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HIGHLIGHTS 

    This study aims to optimise an integrated cylinder WEC-type breakwater system. Two numerical methods, 
computational fluid dynamics method and potential flow theory-based method, are used and compared first in this abstract. 
Then, the parametric investigations are implemented by using potential flow theory-based method.  

1 INTRODUCTION 

Wave energy converters (WECs) are built to extract wave energy. However, this kind of devices is still expensive for 
commercial utilisations. To cut down the cost of WECs by sharing the construction-cost with breakwaters, an integrated 
WEC-type breakwater system (hereafter WEC-B system) is proposed to extract wave energy and attenuate incident waves. 
This study investigates the performance of wave energy extraction of an WEC-B system, which comprises the heaving 
oscillating buoys attached at the weather side of a truncated breakwater. Both computational fluid dynamics (CFD) tool, 
OpenFOAM®, and the potential flow theory-based solver, HAMS®, are utilised to optimise the performance of the WEC-
B system. Both of these numerical tools are validated by comparing with the experimental data obtained from Zhao et al. 
(2019). 

In our computations, OpenFOAM® provides the viscosity corrections for the potential flow solver by using decay 
tests. With the viscosity corrections, HAMS® can be significantly improved to predict the heave responses of the heaving 
oscillating buoys and to calculate the efficiency of wave energy extraction with different incident waves of this WEC-B 
system more accurately. In this way, the investigation by using the modified HAMS® saves huge amount of computational 
time compared with using CFD tool, OpenFOAM® itself. Thus, HAMS® is employed to the parametric study on the WEC-
B system for the optimisation of this integrated system. The effect of gap width between the WEC buoy and the 
breakwater, geometry of the WEC buoy and coaxial cylinder buoys setup on the efficiency of wave energy extraction of 
the WEC-B system will be investigated and discussed in this workshop. 

2 NUMERICAL MODEL 

For OpenFOAM®, the solver, interFoam, is employed to simulate fluid-structure interactions. Waves are generated 
and dissipated by using the relaxation-based wave generation toolbox waves2Foam proposed by Jacobsen et al. (2012). 
The Navier-Stokes equations, which is introduced below, are utilised for interFOAM to describe the motion of fluid 
continuum. These equations are written as a mass conservation equation and momentum equation by Newton’s second 
law, which are showed below respectively:  
𝛻 ∙ 𝑈$$⃗ = 0	 	 (1) 
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where 𝑈$$⃗  is the flow velocity vector, 𝜌 is the density of fluid, 𝜇 refers to the dynamic viscosity, g$⃗  is the acceleration 
of gravity, p is the pressure of fluid, and the last term 𝑓'$$$⃗  denotes the surface tension which has minor effects in civil 
engineering issues. Thereinto, three components of the velocity vector in three dimensions of Cartesian coordinates and 
the fluid pressure are unknown variables in governing equations. And OpenFOAM® utilises the finite volume method to 
solve these equations in the Eulerian meshes. 
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    For HAMS®, the potential flow theory with the assumption that the flow is inviscid, irrotational and incompressible 
is governed by the velocity potential F (x, t) which satisfies:  
∇(𝛷 = 0  (3) 
For the regular waves, the complex velocity potential f (x) can be related to F (x, t) by: 
𝛷 = Re(𝜙𝑒)*+&)  (4) 
where w is the frequency of the incident waves and t is time. In terms of complex velocity potential, the boundary-value 
problem can be expressed in the frequency domain: 
𝜙 =	𝜙, + 𝜙- + 𝑖𝜔∑ 𝜁.𝜙./

.01   (5) 
where 𝜙, is the incident potential, 𝜙- is the diffraction potential, 𝜁. (j = 1, … , 6) are six rigid body motions and 𝜙. 
(j = 1, … , 6) are six radiation potential components. The velocity potential components are subjected to the following 
boundary conditions at the free surface, on the body surface, at the seabed and in the Sommerfeld condition respectively: 
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where 𝜐 = 	𝜔(/g, g is the acceleration of gravity, 𝑉4 refers to the normal velocity at a point on the immersed body 
boundary 𝑆:, h denotes the water depth and R is the horizontal distance from the body. This boundary-value problem in 
HAMS® is solved by a standard boundary integral equation approach (Liu, 2019; Liu et al., 2016) 

In our computations, the heave motion of the heaving oscillating WEC buoy is required to calculate capture width 
ratio (CWR), which is used to evaluate the efficiency of wave energy extraction. The heave motion can be yielded from 
the following equation: 
(−𝜔((𝑀 + 𝜇,) − 𝑖𝜔(𝜆 + 𝜆;<=) + 𝐾)𝜁 = 𝐹>?  (7) 
where 𝑀 is mass, 𝜇,  denotes added mass, 𝜆 and 𝜆;<=  are wave damping and damping of power take off (PTO) 
system respectively, 𝐾 is buoyance stiffness, 𝜁 refers to motion of structure and 𝐹>? denotes wave excited force. The 
𝐹>? is obtained from HAMS® by solving potential flow theories as the following equation: 

