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ABSTRACT 

Among various types of wave energy converters, the oscillating water column 

(OWC) has attracted significant research attention. In this paper, a 1:10 scale 

OWC with dimensions of 100×100×160 cm, variable inlet height and draft was 

numerically studied. Based on the tests conducted, it was found that the wave 

amplitude in the range of Caspian Sea waves decreased with the increase of wave 

frequency, to the extent that at the sloshing frequency, the system efficiency 

dropped significantly. To solve this problem, changes in the geometry of the 

device were studied, and numerical simulations were performed at the highest 

frequency using OpenFOAM software. Using Reynolds-averaged Navier-

Stokes (RANS) equations, numerical simulations were performed in 3D, two-

phase, and turbulent flow conditions. Changing the geometry was initially 

investigated by adjusting the height of the OWC inlet duct, and then by adding 

an inlet at the different angles of 0, 20, and 40 degrees. The results showed that 

by increasing the height of the inlet by 10 cm while keeping the water depth and 

wave conditions constant, the maximum output power of the system increased 

by 54%. However, after the optimization of the inlet duct, it was found that the 

best angle for an inlet duct is 30°, compared to the case without an inlet, which 

increased the maximum output power by up to 13% and slightly reduced the 

sloshing by more than 50%. 
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1. INTRODUCTION 

 Energy supply has always been a challenge and one of 

humanity's most basic needs. Over different eras, this 

demand has been met through coal and oil, but alternative 

methods have been considered due to these resources high 

pollution and limitations. Ocean waves are one of the most 

viable options for meeting a portion of human needs due 

to their high energy density. The oscillating water column 

(OWC) is particularly interesting among ocean waves' 

various energy conversion methods due to its simple 

structure, lack of moving parts, and low maintenance 

costs. 

 The OWC typically consists of a semi-submerged 

rectangular prism structure. The alternating inflow and 

outflow of seawater increases and decreases air pressure 

and flow rate inside the chamber relative to the outside. As 

a result, this difference creates airflow, and the energy of 

the sea waves is converted into electricity using a turbine 

and generator. 

 A 1:36 scale 3D model of an OWC under regular and 

irregular waves using the boundary element method in the 

period range of 0.8 to 3.2 seconds has been studied 

(Delauré & Lewis, 2003). The results showed that the 

depth of the water column, the thickness of the front wall, 

and the length of the OWC are effective in the system's 

performance. 

 The two-dimensional effects of front wall thickness 

and water depth on the performance of an OWC using 

Fluent software has been investigated (Horko, 2007). The 

numerical results were also validated using experimental 

tests on a system with a scale of 1:12.5. The system, which 

was investigated along the width of the water column and 

had a length of 0.03 meters, had dimensions of 0.64 meters 

in length and 1.37 meters in width, with a groove-shaped 

orifice. According to the results, a front wall with a 

thickness of 0.04 meters and a water depth of 1 meter had 

the maximum performance. 
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NOMENCLATURE 

Greek symbols  EI  collision energy 

α  sloshing angle  g  acceleration of gravity 

𝛼𝐿  scale factor  H  wave height 

ε (%) efficiency  H  depth of water 

η  free surface fluctuations  k  wave number 

λ  wavelength  L  OWC width 

µ  dynamic viscosity  �̇�  air mass flow rate 

µ
𝑡
 field turbulence coefficient  O  OWC inlet height 

ρ  density  P  pressure 

ω  angular frequency  Pout  extractable power 

Θ  inlet angle  Pwave  impact wave power 

Symbols  P𝜏  
kinetic energy production power due 

to turbulence shear stress 

A  range of fluctuations  Q  volume flow rate of air 

A  OWC length  S  slope of the slashing line 

B  OWC height  T  wave period 

C  release speed  t  time 

C  wave velocity  𝑢𝑖  average speed in three directions 

c𝑔  group speed of the wave  V𝑔𝑎𝑡𝑒  volume of water inside the valve 

D  orifice diameter  VOWC  
volume of water inside the fluctuating 

column of water 

D  draft depth  V𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 dimensionless number of volume ratio 

fi  volumetric forces  w  velocity in z-direction 

𝑓 attenuation equations in x direction  Y𝐺   
water height determined by 

oscilloscope 

𝑓 attenuation equations in z direction  Δ  length of the hinged wave generator 

 

The effects of wave impact and geometric parameters 

on the performance of an OWC have been numerically 

investigated (Liu et al., 2010). Four different models were 

studied in periods ranging from 2.5 to 8 seconds. The 

results showed that water depth, front wall thickness, and 

depth of the air chamber are influential geometric 

parameters affecting the performance of the OWC. 

