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This research investigates the Backward Bent Duct Buoy (BBDB), a floating type of 

Oscillating Water Column (OWC), focus on assessing the influence of dual orifice air 

column orientations on its primary conversion efficiency. A significant research gap 

exists regarding the design of the device, particularly the orifice area at the top panel 

of the device, highlighting the need for more studies in this area. The problem 

statement emphasizes that optimizing orifice design is crucial for maximizing BBDB 

efficiency. The study includes the design and fabrication process of the top panel, 

conducted through SolidWorks CAD software and laser cutting methods using 

acrylic sheets as materials. Experimental results from tests conducted in a 3D wave 

basin at NAHRIM revealed that Configuration 1 demonstrates the highest efficiency 

at 0.092%, followed by Configuration 2 at 0.091%, and Configuration 3 at 0.083%. 

Notably, findings indicate that a longer distance between orifices contributed to 

higher efficiencies. These findings contribute to understanding the performance 

differences of BBDB configurations, offering understanding for further 

advancements in wave energy conversion systems.  
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1.0 INTRODUCTION 
 
The escalating global population poses a growing demand for energy supply, primarily reliant on fossil 
fuels. Despite the adverse effects and environmental concerns associated with burning fossil fuels, the 
decline in this energy source could significantly impact various sectors. The combustion of fossil fuels has 
been a major contributor to climate change, global warming, the greenhouse effect, and detrimental effects 
on human health [1-2]. Recognizing these challenges, the imperative lies in the collective desire to 
transition towards cleaner and sustainable energy sources as the only viable solution. 

 
Renewable energy derived from the ocean encompasses various forms of energy, including thermal, 

chemical, and mechanical sources. Examples of ocean energy technologies include Ocean Thermal Energy 
Conversion (OTEC), salinity gradient power (SGP) or known as blue energy, and wave energy converters 
(WEC) [3-5]. Ocean Thermal Energy Conversion (OTEC) is a sustainable energy technology that utilizes the 
temperature contrast between the ocean's warm surface water and its cold deep water to produce 
electricity whereas SGP harness electricity from the different concentration of salt between seawater and 
freshwater [6]. As for wave energy, it harnesses electricity through the kinetic energy of the waves. Among 
all ocean energy, WECs are considered more reliable due to the predictable and constant presence of waves 
[7-8]. This potential to transform wave energy into usable power has motivated many inventors, resulting 
in over a thousand patents filed by 1980, with that number significantly rising in the years since [9]. 
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Wave Energy Converters (WEC) come in different forms, such as Oscillating Water Columns (OWC), 
point absorbers, overtopping devices, and attenuators [10-12]. Each devices have different ways of 
harvesting the energy from the waves. Point absorbers have the capability of producing a relatively high 
amount of electricity despite its design and build being the smaller compared to other type of WEC. One 
side of the device is anchored to the seabed whereas the other end would be moving in vertical motion. On 
the other hand, attenuators are placed in a direction that is parallel with the main wave direction and the 
wave motions that causes the motion in the joint are counteracted by hydraulic rams, which push high-
pressure liquid to drive hydraulic motors. These hydraulic motors, in turn, operate an electrical generator. 
Meanwhile, OWC consists of a turbine, orifice, and a chamber. OWC utilize the rise and fall of water levels 
inside a chamber to create airflow. This airflow drives the turbines that is link to generators, resulting in 
the generation of electricity. OWC can be classified into two types: floating and fixed systems. The 
differences in these two is that the fixed type is anchored in one place, usually near the shore or coast 
whereas the floating are buoyant structures that move along with the waves and is moored to seabed. 
Examples of wave energy converters (WECs) include the Pelamis and Osprey as prominent attenuators, the 
AWS-3 and WaveBob as notable point absorbers, and the LIMPET (Land Installed Marine Powered Energy 
Transformer) as a well-known oscillating water column system, each showcasing unique methods for 
harnessing energy from ocean waves [13-15]. These technologies harness the continuous motion of ocean 
waves to generate sustainable and clean energy, offering a promising alternative to traditional fossil fuel-
based sources. 
 

