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Abstract

:

This paper utilizes ANSYS-AQWA hydrodynamic simulation analysis software (2022 R2) to investigate the wave dissipation performance of an Oscillating Water Column (OWC) perforated floating breakwater under irregular wave conditions. The study examines the effect of spacing, width of the OWC opening, water depth, incident wave angle, and significant wave height on the wave dissipation performance of the floating breakwater. The results indicate that the wave dissipation performance of the OWC-perforated floating breakwater surpasses that of similar structures. The transmission coefficient is significantly influenced by spacing and water depth when subjected to irregular waves. The width of the OWC opening also affects the wave dissipation to some extent, with wider openings demonstrating improved performance in the case of long-period waves. The incident wave angle of 0 degrees yields enhanced wave dissipation performance. Although the meaningful wave height has minimal impact on wave dissipation, it increases proportionally with the rise in meaningful wave height. This study offers valuable insights for the design and implementation of floating breakwaters and holds significant practical implications for the research on integrated devices combining floating breakwaters and wave power generation.
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1. Introduction


In coastal engineering, floating breakwaters are crucial engineering structures that offer significant advantages such as portability, easy maintenance, and mobility. They hold great potential for broad application and align with the objectives of marine sustainable development, a key driver for global carbon reduction. Wave energy, being recognized as a clean and renewable energy source, has gained substantial attention. Therefore, the future development trend entails the research and development of floating breakwaters that exhibit excellent wave dissipation performance while incorporating wave power generation and other functionalities.



The transverse width of a double-body floating breakwater exceeds that of a single-body floating breakwater. Wave dissipation is based on the phase difference between the two bodies and the synergistic utilization of different energy dissipation methods [1]. In comparison to single-body floating breakwaters, double-body floating breakwaters demonstrate superior wave dissipation and attenuation effects. In recent years, scholars all over the world have continuously optimized the structure of double-body floating breakwaters and conducted numerous relevant numerical simulations and experimental research to enhance their wave dissipation effectiveness and ensure their safety and reliability.



In terms of numerical simulation, Williams et al. [1] employed the frequency domain method to calculate the transmission coefficient of the double-float floating breakwater. The results show that the width of the floating breakwater and the rigidity of the anchor chain significantly influence the transmission coefficient. Wang et al. [2] conducted simulations to assess the wave dissipation performance of a double floating box floating breakwater under long-period waves, demonstrating that the utilization of a double floating box (multi-floating box) effectively enhances the wave dissipation performance of the structure. Zheng et al. [3] utilized the time domain method to simulate the double box floating breakwater and validated its accuracy. Wang et al. [4] established through analysis of the time-domain motion equation that the spacing between the double-float breakwater elements exerts a considerable influence on the transmission coefficient. Sun et al. [5] proposed a box-type floating breakwater with kelp, and found that kelp improved the wave dissipation capacity of the breakwater, especially for long waves, by establishing a numerical model. Zhang et al. [6] propose a floating breakwater made of sponge material, and the results show that the breakwater has better wave-absorbing performance and range of motion response as the porosity of the sponge increases.



In terms of physical tests, Xu et al. [7] conducted experiments to investigate the relationship between the wave dissipation performance of a double row adjustable floating box breakwater and parameters such as wave steepness and spacing. Shen et al. [8] demonstrated that a rigidly connected double floating box type floating breakwater exhibits superior wave dissipation compared to a free double floating box type floating breakwater and a single box type floating breakwater. Shunichi and Yasuhiro [9] conducted physical tests on a double floating box type floating breakwater with inner and outer wings. The results indicate that the transmission coefficient gradually decreases with the increase in relative width, and the inner and outer wings also contribute to the reduction of wave energy.



Openings in a floating breakwater serve to effectively attenuate and break waves, leading to a reduction in the transmission coefficient and an enhanced wave dissipation effect. Wang [10] conducted tests on a porous floating breakwater constructed using a diamond module and concluded that the geometric structure within the floating breakwater significantly influences the transmission coefficient and cable force. Hu et al. [11] investigated the impact of porosity on structure wave dissipation through a combination of numerical simulation and physical experimentation. The findings indicate that the wave dissipation effect is not determined by porosity, and structures with smaller pore sizes exhibit better performance.