Additionally, the study found that a water depth of 2.5 

meters and an OWC width of 1.5 meters perform the best 

at a period of 4.5 seconds, compared to widths of 3 and 6 

meters. 

The effect of different wave conditions, the depth of 

the water, and the thickness of the front chamber wall on 

the performance of an OWC system have been studied 

(Zhang et al., 2012). It was found that changes in the 

thickness of the front chamber wall can influence the 

vortex generation pattern, and an increased energy 

dissipation rate due to changes in the thickness of the front 

chamber wall can reduce the efficiency of the OWC. In 

addition, the pressure and free surface oscillations have a 

phase difference of π/2, and increasing the diameter of the 

orifice reduces the pressure inside the chamber and 

increases the efficiency of the OWC.  

The performance of the OWC by creating a step on 

the sea floor with different dimensions relative to the 

length of the converter has been investigated (Rezanejad 

et al., 2013). The results showed that a significant increase 

in system performance could be achieved by reducing the 

water depth inside the OWC using a step. Furthermore, 

suppose the length of the step is designed to be close to 

one-quarter of the input wavelength. In that case, the net 

force resulting from wave impact on the OWC will be 

maximized, leading to an increase in oscillatory motion 

and improved OWC efficiency.  

The reflection coefficient, frequency, amplification, 

and relationship with geometric parameters have been 

evaluated (Çelik & Altunkaynak, 2020). The results 

showed that the system performance is optimal at the 

resonant frequency.  

Changes in the front wall's length, width, and 

anglehave been made to achieve the best structure 

(Mahnamfar & Altunkaynak, 2017). After optimization, 

the system efficiency increased by 10.81%. The highest 

efficiency was achieved at a water depth of 50 cm, an inlet 

height of 41 cm, and a width of 75 cm.  

The chamber's geometry has been investigated to 

achieve the best performance of the OWC (Teixeira et al., 

2013). It was found that a water depth of 10 meters, a 

chamber with a draft depth of 2.5 meters, and a length and 

width of 10 meters provide the highest pneumatic power. 

The effect of changing the inlet geometry on the OWC 

performance has been investigated to evaluate the impact 

of the front wall angle between -45 to 180 degrees (Bouali 

& Larbi, 2013). Optimal geometry and dimensions were 

studied to achieve the best OWC performance, with the 

front wall's angle being a critical factor in the system's 

efficiency. The best performance was observed at a zero-

degree angle.  

The effect of orifice area on OWC performance has 

been studied using OpenFOAM software (Simonetti et al., 

2015). After validating the numerical results with 

experimental tests and optimizing the orifice-to-chamber 
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surface area ratio, it was determined that a ratio of 1% 

resulted in better efficiency compared to 0.5% and 2% 

ratios.  

The effect of various design parameters such as 

incident wave height, orifice diameter, and pneumatic 

turbine efficiency on the hydrodynamic performance of an 

OWC has been investigated (Elhanafi et al., 2016). By 

defining dimensionless coefficients, they also evaluated 

the energy conversion process from wave energy to 

electrical power. The results showed that the wave 

reflection coefficient decreases as the turbine efficiency 

increases and the energy extraction coefficient increases.  

In another study, a two-dimensional analysis on the 

performance of an OWC in OpenFOAM software was 

performed, focusing on geometric changes (Rezanejad et 

al., 2019). In this research, wave reflection and energy loss 

coefficients were studied. The energy loss coefficient 

depends on wave height, and as the period increases, the 

wave reflection coefficient decreases.  

An OWC device's geometric parameters have been 

investigated to achieve the highest efficiency in wave 

conditions in the Faroe Island in the Persian Gulf, resulting 

in a 1.45% increase in system performance (Hayati et al., 

2020). The draft depth and characteristics of the incident 

wave have been analyzed to evaluate the output power, 

velocity, and performance of the OWC under Caspian Sea 

wave conditions (Alizadeh Kharkeshi et al., 2020). This 

study found an increase in frequency from 0.5 to 0.7 Hz, 

which decreased output power.  

The effect of wave frequency and draft depth on the 

performance of an OWC under Caspian Sea wave 

conditions (at a scale of 1:10) has been investigated, and it 

found that increasing the wave frequency leads to a 

decrease in the power and efficiency of the converter. The 

optimal non-dimensional draft is 0.24 (Alizadeh 

Kharkeshi et al., 2022). Additionally, through 

experimental testing of an OWC, it has been demonstrated 

that the presence of the OWC under Caspian Sea wave 

conditions leads to the occurrence of the sloshing 

phenomenon at high frequencies. Numerical study can be 

a valuable tool to analyze the hydrodynamic behavior of 

the converter at these frequencies (Kharkeshi et al., 

2022a). 