The floating type of oscillating water column (OWC) holds a significant advantage as it can be 
maneuverer to exploit wave energy wherever it is present. This adaptability makes it a versatile solution 
for various locations with different wave patterns. Other than that, floating OWC typically have a simple 
body design and does not have any complex moving parts installed or submerged underwater which 
reduces the potential for underwater maintenance. This capability is also particularly valuable for islands 
or remote areas where consistent wave patterns may vary. An illustrative example is the Backward Bent 
Duct Buoy (BBDB), a floating OWC device. The BBDB has the potential to replace traditional diesel 
generators on islands [16]. By harnessing the power of ocean waves, it offers a cleaner and more 
sustainable energy source, reducing reliance on diesel generators that are both costly and environmentally 
unfriendly. This shift not only contributes to energy sustainability but also mitigates the environmental 
impact associated with the use of fossil fuels. However, the studies regarding BBDB are insufficient 
compared to other WECs, despite the BBDB’s potential for higher energy output. According to Joubert et al. 
(2013), among the 172 types of Wave Energy Converters (WEC) listed, only three were classified as BBDB: 
the Ocean Energy (OE) buoy (OE 35), the OE Generation Platform (OE 12), and a developing 5kW floating 
offshore OWC from the Guangzhou Institute of Energy Conversion (GIEC) [16].  

 
However, it's important to note that both the OE 35 and OE 12 are only quarter-scale prototype models. 

The OE buoy is noted for its low environmental impact, as it has no open moving parts that could potentially 
harm marine life. Additionally, maintenance is straightforward since the turbines and generators are 
situated above the water, which helps prevent corrosion and makes them easily accessible. Due to this 
research gap, the efficiency of the BBDB remains low. One area that is lacking in research is the orifice that 
is located at the top panel of the device. The orifice is connected to a turbine which plays an important role 
as during the oscillation of the water, the air trapped inside of the chamber would be exiting through the 
orifice. A proper design of the orifice is essential for maximizing the efficiency of the BBDB.  Hence, this 
study is looking forward to exploring the impact of dual orifice air column orientations towards the primary 
conversion efficiency of the BBDB device. 

 
2.0 MATERIALS AND METHODS 
 
2.1 Design and Fabrication of Top Panel Air Column 
 
The designing of the top panels was create using SolidWorks CAD software. The dimension of the BBDB 
device was shown in Figure 1 while Figure 2 shows the drawings and fabricated top panels. The dimension 
of the BBDB device was taken from previous studies [17-19]. As for the distance between the orifices in the 
BBDB configurations is determined by the size of the orifice, which has a diameter of 40 mm (denoted as 
1D). In Configuration 1, the distance is set at 6 times the diameter (6D), which measures 240 mm. In 
Configuration 2, the orifices are spaced at 3 times the diameter (3D), equating to 120 mm. Finally, 
Configuration 3, the distance between the two orifices is set at 1.5 times the diameter (1.5D), resulting in 
60 mm. The top panel was then fabricated using laser cutting method and the materials used were acrylic 
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sheets before conducting a wave tank test. All top panels had the same length of 600 mm, width of 200 mm 
and orifice diameter of 40 mm. 
 

 
Figure 1. Dimension of BBDB from three different perspective 

 

 
Figure 2. Fabricated Top Panels 

 
2.2 3D Wave Basin Test 
 
The experiment was conducted in a 3D wave basin located at the Hydraulic and Instrumentation 
Laboratory of the National Water Research Institute of Malaysia (NAHRIM). The dimensions of the wave 
basin are 30 m in length, 30 m in width, with a depth of 1.2 m and a water depth of 0.04 m as shown in 
Figure 3. All matters related to the management of the wave basin are handled from a control room located 
near the wave basin. A combination of wave periods ranging from 1 s to 3 s and a wave height of 0.1 m were 
used in this experiment to simulate a low heave wave condition. The chosen wave period also represents 
shallow water conditions, with wavelengths ranging from 0.61 to 1.843. To ensure consistency between 
the wave input and output, a wave probe was placed 3 m upstream from the BBDB device. 
 

 
Figure 3. Schematic diagram for the experiment setup 
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2.3 Instrumentation 
 
A pitot tube anemometer (EXTECH HD-350) was used in this experiment to measure the flow rate and 
pressure coming out of the orifice and the top view of the setup are as illustrated in Figure 4. The pressure 
is recorded in Pascal, and the flow rate is measured in cubic meters per minute. Subsequently, these units 
are converted to kilopascal and cubic meters per second, respectively, before calculating the efficiency. To 
enhance the stability of the Backward Bent Duct Buoy (BBDB), two steel plates, each weighing 10.5 kg, were 
added to the front buoy. Additionally, two mooring lines were attached to each side of the device, with a 
concrete block fixed to the other end, ensuring the prevention of any displacement of the BBDB during 
deployment. 
 