In wave energy development devices, oscillating water column (OWC) wave power generation devices are widely utilized. Many experts studied the OWC structure by experimental and numerical methods [12,13,14,15], and the research progression has laid the foundation for the integration of OWC devices with floating breakwaters. Several studies have explored the combination of oscillating water column installations with floating breakwaters. Compared to traditional floating breakwaters, these integrated structures exhibit improvements in the dissipation of long-period waves [16,17]. Physical experiments have been conducted to investigate the wave dissipation performance of oscillating water column structure breakwaters supported by pile foundations. The research findings indicate that these structures possess excellent wave absorption and dissipation capabilities. Yu et al. [18] proposed a pile-foundation permeable breakwater structure that integrates oscillating water-column power generation, resulting in combined power generation and wave dissipation effects. Kshma and Santanu [19] provide a detailed derivation of performance-related parameters for OWC equipment under irregular waves, emphasizing the significant improvements that can be achieved through appropriate combinations. Zhang et al. [20,21] calculated the energy capture and wave attenuation capacity of a triangular baffle heave float under linear PTO damping. It was found that the energy harvesting efficiency of the integrated system can be improved by increasing the width and draft of the buoy and reducing the distance between the buoy and the floating breakwater. Howe et al. [22] proposed an elbow-type OWC WEC and carried out relevant model experiments. The results showed that the spacing between two WECs plays a more important role in wave-energy extraction.



In this paper, a double-body floating breakwater is proposed, which combines an oscillating water column device with a perforated floating box. The OWC device is embedded within the floating box on the side facing the incoming waves, while the perforated structure is incorporated into the floating box on the opposite side facing the back wave. This combination aims to simultaneously reduce wave energy and harness wave energy. The focus of this paper is to investigate the wave dissipation characteristics of the floating breakwater under irregular waves. The study examines the influence of factors such as wave height, water depth, and incident wave angle on the transmission coefficient of the floating breakwater. These findings provide a theoretical foundation for the practical application of floating breakwaters in engineering projects.



The paper is organized as follows: Section 2 presents the underlying theory and numerical models. In Section 3, the amplitude response operator, mooring box, porous floating breakwater and wave energy conversion device breakwater are verified, which proves the accuracy of the numerical simulation. Section 4 studies the wave dissipation characteristics of the OWC-perforated floating breakwater under the action of irregular waves, and performs numerical simulation calculations on the floating breakwater, and simulates the floating breakwater by changing the parameters of the incident wave height, angle, and spacing of the box. According to the wave dissipation characteristics, the curve of the transmission coefficient changing with it is obtained. Finally, Section 5 presents the conclusion of this study.




2. Calculation Model


In analyzing hydrodynamic problems, fluid is usually assumed to be Newtonian and incompressible. Such an assumption is acceptable for water. Therefore, the fluid flow governed by a set of elliptic partial differential equations is known as the Navier–Stokes (N-S) equations. Due to the large dimensions of the structure, the viscosity of the fluid is negligible. So, water is assumed to be inviscid everywhere. Such an assumption, together with the assumption of incompressibility, results in an ideal fluid and the N-S equations reduced to Euler equations, in which all viscous stresses are eliminated. Assuming that the flow is irrotational, the governing equations reduce to a linear partial differential equation called the Laplace equation. Such a flow is known as potential flow. The boundary element method (BEM) has the advantage of converting a domain integration problem to a surface integration problem, and this may improve computational efficiency. However, BEM’s application is most prevalent in solving the Laplace equation, where the volume-surface transformation, ensured by Green’s theorem, is complete [23]. The Laplace equation calculations have provided acceptable results assuming the incompressible fluid and the irrotational flow in the wave structure interaction problems [24]. Here, the purpose is the analysis of the effect of wave environmental force on pontoon FBWs. In the analysis of the force of water waves on marine structures that are large in proportion to the wavelength, it is necessary to consider the wave-structure interaction. Diffraction and radiation problems have been applied on the interaction between a floating breakwater and a linear wave. In this study, ANSYS-AQWA commercial software (2022 R2) has been used for the hydrodynamic analysis of floating structures in the time and frequency domain, and the method and techniques of this application to solve problems are presented.



2.1. Governing Equations


In order to describe the fluid flow field around a floating structure, the velocity potential is defined as:


  Φ    X →  , t   =  A φ    X →    e  −  i ω t     



(1)




where A is the incident wave amplitude, ω is the wave.



Frequency, t is the time, and    X →  =   x , y , z     is the location relative to fixed reference axes (FRA). Here, using the usual symbol of floating Rigid Motions, three rotational and three translational motions of the body center of gravity are incited by an incident wave with unit amplitude:


         X j  =  u j  ,     j = 1 , 2 , 3          X j  =  θ  j − 3   ,     j = 4 , 5 , 6          



(2)







Here, the total potential   φ   X →     can be considered as a sum of three components: incident wave      φ I     , diffracted wave      φ D     , and radiated wave      φ R     , and all three potentials satisfy the Laplace equation. This is mathematically represented as:


  φ   X →    e  −  i ω t    =    φ I  +  φ D  +   ∑   j = 1  6     φ R   j   x j     e  −  i ω t     



(3)




where    φ I    is the first-order incident wave potential with unit wave amplitude,    φ D    is the corresponding diffraction wave potential, and    φ  RJ     is the radiation wave potential due to the j-th motion with unit motion amplitude.



