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          Research on renewable energy, as well as its importance, as a substitute for fossil fuels is steadily garnering increasing attention worldwide. Among various renewable energy sources, wave energy has tremendous potential owing to its high energy density and uptime compared with others. Oscillating water columns are one of the most promising types of wave energy converters. Extensive studies have been conducted to investigate the hydrodynamic performance of OWC devices. However, most studies adopted a single geometry (circular or rectangular) for this device. Therefore, this study experimentally investigated the effect of structural differences on hydrodynamic performance using two differently-shaped OWC models with the same diameter. Although the results obtained from the given conditions may indicate that there is no significant difference in the hydrodynamic performance owing to a difference in structural shape, it is premature to draw a conclusion herein. Therefore, a subsequent experiment with a 3D CFD-based RANS-VOF model will be conducted in the near future for more in-depth investigations.
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      1. Introduction
      Today, more than 85% of the world's energy requirements relies on fossil fuels [1]. The excessive use of fossil fuels pollutes the environment and causes global ecological challenges such as global warming and sea level rise. To address such challenges, the development of novel energy sources and studies on renewable energy are essential.

      Among various renewable energy resources, including hydrogen energy, fuel cells, solar energy, solar light, bioenergy, wind power, and ocean energy, wave energy is one of the most promising renewable energy resources because it has several significant advantages compared with other energy sources [2]. Additionally, wave energy has a relatively higher energy density and lower energy loss compared with other energy sources. Wave Energy Converters (WECs) are devices that adopt this wave energy to produce power. In terms of device uptime, WEC can produce power at approximately 90% of the time, whereas other types of energy converters only generate power at 20–30% of the time [3]. WECs can be classified based on their energy conversion mechanisms or installation methods- fixed and floating types [4]. The Oscillating Water Column (OWC) device generates power via three conversion stages. In the first stage, wave energy is converted into pneumatic energy in the air chamber. In the second stage, the pneumatic energy is converted into mechanical energy via the Power Take-Off (PTO) system, and in the last stage, this mechanical energy is converted into electricity.

      The OWC concept was introduced by Masuda and Miyazaki in 1979 [5]. Since then, investigations into the hydrodynamic performance of OWC devices under various conditions have been carried out analytically, experimentally, numerically, or under a combination of conditions. Most previous studies adopted 2D numerical models and experiments in 2D wave flumes [6]-[16]. However, recent studies tend to focus on 3D approaches. By comparing 2D and 3D models, a recent study [17] determined that utilizing 2D numerical models to evaluate the hydrodynamic performance of OWC devices significantly overestimated the device efficiency. Elhanafi et al. [18]-[21] conducted a series of studies via numerical, experimental, or a combination of both to investigate 3D-fixed and floating offshore OWC WECs, which were under different parameters and conditions. Zabihi et al. [22] employed a 3D-fixed offshore OWC device to experimentally investigate hydrodynamic performance. Celik and Altunkaynak [23] developed a mathematical vibration model to estimate the surface elevation inside the chamber, and the results obtained were verified with experimental results. An OWC device with an L-shaped chamber was investigated via a 3D model experiment to determine the advantages of geometrical configuration [24]. Singh et al. [25] adopted 3D basin testing to investigate the dynamic response of a moored OWC under actual sea conditions. Connell et al. [26] proposed a free heaving OWC model with nonlinear PTO damping conditions using a 3D model testing and Computational Fluid Dynamics (CFD) modeling. An annular sector OWC device integrated with a dual cylindrical caisson breakwater was proposed, and its hydrodynamic performance was investigated using 3D physical model tests under different water depths, wave heights, and periods [27]. Zhan et al. [28] proposed a practical hybrid k-e/laminar CFD method for 3D models with OWCs. CFD simulations and 3D experiments were conducted to examine the hydrodynamic scaling effect of a cylindrical OWC device under various parameters [29]. In general, these 3D numerical and experimental investigations focus on unique OWC devices, with either rectangular or circular chamber cross-sections. The structural geometry of the OWC device alters the wave damping effect on the device, as well as the performance of the device. Therefore, to initiate a series of investigations into the effect of structural shape (i.e., different chamber cross-sections) on the hydrodynamic performance of OWC devices, 3D experimental approaches are proposed using two different models with the same diameter but different chamber cross-sections: right rectangular and circular sections.