  
(a) (b) 

Figure 4. (a) Pitot tube anemometer, (b) Top view of the device 
 
2.4 Primary Conversion Efficiency of BBDB Device 
 
The primary conversion efficiency of the device is determined using a formula developed by Macfarlane et 
al. [20]. To calculate the efficiency, both wave and air energy must be quantified. Wave energy is obtained 
from the incident wave, which was computed in this study using Equation (1). 

    

𝑛1 =
𝐸𝑎𝑖𝑟

𝐸𝑤𝑎𝑣𝑒

                                                                                                                                                                          (1) 

        
In this study, wave energy, representing the energy obtained from incident waves, was calculated using 
Equation (2). 

 

𝐸𝑤𝑎𝑣𝑒 =  
1

2
𝜌𝑔𝜁2𝐶𝑔𝐵                                                                                                                                                         (2) 

        
In Equation (2), the symbols 𝜌, 𝑔, 𝐵, 𝜁, 𝐶𝑔 and h represent the water density (kg/m³), gravitational 

acceleration (m/s²), width of the device perpendicular to the incident wave direction (m), incident wave 
amplitude (m), group velocity (m/s) and water depth (m), respectively. The group velocity signifies the 
speed at which a wave packet travels, whereas  is the angular frequency of the wave (rad/s), and its 
equation is defined in Equation (3). 

 

𝐶𝑔 =  
𝛺

2𝑘
(1 +

2𝑘ℎ

𝑠𝑖𝑛ℎ(2𝑘ℎ)
)                                                                                                                                             (3) 

        

As for, wave number, k represents the spatial frequency of a wave, measured in cycles per unit distance 
(ordinary wavenumber) as shown in Equation (4). In this context, the symbol λ represents the angular 
frequency of the wave measured in radians per second. 

 

𝑘 =  
2𝜋

𝜆
                                                                                                                                                                                (4) 
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Moreover, the air energy is equivalent to the pneumatic output energy that is acquire from the orifice outlet 
that is located at the top panel air column. The calculation of air energy is as per Equation (5). Nevertheless, 
it is essential to know the pressure difference of the orifice output for a better calculation. 

     

𝐸𝑎𝑖𝑟 =  
1

𝑇
∆𝑃(𝑡)𝑄(𝑡)𝑑𝑡                                                                                                                                                     (5) 

       
The pressure difference, ΔP was obtained by subtracting the maximum and minimum pressure obtained 
from the orifice outlet whereas Q, the flow rate was obtained from inside the water column. Since this study 
uses dual orifices, the air energy from each orifice, both having the same wave period and height, was 
initially summed and then divided by the wave energy, as illustrated in Equation (6). 

          
𝛴𝐸𝑎𝑖𝑟 = 𝐸𝑎𝑖𝑟1 + 𝐸𝑎𝑖𝑟2 + ⋯ + 𝐸𝑎𝑖𝑟𝑛                                                                                                                                (6) 
       

3.0 RESULTS AND DISCUSSION 
 
3.1 Pressure Amplitude in Water Column 
 
In Figure 6, a similar fluctuating trend with three peaks is observed for all top panels. During the first peak 
at λ/L = 2.8, Configuration 1 exhibits the highest-pressure amplitude of 0.000257. In the second peak at 
λ/L = 4.3, Configuration 3 surpasses the others with the highest 𝑃/𝜌𝑔𝑍𝑖 of 0.000225, while Configuration 
2 takes the lead during the third peak with a peak 𝑃/𝜌𝑔𝑍𝑖 of 0.000255. In particular, the differences 
between the highest and second highest 𝑃/𝜌𝑔𝑍𝑖 are minimal, with a mere 0.78% difference. This suggests 
that the three configurations are relatively close in performance, with each excelling in 𝑃/𝜌𝑔𝑍𝑖 during 
different peaks. 
 