The velocity potential function is   ϕ    X →  , t    , time-independent term is   φ   X →    , according to linear hydrodynamic theory for incompressible and inviscid fluid, and irrotational fluid flow is described by the following equations:



The Laplace equation in the fluid domain ( Λ ):


   ∇ 2  φ   x , y , z   =    ∂ 2  φ   ∂  x 2    +    ∂ 2  φ   ∂  y 2    +    ∂ 2  φ   ∂  z 2    = 0  



(4)







Linear free surface      s f      on z = 0:


  −  ω 2  φ + g   ∂ φ   ∂ z   = 0  



(5)







Body surface conditions (sb):


    ∂ φ   ∂ n   =       − i w  n j  ,     for   radiation   potential       −   ∂ φ   ∂ n   ,     for   diffraction   potential        



(6)







Seabed surface condition (sz) at z = −h:


    ∂ φ   ∂ z   = 0  



(7)







For far-field condition (s∞) where      x 2  +  y 2     ⟶∞,


     ∇ φ    → 0  



(8)







In this study, as described in the Introduction, the ANSYS-AQWA software is employed to solve the velocity potential, which is based on the potential-based BEM. In addition to the boundary conditions mentioned in the previous section, in the fluid domain, the below boundary condition is also satisfied:


   ∇ 2  G    X →  ,  ξ →  , ω   =    ∂ 2  G   ∂  x 2    +    ∂ 2  G   ∂  y 2    +    ∂ 2  G   ∂  z 2    = δ    X →  −  ξ →     



(9)




where   X ∈ Λ , ξ ∈ Λ ,  ξ →  =   ξ , η , ζ     is the location of a source on the FBW wetted surface, and   δ    X →  −  ξ →      is the Dirac function, which is described as:


  δ    X →  −  ξ →    =       0 ,     where ,  X →  −  ξ →  ≠ 0       ∞ ,     where ,  X →  −  ξ →  = 0          



(10)







Then, according to the Dirac function, Green’s function can be signified as:


  G    x →  ,  ξ →  , w   =  1 r  +  1   r 2    +   ∫  0 ∞    2   k + ν    e  − kh   ⋅ cosh   k   z + h     cosh   k   ζ + h       k sin h   kh   − ν cosh   kh      j 0    kR   dk  = i 2 π      k 0  + v    e  −  k 0  h   cosh    k 0    z + h     cosh    k 0    ζ + h       sinh    k 0  h   +  k 0  h cosh    k 0  h   − vh sin h    k 0  h      j 0     k 0  R    



(11)




where    J 0    is the first kind of Bessel function, and


   R =       x − ξ    2  +     y − η    2       r =    R 2  +     z − ζ    2        r 2  =    R 2  +     z + ζ − 2 h    2       v =    ω 2   g      k 0  tanh    k 0  h   = v   



(12)




where k = (2π/L) is the wave number, ω is the wave frequency, L is the wavelength, and g is the gravitational acceleration.



Here, the velocity potential of radiation and diffraction waves is defined as a Fredholm integral equation of the second kind by Green’s theorem.


    c φ    X →   =   ∫    S 0      φ   ξ →     ∂ G    X →  ,  ξ →  , ω     ∂ n   ξ →     − G    X →  ,  ξ →  , ω     ∂ φ   ξ →     ∂ n   ξ →       dS    c =       0 ,      X →  ∉ Λ ∪  S 0            2 π ,      X →  ∈  S 0        4 π ,      X →  ∈ Λ         



(13)







Then, the fluid potential is defined as:


  φ   X →   =  1  4 π     ∫    S b    σ   ξ →   G    X →  ,  ξ →  , ω   dS  



(14)




where    X →  ∈ Λ ∪  S b   .



In Equation (14), using the hull surface boundary condition given by Equation (6), the source strength over the mean wetted hull surface is defined as:


    ∂ φ   X →     ∂ n   X →     = −  1 2  σ   X →   +  1  4 π     ∫    S b    σ   ξ →     ∂ G    X →  ,  ξ →  , ω     ∂ n   X →     dS  



(15)




where    X →  ∈  S b   .




2.2. Equation of Motion and RAOs


The obtained solutions for the diffraction and radiation problems can be combined with the equation of motion of the floating FBW system to analyze the dynamic responses of the structural system in both the time and frequency domains.



In the frequency domain, the structural equation of motion is given by:


    −  ω 2     M s  +  M a    ′    −  i ω C   ′   +  K  hys     ′  +  K a       X  jm     =    F  jm     ′     



(16)




where    M a    ′    and    M s    are the total added mass matrices and the total structural mass, respectively, and the coefficient    C ′    is the hydrodynamic damping matrix.    K a    and    K  hys     ′    are the additional structural stiffness matrices and the assembled hydrostatic stiffness, respectively, and    F  jm     ′    represents the total Froude–Krylov and diffracting forces and moments, where  m  corresponds to the structure and  j  pertains to the motion modes.