    

    

  
    
      2. Model Experiment
      
        2.1 Test Facility
        The experiments were performed in a tank with dimensions of 25 × 1 × 1.2 m3, which was provided by the Korea Maritime and Ocean University, Busan, Republic of Korea. The wave tank is equipped with a piston-type wave generator at one end and wave absorber at the other end.

      

      
        2.2 OWC Device
        Two 1:5 3D physical scale models with the same diameter (box-type and cylinder-type OWCs) and manufactured using acrylic materials, were adopted, as shown in Figure 1 (refer to Table 1 for dimensions). In the experiments, the models were fixed in position to simulate a stationary OWC, as shown in Figure 2. Based on Froude’s similitude law, water depth was maintained at 0.8 m during the experiment, which represents 4.0 m at full-scale. To eliminate the sidewall effect, the ratio of the tank’s width to the model transverse dimension should be at least 5:1 [30]. The ratio of the model’s breadth to the tank’s width was set at 0.2 m (tank width/breadth > 5).

        
          
          

          Figure 1: 
				
          

          
            OWC models and orifices in 1:5 scale
          
          

          

        

        
          Table 1: 
				
          

          
            Dimensions of OWC device
          
          

        

        
          
            
              	Item
              	Box-type
              	Cylinder-type
            

          
          
            	Length(a) [m]
            	0.2
            	0.2
          

          
            	Breadth(b) [m]
            	0.2
            	0.2
          

          
            	Freeboard(f) [m]
            	0.15
            	0.15
          

          
            	Draft(d [m]
            	0.2
            	0.2
          

          
            	Thickness [m]
            	0.01
            	0.01
          

          
            	Orifice radius [mm]
            	22 (1%)
            	20 (1%)
          

          
            	32 (2%)
            	28 (2%)
          

        

        

        
          
          

          Figure 2: 
				
          

          
            OWC device in wave tank
          
          

          

        

        
          
          

          Figure 3: 
				
          

          
            Experiment layout
          
          

          

        

        To investigate the performance of the OWC device, orifice plates were applied on top of the OWC chamber. The orifice plates on the chamber induce a nonlinear damping effect, which allows the nonlinear air turbine PTO to be investigated. Orifice plates with different radii (1% and 2% opening ratio of the cross-sectional area of the cylinder and box-type chamber top, respectively), but the same thickness (10 mm) of the chamber were applied.

      

      
        2.3 Measurements and model performance
        Three wave gauges (two capacitance-type in the chamber and one ultrasonic-type in front) were adopted to measure the instantaneous free-surface elevation in the chamber (H1 and H2) and incoming wave height (UH1). The measured free-surface elevation inside the chamber was averaged based on the assumption that the elevation inside the chamber was linear and not sloshed. In addition, two pressure sensors (P1 and P2) were fitted on top of the chamber to determine the differential air pressure inside the chamber. The averaged value obtained was adopted as the chamber differential air pressure (△p).

        The vertical velocity of the free-surface elevation inside the chamber (dηowc/dt) was calculated by differentiating the measured time-series chamber elevation (ηowc). Then, the air flow rate (q(t)) was calculated using Equation (1) assuming a negligible air compressibility effect in the small-sized model.

        
          
            
              	
                
                  
                    q
                    
                      
                        t
                      
                    
                    =
                    d
                    
                      
                        η
                      
                      
                        o
                        w
                        c
                      
                    
                    /
                    d
                    t
                    *
                    a
                    b
                  
                
              
              	
                (1) 
				
              
            

          

        

        where a and b are the width and length of the OWC chamber, respectively.

        The hydrodynamic performance of the OWC model was investigated under regular waves of different heights and periods, as well as nonlinear PTO damping conditions. The incident wave and time-averaged extracted pneumatic powers of the OWC were calculated using Equations (2) and (3), respectively. By combining Equations (2) and (3), Equation (4) is obtained and can be used to calculate performance efficiency (ζ).