Studies in the field of OWCs indicate that the 

geometric parameters of the device significantly impact its 

performance. Among the geometric characteristics of the 

device, the front wall can be of great importance due to its 

direct interaction with the incident waves. In many past 

studies, changes in the front wall and the geometric 

conditions at the inlet of the OWC have been investigated. 

Due to its suitable potential energy waves, the 

Caspian Sea was chosen for research. The existence of 

low-frequency waves with shorter wavelengths compared 

to open seas and oceans distinguishes the conditions of 

this sea.  

Previous research in this sea has shown that 

increasing the frequency from 0.5 to 0.7 Hz causes a 

decrease in output power due to the occurrence of sloshing 

(Kharkeshi et al., 2023). In this study, the numerical 

change of the system's inlet height on its performance was 

initially investigated at a 1:10 scale concerning the 

conditions of the waves in the Caspian Sea and past 

research on OWCs. Then, to optimize the geometric 

parameters for achieving the best system performance and 

reducing wave sloshing at a frequency of 0.7 Hz and a 

period of 1.43 seconds, the effect of adding an inlet at 

angles ranging from 0 to 40 degrees with a 20-degree 

increment to the geometry was explored.  

The geometry of this study was drawn and meshed, 

and modeled as three-dimensional, two-phase, and 

turbulent flow using the open-source software 

OpenFOAM. 

This numerical study utilized the SST K-ω equations 

for turbulent conditions, Reynolds-averaged Navier-

Stokes (RANS) equations for solving momentum and 

pressure equations, and the OlaFlow solver. 

A moving wall boundary condition was employed to 

generate waves that are consistent with the conditions of 

the Caspian Sea. In contrast, a reflecting boundary 

condition was used to prevent wave reflections and 

simulate the coast. 

To evaluate the results of simulating waves with a 

frequency of 0.7 Hz and a period of 1.43 seconds, the 

converter's hydrodynamic response was described using 

free surface oscillations, flow rate, and pressure 

measurements. 

The impact of the inlet height and changes to the 

geometry of the OWC by adding an inlet on the 

hydrodynamic response, the energy balance coefficients, 

the investigation of the sloshing phenomenon, and the 

power were investigated. Finally, the appropriate 

geometry was determined using optimization results. This 

research was conducted to improve the system's 

performance and reduce the destructive effects caused by 

sloshing. 

1.1 Target Sea 

The following section outlines general (non-

formatting) guidelines to follow. These guidelines are 

applicable to all authors and include information on the 

policies and practices relevant to the publication of your 

manuscript. 

In order to analyze the performance of the fluctuating 

water column, the conditions appropriate to the Caspian 

Sea should be specified. By examining the wave energy 

potential of the Caspian Sea, it has been stated that the 

southern coast of the Caspian Sea, which is deeper than 

other areas of this sea, is suitable for installing wave 

energy converters (Alamian et al., 2017). According to the 

characteristics of the waves of this sea, such as the wave 

period from 0 to 8 seconds and the wave height from 0 to 

2.5 meters, the research to generate energy from the waves 

of the Caspian Sea was expanded. According to the 

results, it was found that the waves in the period of 2 to 4 

seconds and at the height of 0 to 0.5 meters have occupied 

the most hours throughout the year, and in the period of 4 

to 6 seconds and height of 0.5 to 1 meter have the most 

energy. 
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Fig. 1 Graph of the possibility of occurrence and 

energy density of waves according to the 

parameters of effective height and wave period for 

Babolsar (Alamian et al., 2017) 

 

Table 1 Froud scaling 

Wave 

characteristics 
Unit 

Scale 

Factor 
Prototype Lab 

Period s 𝛼𝑙
0.5 4-8 

1.25-

2.52 

Height m 𝛼𝑙 0.5-1 
0.05-

0.1 

Frequency Hz 𝛼𝑙
−0.5 0.12-0.25 

0.4-

0.8 

 

The Froud scaling technique has been utilized to 

replicate laboratory conditions for simulating waves in the 

Caspian Sea. The specifics of the target sea wave 

conditions are shown in Fig. 1. 

