced by the DOB during these periods. Conversely, 459 

in the long-wave period, the total capture factor increases sharply, reflecting the dominance of 460 

POWC. 461 

 462 

Fig. 14. Schematic diagram of three DOBs with different shapes 463 

(a) d1/h=0.2 (b) d1/h=0.22 (c) d1/h=0.24. 464 
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Fig. 15. Capture factor versus nondimensional wave period for different diameter of DOB 467 

(a) DOB (b) POWC (c) Overall hybrid system. 468 

5 Conclusions 469 

This study proposes a hybrid system that integrates a Dual-mode Oscillating Buoy (DOB) 470 

hinged to the upper wall of a Parabolic Oscillating Water Column (POWC). An inverted ‘L’-471 

shaped beam from the DOB is connected to a rigidly fixed ‘L’-shaped beam positioned above the 472 

POWC. A PTO unit  is installed between the two beams to harness wave energy from the DOB's 473 
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relative motion in two modes: heave and pitch. This system combines gap resonance between 474 

adjacent marine structures with the energy-focusing characteristics of a parabolic front wall. It can 475 

harvest incident, reflected, and transmitted wave energies, providing a novel approach to wave 476 

energy extraction that has not been previously studied. To demonstrate the high capture factor 477 

across a range of broadband periods, a comprehensive hydrodynamic model is developed using a 478 

Computational Fluid Dynamics (CFD) algorithm. A moment MPTO is added to the DOB's center 479 

of mass to simulate the damping effect of the rigid body in motion. Following a series of 480 

systematic simulations, the main conclusions are presented below. 481 

A hybrid system comprising a Dual-mode Oscillating Buoy (DOB) and a Parabolic 482 

Oscillating Water Column (POWC) is proposed. The different resonance periods of the DOB and 483 

POWC enable the system to continuously and effectively harvest wave energy across a broader 484 

range of wave periods. 485 

The unique energy-focusing attribute of a parabolic front wall significantly enhances the 486 

capture factor of the DOB-POWC hybrid system, achieving a maximum value of 161.4%. 487 

Compared with the ordinary OWC front wall, the parabolic wall can effectively increase the wave 488 

height at the focal point and improve the capture factor of WEC at the focal point. 489 

Changing the radian of the POWC’s front wall affects the focal position and alters the shape 490 

and width of the POWC chamber. Reducing the gap distance between the DOB and POWC 491 

enhances the DOB’s maximum capture factor and positively impacts the POWC. Generally, a 492 

smaller gap distance is more beneficial for overall wave energy conversion. 493 

A multi-chamber POWC performs better in overall energy conversion than a single-chamber 494 

POWC. The more chambers the POWC has, the higher the peak capture factor and the wider the 495 

harvesting bandwidth. 496 

DOB can absorb energy not captured by the POWC, which is reflected by the back wall.  The 497 

opening ratio does not affect the resonance period of the POWC. To effectively convert wave 498 

energy across a wide range of periods, an opening ratio of α=0.625% is appropriate. 499 

A proper POWC design should consider changes in wave conditions, which are crucial for 500 

resonant characteristics and operational efficiency. In this study, a wave height of h=0.08m is 501 

deemed appropriate. 502 

Oblate DOBs are more effective at absorbing short-period waves, whereas tenuous DOBs 503 

demonstrate higher capture factors for medium and long period waves. 504 

The findings of this study are crucial for improving the design and performance of the OB-505 

OWC integrated system and other marine structures with energy-focusing capabilities. However, 506 

the short service life of the DOB presents a significant challenge to its commercialization. Three-507 

dimensional numerical wave tank is used in this paper, but the numerical simulation has some 508 

limitations compared with the real situation. Future experiments will further improve the 509 

feasibility of the hybrid system. Future research will aim to enhance the stability and longevity of 510 

the DOB to improve wave energy collection. 511 
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