        
          
            
              	
                
                  
                    
                      
                        P
                      
                      
                        I
                      
                    
                    =
                    0.5
                    ρ
                    g
                    
                      
                        A
                      
                      
                        2
                      
                    
                    
                      
                        C
                      
                      
                        g
                      
                    
                  
                
              
              	
                (2) 
				
              
            

          

        

        
          
            
              	
                
                  
                    
                      
                        P
                      
                      
                        E
                      
                    
                    =
                    
                      
                        1
                      
                      
                        T
                      
                    
                    
                      
                        ∫
                        
                          0
                        
                        
                          T
                        
                      
                      
                        ∆
                        p
                        
                          
                            t
                          
                        
                        q
                        
                          
                            t
                          
                        
                        d
                        t
                      
                    
                  
                
              
              	
                (3) 
				
              
            

          

        

        
          
            
              	
                
                  
                    ζ
                    =
                    
                      
                        
                          
                            P
                          
                          
                            E
                          
                        
                      
                      
                        
                          
                            P
                          
                          
                            I
                          
                        
                        a
                      
                    
                  
                
              
              	
                (4) 
				
              
            

          

        

        
          
            
              	
                
                  
                    
                      
                        C
                      
                      
                        g
                      
                    
                    =
                    
                      
                        ω
                      
                      
                        2
                        k
                      
                    
                    
                      
                        1
                        +
                        
                          
                            2
                            k
                            h
                          
                          
                            
                              
                                sinh
                              
                              ⁡
                              
                                
                                  
                                    2
                                    k
                                    h
                                  
                                
                              
                            
                          
                        
                      
                    
                  
                
              
              	
                (5) 
				
              
            

          

        

        where PI, A, ρ, T, Cg,and k represent the mean incident wave energy flux per unit width, incoming wave amplitude water density, wave period, group velocity of incoming wave calculated by Equation (5), and wave number, respectively [31]. Additionally, PE represents the time-averaged pneumatic extracted power [32][33][34], while Δp(t) indicates the differential pressure generated by the air flow in the chamber.

        The pressure coefficient refers to the pressure of the air passing through the orifice compared with the pressure of the water level in the chamber, which is calculated using Equation (6).
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        where ΔPmax is the differential air pressure amplitude, as defined in Equation (7).
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        The experiments were conducted at two wave heights (H) of 0.05 m and 0.1 m, and ten wave periods (T) from 1.1 s to 2.9 s. The total number of wave conditions is 20, as summarized in Table 2. To obtain high-quality experiment measurements, the experiment was repeated three times for each case. The time-series of 6–8 wave cycles were captured in 60 s to ensure reliability.

        
          Table 2: 
				
          

          
            Wave conditions for the experiments
          
          

        

        
          
            	No.
            	1
            	2
            	3
            	4
            	5
            	6
            	7
            	8
            	9
            	10
          

          
            	T [s]
            	1.1
            	1.3
            	1.5
            	1.7
            	1.9
            	2.1
            	2.3
            	2.5
            	2.7
            	2.9
          

          
            	H [m]
            	0.05
          

          
            	No.
            	11
            	12
            	13
            	14
            	15
            	16
            	17
            	18
            	19
            	20
          

          
            	T [s]
            	1.1
            	1.3
            	1.5
            	1.7
            	1.9
            	2.1
            	2.3
            	2.5
            	2.7
            	2.9
          

          
            	H [m]
            	0.1
          

        

        

      

    

    

  
    
      3. Results and Discussion
      Figures 4-7 present the amplification factor (ratio between the maximum free-surface elevation, ηmax, and incident wave amplitude, A) against ka, which is a dimensionless parameter that considers the changes in wave frequency or period.

      
        
        

        Figure 4: 
				
        

        
          Amplification factor (Box-type with 1% orifice)
        
        

        

      

      
        
        

        Figure 5: 
				
        

        
          Amplification factor (Cylinder-type with 1% orifice)
        
        

        

      

      
        
        

        Figure 6: 
				
        

        
          Amplification factor (Box-type with 2% orifice)
        
        

        

      

      
        
        

        Figure 7: 
				
        

        
          Amplification factor (Cylinder-type with 2% orifice)
        
        

        

      

      As can be observed in Figures 4 and 5 (i.e., 1% orifice), the trends of each device’s response to both wave heights are similar. In general, the amplification factor increased until it reached a peak at a certain ka value as the wave frequency increased, and then decreased continuously; however, each wave height exhibited varying peaks at different ka values. Furthermore, the surface elevations of H = 0.05 m in most frequencies were higher than those of H = 0.1 m. However, it should be noted that there was a sudden drop before a peak occurred at H = 0.05 m for both shapes.