Then, the equation of motion in the time domain is expressed as:


  M  X ¨   t  +  C  X ˙    t  + KX  t  = F  t   



(17)




where  M  is the added mass in the mass matrix and  C  is the hydrodynamic damping in the damping matrix, and both of them are frequency-dependent, and  K  is the total stiffness matrix. Here, according to the external force (  F  t   ), which has a constant amplitude, the equation of motion in the frequency domain cannot be straight converted into the time-domain equation. Therefore, by employing a convolution integral form, the equation of motion can be defined as follows:


     M S  +  A ∞     X ¨   t  +  c  X ˙    t  + KX  t  +   ∫  0 t  R   t − τ     X ˙    τ   d τ  = F  t   



(18)




where    A ∞    is the added mass matrix at the infinite frequency,  c  is the damping matrix, including the results of the radiation damping,  R  is the velocity impulse function matrix, and  K  is the total stiffness matrix.



In addition, the acceleration impulse function matrix can be used in the equation of motion as follows:


     M S  +  A ∞     X ¨   t  +  c  X ˙    t  + KX  t  +   ∫  0 t  h   t − τ    X ¨   τ   d τ  = F  t   



(19)







The acceleration impulse function matrix can be determined as:


  h  t  = −  2 π    ∫  0 ∞  B  ω    sin    ω t     ω   d ω  =  2 π    ∫  0 ∞    A  ω  −  A ∞    cos    ω t     d ω   



(20)




where   B  ω    is the hydrodynamics damping matrix and   A  ω    is the added mass matrix. By replacing the first-order and second-order wave loads into Equation (19), the equation of motion is obtained as:


     m ′  +  A ∞     X ¨   t  =  F   1     t  +  F   2     t  +  F t   t  −  c  X ˙    t  − KX  t  −   ∫  0 t  h   t − τ    X ¨   τ   d τ   



(21)




where  K  is the total stiffness matrix, and it includes mooring stiffness and the linear hydrostatics,    F t   t    is the mooring and articulation force,    F   1     t    is the first-order wave excitation force and moment, and    F   2     t    is the second-order wave excitation force.



Response amplitude operator (RAO) is the motion of a floating structure in six degrees of freedom (surge, sway, heave, roll, pitch, and yaw) due to hydrodynamic wave force. RAOs are utilized as input data for calculations to determine the displacements, accelerations, and velocities at any given location on a marine floating structure. In general, RAO is calculated by the ratio of response amplitude of the FBW      X j      to the wave amplitude      A i      for linear motion and the ratio of response amplitude of the FBW to the wave slope      α i      for rotational motion, which is defined as follows:


   RAO =    X j     A i    ,      Where   X   j  =  u j  ,       j = 1 , 2 , 3   ,    RAO =    X j     α i    ,      Where   X   j  =  θ  j − 3   ,       j = 4 , 5 , 6   .   



(22)




where αi is the wave slope, Ai is the wave amplitude, and    X j    is the response amplitude of FBW in rotational (   θ  j − 3    ) and displacement (   u j   ) mode. ANSYS-AQWA analyzes linear algebraic equations to determine the harmonic response of the body to regular waves. These response characteristics are commonly referred to as RAOs and are dependent on wave amplitude.




2.3. Mooring System


In order to analyze the dynamics of the cable motion, many factors should be considered, such as the effects of cable mass, drag forces, inline elastic tension, and bending moment. The forces applied to the cable vary with time and, generally, the cables behave nonlinearly. The simulation of cable dynamics is needed to discretize cable along its length and assemble the mass and applied forces. Each mooring line is discretized as a series of Morison-type elements subjected to various external forces.



The general equations for the force and moment acting on the cable are expressed as follows:


     ∂  T →    ∂  s e    +   ∂  V →    ∂  s e    +  ω →  +   F →  h  = m    ∂ 2   R →    ∂  t 2    ,      ∂  M →    ∂  s e    +   ∂  R →    ∂  s e    ×  V →  = −  q →  ,   



(23)




where   R →   is the position vector of the first node of the cable element,   T →   is the tension force vector at the first node of the element,   M →   is the bending moment vector at the first node of the element,   V →   is the shear force vector at the first node of the element,     F →  h    represents the external hydrodynamic loading vectors per unit length,   q →   is the distributed moment loading per unit length, m is the structural mass per unit length,   ω →   is the element weight per unit length,    D e    is the diameter of the element, and   Δ  s e    is the length of the element.



The bending moment and tension are relevant to the bending stiffness and the axial stiffness of the cable material defined as follows:


    M ″  = EI   ∂  R →    ∂  s e    ×    ∂ 2   R →    ∂  s e 2    ,     T ″  =  EA ε  ,   



(24)




where   M ″   is the bending moment of the cable,   T ″   is the tension of the cable,  ε  is the axial strain of the element,   EA   is axial stiffness of the cable, and   EI   is the bending stiffness of the cable.