𝐹>? = 𝜌𝑖𝜔 ∫ (𝜙, + 𝜙-)d𝑠5"
  (8) 

where 𝜌 is the density of fluid and 𝑆, denotes the area of the bottom of cylinder WEC in this study. While the 𝜇, and 
𝜆, which are influenced by viscosity, are calculated by the free decay test in OpenFOAM®. The 𝜇, is calculated from the 
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successive peak or trough values of the heave response in the free decay test. In this way, the 𝜁 can be obtained from Eq. 
(7) with viscosity corrections. As for the optimal damping of PTO system 𝜆;<=, because the generated power by the 

motion of WEC can be denoted as 𝑃CDE&FGH =	
1
(
𝜆;<=𝜔(|𝜁|(, The optimal 𝜆;<= can be defined as: 

𝜆;<= = b+𝐾 𝜔⁄ − 𝜔(𝑀 + 𝜇,)-
( + 𝜆(  (9) 

The CWR is calculated as the ratio of the generated power by the motion of WEC to the incident wave power. 

3 VALIDATION OF NUMERICAL MODEL 

The sketch of the setup of WEC-B system is shown in Figure 1. For the setup of validation cases, the heaving 
oscillating cylinder WEC buoys with radius of 0.135 m and draft of 0.2 m are installed in front of a fixed truncated 
breakwater with the draft of 0.25 m and the structure breadth of 0.6 m. The gap width between the cylinder WEC buoys 
and the breakwater is 0.1 m, the water depth (h) is 1 m and the incident wave height is kept a constant value of 0.12 m. 

Figure 2 shows the mesh setup of the 3D numerical wave tank in OpenFOAM®. The oversetMesh is utilised in this 
simulation. The oversetMesh consists of two sets of mesh: 1) the overset mesh which is around the floating structure and 
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has the same movement with the floating structure; 2) the background mesh which is static mesh. The data information is 
transferred between two sets of mesh. In term of oversetMesh setup, the deformation of mesh in the narrow gap can be 
avoided, which allows OpenFOAM® to be able to simulate these WEC-B system test cases more accurately. 

 
Figure 1. the top view (left) and side view (right) of the integrated cylinder WEC-type breakwater system. 

 

Figure 2. the background mesh and overset mesh setup in OpenFOAM®. 

       

Figure 3. comparison of HRAO as a function of kh (k is wave number, h is water depth). 

       
Figure 4. the free surface elevation in the gap between cylinder WEC and breakwater in time history when incident 

wave period is 1.60 s (left) and 1.17 s (right). 

The left-hand side diagram in Figure 3 shows that the heave response amplitude operator calculated by the potential 
flow theory-based method (HRAO = heave response of structure / incident wave amplitude) decreases sharply after 
including the viscosity corrections, especially around the nature frequency of the cylinder WEC buoy. The right-hand side 
diagram in Figure 3 validates the results calculated by the potential flow solver with viscosity corrections and by the CFD 
method with the experimental data (Zhao et al., 2019). In the lower wave frequency region (kh < 2.5), both HAMS® and 
OpenFOAM® results have a good agreement with experimental data. In the higher wave frequency region (kh > 2.5), the 
OpenFOAM® results still predicts the HRAO accurately compared with experimental results, however, the results of 
HAMS® are higher than the results of OpenFOAM® and experiments. The overestimation of HRAO by HAMS® may be 
influenced by the complex wave conditions in the narrow gap between the cylinder WEC and the breakwater. Figure 4 
shows two time histories of free surface elevation in the narrow gap when the incident wave period is 1.60 s (kh = 1.684) 
and 1.17 s (kh = 2.954). These two diagrams illustrate that the free surface elevation with low wave frequency still keep 
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a linear wave shape, while the waves with high wave frequency tend to be non-linear. The discrepancies of HRAO in 
higher frequency region indicates that non-linear wave issues cannot be well resolved by linear potential flow theory-
based method. Even though, the modified HAMS® with viscosity corrections can predict the general tendency of the curve 
of HRAO, and the values are generally close to the OpenFOAM® and experimental results. Thus, the parametric study 
used the modified HAMS® to predict forces and CWR under various conditions.   

4 RESULTS AND DISCUSSIONS 

The diagram of CWR in Figure 5 shows that the efficiency of wave energy extraction of the cylinder WEC can be 
improved significantly by the existence of the breakwater. In addition, different gap widths between the WEC and the 
breakwater affect the CWR as well. The WEC-B system with narrower gap widths has a higher CWR in general and the 
CWR keeps a high value in the wider range of kh. With the increase of the gap width, the maximum CWR decreases 
gradually, and the main peak also shifts to the lower wave frequency region (with smaller kh). When gap width reaches 
0.4 m or bigger the second peak occurs and gets bigger with the increase of gap width. The curve of CWR when gap width 
is 0.6 m has an obvious second main peak, which is induced by the large wave excitation forces on the WEC structure in 
the high frequency region (shown in the left figure of Figure 5). The large wave excitation may be influenced by the Bragg 
reflection which refers to the extreme wave loads on structure occurred in the specific wave frequency due to the reflected 
waves by rear structures. This phenomenon was also observed in the previous parametric study by the authors (Ding et 
al., 2019). 

Further parametric study on different geometries of WEC buoys and coaxial cylinder WEC buoys setup will be 
presented during the workshop. 

      

Figure 5. the dimensionless wave excitation force on the WEC (left) and capture width ratio (right) as a function of kh.  
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