The increased in distance between orifice allows for more spaces where the fluid can expand and 
potentially increased the turbulence. This resulted in a more significant energy dissipation, leading to a 
higher-pressure fluctuation. Other than that, in a system with oscillating flow, increasing the distance 
between orifices can lead to constructive interference of pressure waves, amplifying pressure fluctuations. 
The higher 𝑃/𝜌𝑔𝑍𝑖  is a result of the superposition of pressure waves reflecting and forth between the 
orifices. This is because if the orifices are positioned too closely, there is a risk of interference, resulting in 
destructed airflow patterns. Sufficient spacing is essential to prevent turbulence and ensure a continuous, 
smooth flow of air through each individual orifice. This can be supported from the findings by Jingbin et al. 
(2015) [21]. 

 
 

 
Figure 6. The pressure amplitude 

 
It’s proven that having a further distance between orifices increases the 𝑃/𝜌𝑔𝑍𝑖, hence a higher efficiency. 
Sufficient spacing is essential for enhancing the pressure differentials generated within the chamber as 
water oscillates. This, consequently, plays an important factor in maximizing the potential energy for 
efficiency.  
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3.2 Flow Rate at The Nozzle Outlet 
 
According to Figure 7, the three top panels exhibit a similar trend and trajectory. All panels experience a 
rapid escalation in efficiency from λ/L = 1.7 to 2.8, followed by a steep decline until λ/L = 3.8. However, 
there is a significant sharp increase in flow rate for all top panels. During the first peak, Configuration 3 
achieves the highest flow rate at 0.1378 m³/s, surpassing Configuration 2 (0.1374 m³/s) by a minimal 
difference of 0.29%. Once again, Configuration 2 has the highest flow rate during the third peak at λ/L = 5.8 
to 6.3. In contrast, Configuration 1 consistently experiences the lowest flow rate across all three peaks. 
Although Configuration 3 has the highest flow rate, it also experienced the lowest 𝑃/𝜌𝑔𝑍𝑖. The same can be 
said for Configuration 1 where it experienced the opposite effect from Configuration 3. The increased in the 
distance causes the flow to separate from the walls of the water column between the orifices, resulting in 
regions of recirculating flow. This separation increases resistance and reduces the effective flow area, 
decreasing the overall flow rate. 
 
 

 
Figure 7. The flow rate output 

 
Other than that, having larger distance between orifices allows for more development of a non- uniform 

velocity profile between orifices, which can lead to zones of low velocity and high pressure, contributing to 
higher pressure amplitudes but also reducing the overall flow rate. Thus, it can be said that the pressure 
amplitude is inversely proportional to the flow rate. 

 
3.3 Primary Conversion Efficiency of The Device 
 
Based on the observations from Figure 8, all three top panels exhibit a similar trend line, reaching their 
peak efficiency at λ/L=2.8. Afterward, there is a sharp decline in efficiency for all three panels from λ/L = 
2.8 to 3.8, followed by an increase again at λ/L = 4.3. Configuration 1 achieves the highest efficiency of 
0.092%, closely followed by Configuration 2 at 0.091%, with a minimal discrepancy of 1.09%. However, 
during the period of λ/L = 3.8 to 4.3, Configuration 3 outperforms the other top panels in terms of efficiency. 
It is crucial to highlight that during low λ/L periods, the efficiencies are higher and decrease as λ/L 
increases. Therefore, it is proven that BBDB suits Malaysia’s low heave wave conditions.  
 
 

 
Figure 8. The primary conversion efficiency 
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4.0 CONCLUSION  
 
In terms of efficiency, Configuration 1 stands out with the highest performance, surpassing Configuration 
2 by a notable difference of 1.09%. However, when considering flow rates, Configuration 3 takes the lead 
with the highest flow rate, while Configuration 1 exhibits the lowest flow rate among all configurations. 
Whereas for pressure amplitude, Configuration 1 attained the highest amplitude, followed closely by 
Configuration 2. Interestingly, Configuration 2 appears as the second-highest performer, not only in flow 
rate but also in pressure amplitude and efficiency. The low in efficiency of this device is mainly caused by 
the shallow water conditions, which limit its ability to perform effectively. The scope of this research solely 
focuses on the primary conversion efficiency, specifically within shallow water conditions. It should be 
noted that the study does not fully capture a real ocean wave condition. To enhance the future 
investigations, it is recommended to conduct experiments in deep water conditions, allowing for a more 
accurate simulation of actual oceanic environments. For future research, it is recommended to adopt a 
design like Configuration 1 as it gave out the highest efficiency during this experiment. Despite these 
acknowledged limitations, the findings of this study remain valuable and can serve as a useful reference for 
researchers exploring similar domains. 
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