2.4. Wave Transmission Coefficients


The radiation wave energy transfer from the FBW causes the wave to pass through the structure. Its energy transfer occurs in three ways, that is, the waves passing over the structure, the waves passing under the structure, and the waves created by the motion of the structure.



FBWs are designed to reduce wave transmission. So, as explained in the Introduction, the primary and most effective parameter in determining the performance of FBWs is the wave transmission coefficient. The total wave energy per unit length of the FBW is straightly proportionate to the square of the wave height.


   H i 2  =  H r 2  +  H t 2   



(25)




where    H i    is the incident wave height,    H t    is the transmitted wave height, and    H r    is the reflected wave height. The transmission coefficient is defined by    K t  =      H t     H i       , while the reflection coefficient is defined by    K r  =      H r     H i       . Hence, by replacing the defined parameters in Equation (25), we can write the following equation:


   K r 2  +  K t 2  = 1  



(26)







In the real situation, due to the presence of viscous dissipation, Equation (26) can be written as:


   K r 2  +  K t 2  +  K d 2  = 1  



(27)




where    K d    is the dissipation coefficient that is due to the viscous effects and the resulting energy loses, such as vortex shedding, friction, and wave breaking.



In this study, to calculate the wave transmission coefficient, the AQWA-GS module of ANSYS-AQWA is used. In this module, the results of calculations are displayed in different ways. After applying the wave load with determined characteristics, the wave amplitude can be calculated for different points of the domain. Then, by calculating the ratio of the amplitude of the incident wave to the amplitude of the wave behind the rear FBW, the wave transmission coefficient is obtained.


   K t  =    A t     A i    =    H t     H i    ,  



(28)




where    A t    is the transmitted wave amplitude,    H i    is the transmitted wave height,    A i    is the incident wave amplitude, and    H i    is the incident wave height.




2.5. Irregular Sea States and Repetitions


The numerical simulation is conducted using irregular waves. The simulation considers three different seawater depths: 18 m, 25 m, and 36 m. The seawater density is 1.025 kg/m3, the gravity acceleration is 9.8065 m/s2, the wave spectrum is JONSWAP, the significant wave heights are 1 m, 3 m and 5 m, the period of waves are 3.69 s, 4.49 s, 5.28 s, 6.08 s, 6.89 s and 7.69 s, and the spectral peak factor gamma = 3.3.



The random wave input parameters are based on the modified JONSWAP spectrum given by Goda [25], as follows:


  S  f  =  β J   H  1 ∕ 3  2   T P  − 4    f  − 5   exxp   − 1.25      T P  f     − 4      γ  exp   −     f ∕  f P  − 1    2  ∕ 2  σ 2       



(29)




where    T P    is the spectral dominant period,    T P  − 4   =  T  H 1 ∕ 3   /   1 − 0.132     γ + 0.2     − 0.559      ;    H  1 ∕ 3     and    T  H 1 ∕ 3     are the significant wave height and period, respectively,  f  is the wave frequency,    f P    is the spectral peak frequency,  σ  is the peak shape factor,   σ = 0.07   f ≤  f P     ,   σ = 0.09 ( f >  f P  )    γ  is the peak enhancement factor and normally a value of 3.3 can be used. The parameter    β J    is determined by the following expression:


   β J  =   0.06238   0.230 + 0.0336 γ − 0.185     1.9 + γ     − 1       1.094 − 0.01915  ln γ     



(30)








2.6. Meshing Method


For the numerical simulation, the calculation domain is 100 m × 100 m, and the automatic mesh generation method of hydro-dynamic diffraction is employed to generate the element mesh. This method involves switching between tetrahedral and swept mesh, depending on the overall structure. Tetrahedron mesh is generated if irregular spatial structure is encountered, and hexahedron mesh is generated if regular spatial structure is encountered. The maximum size of the grid is 3 m, and the setting tolerance is 1 m. Figure 1 shows the model mesh, and the mesh number of total calculation domain is about 25,000. There is a certain correlation between the maximum size of the division and the maximum allowable frequency. The maximum size of the mesh division should not be set smaller than the maximum frequency of the waves.





3. Validation of the Numerical Model 3


3.1. Simulation of Irregular Waves


In order to correctly simulate the wave surface situation, this paper conducts numerical simulation on irregular waves. In this paper, the wave parameters with spectral peak period TP = 6.89 s and wave effective wave height HS = 3 m are selected for simulation. Figure 2 shows the simulation of irregular waves in the center of the calculation domain in the repetition period of 100T, and the simulation is in good condition.




3.2. Validations for the RAO of Double Box Floating Breakwater


To ensure an accurate simulation of the motion state of the floating structure in the fluid and enhance the precision of the results, this paper verifies the motion response of the floating breakwater.