      The overall trends of each device with the 2% orifice for both wave heights (see Figures 6 and Figure 7) were similar to the amplification factor tendency of devices with the 1% orifice (i.e., increased until the peak, then decreased), except for an outlier at the highest frequency for H = 0.05 m. It is notable that the application factors of both devices with the 2% orifice for both wave heights were relatively superior at higher frequencies (i.e., ka = 0.243–0.671) than for those with 1% orifice.

      Figures 8–11 show the pressure coefficient (CP) of each device under given conditions. When the 1% orifice was attached (Figures 8 and Figure 9), the pressure coefficient for both shapes inclined as ka increased and peaked at a certain frequency, thereby indicating the resonant frequency of the chamber. After the peak, the pressure coefficient appeared to decline with a further increase in wave frequency.

      
        
        

        Figure 8: 
				
        

        
          Pressure coefficient (Box-type with 1% Orifice)
        
        

        

      

      
        
        

        Figure 9: 
				
        

        
          Pressure coefficient (Cylinder-type with 1% orifice)
        
        

        

      

      
        
        

        Figure 10: 
				
        

        
          Pressure coefficient (Box-type with 2% orifice)
        
        

        

      

      
        
        

        Figure 11: 
				
        

        
          Pressure coefficient (Cylinder-type with 2% orifice)
        
        

        

      

      Unlike the tendency with the 1% orifice, the pressure coefficients of the 2% orifice were considered (Figures 10 and 11), and they continued to increase.

      This could mean that applying different damping conditions could alter the resonance frequency of the devices. However, the size of the orifice plates was half, and the resulting pressure coefficients were not linearly related. In addition, it is notable that the pressure coefficient discrepancy between H = 0.05 m and H = 0.1 m was more significant when a lower PTO damping was applied.

      Based on the amplification factor and pressure coefficient previously presented, the extracted power can be estimated using Equation (3). The efficiency of the device was defined as the ratio of the extracted power to the incident wave power, as expressed in Equation (4). It should be noted that although the air flow rate is not given, it is expected to follow the differential pressure of the devices [21].

      Because the differential pressure and air flow rate, which follow the aforementioned differential pressure, are the governing parameters for the power extraction, the device efficiencies were expected, as illustrated in Figures 12-15. The power extractions increased with an increase in the pressure coefficient. At a certain frequency (ka = 0.4), the cylinder-type exhibits higher efficiency when the wave height is at 0.1 m; however, the box-type tends to vary depending on PTO damping. In general, the efficiency of both devices was determined to be greater for higher wave frequencies (i.e., shorter wave periods).

      
        
        

        Figure 12: 
				
        

        
          Device efficiency (Box-type with 1% orifice)
        
        

        

      

      
        
        

        Figure 13: 
				
        

        
          Device efficiency (Cylinder-type with 1% orifice)
        
        

        

      

      
        
        

        Figure 14: 
				
        

        
          Device efficiency (Box-type with 2% orifice)
        
        

        

      

      
        
        

        Figure 15: 
				
        

        
          Device efficiency (Cylinder-type with 2% orifice)
        
        

        

      

    

    

  
    
      4. Conclusion
      In this study, we examined the hydrodynamic performances of two differently-shaped OWC models in a 1:5 scale with the same diameter (i.e., different water-plane area; rectangular and circular) under 80 test conditions: a combination of two wave heights, ten wave periods, and two PTO damping conditions for each device. For the given experimental conditions, it was inferred that no significant difference appeared in the hydrodynamic performance, owing to the shapes (box- and cylinder-type) of the OWC devices. However, it is too early to draw a conclusion as only bare minimum conditions were considered in this study. Therefore, for a deeper understanding of the effect of structural shape on the hydrodynamic performance of OWC, a subsequent experiment will be conducted with a broader range of experimental conditions, including higher PTO damping conditions and wave frequencies. In addition, extra wave probes will be installed in follow-up experiments to investigate the energy balance of two differently-shaped OWC devices. Furthermore, a fully nonlinear 3D CFD model testing based on the Reynolds-averaged Navier-Stokes (RANS-VOF) model will be performed, and its results will be verified against the experimental results obtained from further numerical approaches.
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(b) Side-view of box-type OWC in wave tank
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