We established the mathematical model of the double box floating breakwater. The schematic diagram of the breakwater model is shown in Figure 3, where the relative plate spacing is the ratio of the plate spacing to the incident wave height, and the relative plate spacing is selected as 0.75 to calculate the motion response and compared with the findings of Wang and Liu [26] regarding relative width (Figure 4).




3.3. Validations for the Kt of the Mooring Floating Breakwater


To verify the accuracy of the calculation of the moored floating breakwater, the splayed anchor chain moored single box floating breakwater is calculated. The width of the square box is 30 cm, and the draft is 13.5 cm. The mooring style is shown as Figure 5, and the length of the mooring chain is 46 m, the length lying on the seabed is 45 cm, the incident wave height is 0.10 m, the relative draft is S/d = 0.3375, and the results are compared with the experimental data from Hou [27], as shown in Figure 6. The average error of the comparison results is 1.69% which is basically the same as the experiment, indicating that the model proposed in this paper accurately simulates the wave field around the moored floating breakwater (Table 1).




3.4. Validations of the Porous Floating Breakwater


We established the mathematical model of the porous floating breakwater. The schematic diagram of the model is shown in Figure 7. Its main structure is a square box, and its six sides are perforated. The perforation rate is 16%. Figure 8 shows the comparison diagram of the dike transmission coefficient changing with the increase of the relative width B/L (width of breakwater/wavelength). The calculation results are basically consistent with the experimental results of Liu [28], with an error of 3.69% (as shown in Table 2).




3.5. Validations of the OWC Breakwater


To verify the calculation accuracy of the upper OWC structure, we established an oscillating water column breakwater model with a horizontal floor, as shown in Figure 9, simulated water depth h = 0.4 m, wave height H = 0.06 m, plate spacing B = 0.18 m, D = 1.0 B, and the horizontal floor width and the device width is the same. The results are compared with the test results of Wang [29], as shown in Figure 10. It can be seen that the two are in good agreement. The errors between the target and present results are shown in Table 3 which shows the average error is 2.08%.





4. Results and Discussion


4.1. Numerical Simulation Conditions


The basic structure of the OWC-perforated floating breakwater model is two floating boxes. The OWC is embedded in the front floater, which has an inner wall thickness of 0.2 m. The rear floater is a perforated floater with orifice sections size of 0.5 × 0.5 m and 0.5 × 0.8 m. The purpose of the perforations is to further break and dissipate the waves that pass through the front float, thereby achieving an improved wave dissipation effect. To maintain structural stability and wave dissipation efficiency, the opening spacing should not be too large or too small. The perforated rate is set at 16.7%, as shown in Figure 11 of the model. The dimensions of a single float are L × B × H = 18 × 12 × 8 m. The draft depth is 5 m, and the incoming waves propagate forward along the x-axis. The water depth is h. The two floating boxes are connected by baffles, with the baffle length denoted as d. The anchor chains are arranged in parallel, and the mooring length is specified as L. The rigid connection between the components is shown in Figure 12 and the dimensions of the upper floating breakwater are shown in Figure 13.



The numerical simulation is conducted using irregular waves. The simulation considers three different seawater depths: 18 m, 25 m, and 36 m. The seawater density is 1.025 kg/m3, the gravity acceleration is 9.8065 m/s2, the wave spectrum is JONSWAP, the significant wave heights are 1 m, 3 m and 5 m, the period of waves are 3.69 s, 4.49 s, 5.28 s, 6.08 s, 6.89 s and 7.69 s, and the spectral peak factor gamma = 3.3. The working conditions of relevant parameters are shown in Table 4.




4.2. Structure Comparison


In order to get a preliminary understanding of the wave dissipation performance of the OWC-perforated floating breakwater, four similar floating breakwater structures were selected and simulated in this paper. Model A is double float which is the common structure for dual-box floating breakwater. Model B is the combination of an OWC-box in seaside and a standard box in leeside. Model C is the combination of a standard box in seaside and a perforated box in leeside. Model D is the combination of an OWC-box in seaside and a perforated box in leeside, which is named “OWC-Perforated Floating Breakwater” in this paper. The difference between the four models only lies from the top structure, and the mooring system and the connected style are same. So, Table 5 only shows the sketch map of the four models. The mooring length lying on the seabed is l = 9 m, and the water depth is h = 25 m (as shown in Figure 12).



During the calculation, the space distance between the two boxes is 8 m and the opening width of OWC is 3 m with a water depth 25 m under three kinds of significant wave heights (1 m, 3 m and 5 m). The transmission coefficients of the four models are shown in Figure 14. The transverse coordinate represents the periodic T, and the longitudinal coordinate represents the transmission coefficient Kt. By comparing the transmission coefficients of the four structures, it can be observed that Model A exhibits relatively large transmission coefficients. Model D demonstrates relatively small transmission coefficients, approximately 27% lower than that of the double box structure. This suggests a significant wave dissipation effect. The transmission coefficients of Model C and Model B fall between these two. Therefore, considering the wave dissipation performance, Model D exhibits better wave dissipation characteristics. Additionally, the OWC float box on the upstream side possesses the potential to generate electricity from wave energy. Consequently, Model D represents a floating break-water with promising practical applications.




4.3. Influence of Spacing


We changed the spacing of the OWC-perforated floating breakwaters to 6 m, 8 m, 10 m and 12 m, respectively. The simulated water depth is 25 m, and the significant wave heights are 1 m, 3 m and 5 m, respectively. The transmission coefficients are calculated, and the results are presented in Figure 11. From Figure 15a it can be seen that the transmission coefficient gradually decreases as the spacing increases. Comparing Figure 15a–c, it is shown that for short-period waves and smaller significant wave heights, the influence of spacing on the transmission coefficient is more pronounced. On the one hand, the increase of the spacing is equivalent to increasing the width of the floating breakwater and blocking more waves. On the other hand, the increase of the spacing makes the waves more completely mixed and broken between the two floating tanks, consuming more waves.




4.4. Influence of Water Depth


In this paper, three seawater depths are selected for simulation calculation, which are 18 m, 25 m and 36 m, respectively. The results, as shown in Figure 16, demonstrate that the transmission coefficient increases with an increase in water depth. Notably, the influence of water depth is more significant for short-period waves compared to long-period waves. Overall, as the water depth increases, the transmission coefficient gradually increases. This can be attributed to a decrease in water depth, equivalent to increasing the draft of the floating breakwater, which leads to a larger water-retaining area and greater wave-blocking capability, resulting in a decrease in the transmission coefficient.




4.5. Influence of Incident Wave Angle


Under actual sea conditions, oblique incident waves are common. Therefore, it is essential to understand the influence of wave incidence angle on the transmission coefficient. In this study, the incident wave angle is defined as 0° when the wave propagates forward along the x-axis (as shown in Figure 11), and it is defined as 90° when the wave propagates forward along the y-axis. Figure 17 shows the variation of the transmission coefficient of the floating breakwater under the action of waves with two different spacings of 10 m and 12 m, a significant wave height of 1m, and four different wave incidence angles. It can be seen from the figure that the wave incidence angle has some impact on the transmission coefficient. When the incident angle is small (0°–30°), the influence is relatively small, and when the incident angle is large (30°–60°) it becomes more significant. In general, the transmission coefficient tends to increase with an increase in the wave incident angle, particularly when the incident angle is large, where the influence ratio becomes more evident.




4.6. Significant Wave Height


To determine the influence of significant wave height on the wave dissipation effect of the floating breakwater, simulations were conducted under the conditions of varying spacing: 6 m, 8 m, 10 m and 12 m, at a water depth of 25 m and an OWC opening width of 3 m. The calculated transmission coefficient is shown in Figure 18.



As can be seen from the transmission coefficient in Figure 18, the smaller the significant wave height, the smaller the transmission coefficient. When the spacing is 6 m, 8 m, 10 m, and 12 m, the average differences in transmission coefficients are 3%, 4.2%, 6.2%, and 7.7%, respectively. This indicates that the influence of significant wave height on the transmission coefficient increases with the increase in spacing. This observation can be attributed to the fact that increasing the significant wave height is equivalent to reducing the wave-retaining area of the structure. Consequently, more waves pass through the floating breakwater, leading to a deterioration in wave retention and an increase in the transmission coefficient. On the other hand, as the spacing increases, waves have more opportunity to be fully mixed and broken between the structures. Under these conditions, reducing the significant wave height can significantly decrease the transmission coefficient.





5. Conclusions


This paper presents a numerical simulation study on the wave dissipation performance of an OWC-perforated floating breakwater under irregular waves using ANSYS-AQWA software. The effects of spacing, opening width and water depth on the wave dissipation performance of floating breakwater are discussed. The following conclusions can be drawn:




	(1)

	
The wave dissipation effect of the OWC-perforated floating breakwater is superior to that of similar structures.




	(2)

	
The spacing between the floating breakwater components has a significant impact on the transmission coefficient, particularly for long-period waves. The width of the OWC opening influences the wave dissipation effect. A wider opening is more effective for long-period waves.




	(3)

	
The water depth has a great influence on the wave dissipation performance of OWC-perforated floating breakwater. A shallower water depth yields better wave dissipation. The significant wave height has little effect on the wave dissipation effect. The wave dissipation performance is better when the incident wave angle is 0°.









In the numerical simulation research of this paper, the author believes that some of the research content still needs in-depth discussion and improvement, mainly reflected in the following aspects:




	(1)

	
This paper only discusses the wave dissipation performance of the OWC-opening double-body floating breakwater. Further research is needed on factors such as anchor chain force and wave pressure, and the coupling effect between the mooring system and the floating breakwater also needs to be considered.




	(2)

	
This paper does not simulate and calculate the conversion efficiency of the embedded OWC wave energy conversion device. The influence of different wave conditions and different OWC opening widths on the wave energy conversion efficiency can be further simulated and discussed.
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Figure 1. OWC floating breakwater model mesh division. 
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Figure 2. Irregular wave simulation results. 






Figure 2. Irregular wave simulation results.
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Figure 3. Schematic diagram of double floating box double plate floating breakwater. 
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Figure 4. Verification of motion response amplitude. 
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Figure 5. Schematic diagram of mooring floating breakwater. 






Figure 5. Schematic diagram of mooring floating breakwater.



[image: Sustainability 15 11427 g005]







[image: Sustainability 15 11427 g006 550] 





Figure 6. Verification of moored floating breakwater. 
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Figure 7. Schematic diagram of the porous floating breakwater. 
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Figure 8. Verification of porous floating breakwater. 
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Figure 9. Schematic diagram of the oscillating water column device with a horizontal bottom plate. 
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Figure 10. Regular wave simulation results. 






Figure 10. Regular wave simulation results.



[image: Sustainability 15 11427 g010]







[image: Sustainability 15 11427 g011 550] 





Figure 11. Schematic diagram of superstructure model. 






Figure 11. Schematic diagram of superstructure model.



[image: Sustainability 15 11427 g011]







[image: Sustainability 15 11427 g012 550] 





Figure 12. Schematic diagram of mooring structure model. 
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Figure 13. Dimension drawing of the upper structure (Unit: m). 
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Figure 14. Transmission coefficient of floating breakwaters with different structures. 
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Figure 15. Transmission coefficient of different spacing. 
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Figure 16. Transmission coefficient of different water depths. 
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Figure 17. Transmission coefficient of different wave incidence angles. 
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Figure 18. Transmission coefficients of different significant wave heights. 
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Table 1. Comparisons of the Kt of the moored floating breakwater between target result and present.






Table 1. Comparisons of the Kt of the moored floating breakwater between target result and present.





	
W/L

	
Target Result

	
Present

	
Error

	
Average Error






	
0.11

	
0.990

	
0.995

	
0.52%

	
1.69%




	
0.12

	
0.983

	
0.986

	
0.35%




	
0.14

	
0.937

	
0.928

	
0.87%




	
0.18

	
0.858

	
0.846

	
1.22%




	
0.24

	
0.643

	
0.678

	
3.50%




	
0.30

	
0.563

	
0.600

	
3.67%
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Table 2. Comparisons of the Kt of the irregular wave simulation results and target result.
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W/L

	
Target Result

	
Present

	
Error

	
Average Error






	
0.22

	
0.833

	
0.881

	
4.78%

	
3.69%




	
0.27

	
0.815

	
0.851

	
3.62%




	
0.34

	
0.654

	
0.683

	
2.89%




	
0.47

	
0.437

	
0.402

	
3.47%
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Table 3. Comparisons of the Kt of the OWC breakwater between target result and present.
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W/L

	
Target Result

	
Present

	
Error

	
Average Error






	
0.08

	
0.827

	
0.814

	
1.33%

	
2.08%




	
0.09

	
0.790

	
0.801

	
1.11%




	
0.10

	
0.704

	
0.748

	
4.42%




	
0.11

	
0.697

	
0.686

	
1.11%




	
0.12

	
0.616

	
0.571

	
4.42%




	
0.14

	
0.516

	
0.494

	
2.21%




	
0.15

	
0.457

	
0.424

	
3.31%




	
0.17

	
0.386

	
0.391

	
0.44%




	
0.18

	
0.311

	
0.300

	
1.11%




	
0.21

	
0.254

	
0.216

	
3.76%




	
0.24

	
0.197

	
0.203

	
0.66%




	
0.27

	
0.186

	
0.175

	
1.11%
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Table 4. Calculation conditions.
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	Parameter
	Symbol
	Content





	Water depth
	h
	18 m, 25 m, 36 m



	Significant wave height
	HS
	1 m, 3 m, 5 m



	Spacing
	d
	6 m, 8 m, 10 m, 12 m



	Period
	T
	3.69 s, 4.49 s, 5.28 s, 6.08 s, 6.89 s, 7.69 s



	Incident wave angle
	θ
	0°, 30°, 45°, 60°
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Table 5. Schematic diagram of superstructure model of floating embankment.
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	Model
	Type
	Sketch Map





	Model A
	dual-box
	[image: Sustainability 15 11427 i001]



	Model B
	combination of OWC-box and standard box
	[image: Sustainability 15 11427 i002]



	Model C
	combination of standard box and perforated box
	[image: Sustainability 15 11427 i003]



	Model D
	combination of OWC-box and perforated box
	[image: Sustainability 15 11427 i004]
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