1.2 Froud Number Scaling 

The Froud number is one of the dimensionless 

numbers in fluid mechanics, which expresses the ratio of 

inertial force to gravity force in a fluid motion. In the 

oscillating water column energy converter, with the 

condition of establishing Froud number equality, the 

results of the scaled model can be considered the same as 

the results in real dimensions. The Froud number could be 

calculated from the following Equation: 

𝐹𝑟 =
𝑉

√𝐿𝑔
 (1) 

Scale factors for wave period, height, and frequency can 

be observed in Table 1. In scaling down, the frequency and 

wave height required in the flume can be calculated with 

equations (2) and (3) (Kharkeshi et al., 2022a). 

(2) 𝜔𝑎𝑐𝑡 = 𝛼𝐿
−0.5𝜔𝑙𝑎𝑏  

(3) H𝑎𝑐𝑡 = 𝛼𝐿H𝑙𝑎𝑏  

𝛼𝐿 is the scale factor, ω is the frequency and H is the wave 

height, and the act and lab subscripts are for actual and 

laboratory conditions, respectively (Kharkeshi et al., 

2022c). 

2. MODEL SETUP 

Research on OWCs has been conducted in the sea-

based Energy Group based on EMEC standards (Alizadeh 

Kharkeshi et al., 2020; Yazdi et al., 2020; Alizadeh 

Kharkeshi et al., 2021a; Kharkeshi et al., 2022a; Shafaghat 

et al., 2022). These studies show that the phenomenon of 

sloshing occurs when the OWC is exposed to the wave 

conditions of the Caspian Sea. To investigate this 

phenomenon, numerical analysis must be conducted on 

the converter. In this regard, an OWC was placed 5L away 

from the wave maker to investigate how changing its 

geometry improves performance in the present study. The 

investigation was conducted in two stages. First, the 

numerical analysis of the converter's performance was 

carried out by changing the height of the OWC inlet. 

Second, an inlet was added to the OWC, and the angle of 

the inlet walls was changed to improve performance and 

reduce the destructive effects of sloshing. The optimal 

condition for the OWC was determined. Figures 2 and 3 

depict the changes in geometry in the two stages, and 

Table 2 presents the geometric specifications of the 

studied OWC. 

The effect of changing the height of the oscillating 

column's front wall and placing an inlet with different 

angles to improve performance and reduce the sloshing 

phenomenon was investigated according to Table 3. 

2.1 Numerical Study 

In this study, the geometry of the OWC was drawn 

and meshed. The open-source software OpenFOAM was 

employed to model the interaction between waves and the 

OWC in the conditions of the Caspian Sea. This software 

works based on the finite volume method and uses RANS 

equations to solve for velocity and pressure. OlaFlow 

solver was used to simulate waves and the SST k-ω 

equations were used to model turbulence in the 

computational domain. 

The open-source nature of OpenFOAM allows for 

better control of numerical solutions, and its specialized 

solvers for simulating waves, such as OlaFlow, with high 

accuracy and precision for simulating waves and their 

interaction with structures, were reasons for selecting this 

 

Table 2 Dimensional specifications of the inlet 

value (m) icon variable 

1-1.1 h Water depth 

1 a OWC length 

1.6 b OWC height 

0.1 D Outlet diameter 

0.75-0.85 O Inlet height 

0.25 d Draft depth 

1 L OWC width 
 

 

Table 3 Dimensional specifications of the inlet 

40 20 0 θ(deg) 

0.63 0.273 0 X(m) 
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Fig. 2 Top and side view of a) an OWC without an inlet b) an OWC with an inlet 

 

 
Fig. 3 Stages of changing the geometry of the oscillating water column to improve performance and reduce 

sloshing occurrence 

software. After validating the numerical results with 

experimental data, the speed, free surface oscillations, and 

output power of the studied converter were studied. 

2.2 Governing Equations 

In this study, the governing equations were 

determined for a three-dimensional computational 

domain, considering two fluids (water and air) with 

constant density and non-compressible assumptions and 

considering the effect of viscosity. The RANS equations 

were used to numerically solve and calculate pressure 

variables within the OWC and the outlet air velocity from 

the orifice. To simulate turbulent conditions, the SST k-ω 

equations were employed. The software settings and 

governing equations used in the simulation are discussed 

in the following. 

The governing equations are as follows: 

2.2.1 Continuity and RANS  

The continuity equation for incompressible flow is 

expressed as follows (López et al., 2014): 

(4) 
∂𝑢𝑖

∂𝑥𝑖

= 0 

The momentum conservation equation is derived 

from Newton's second law. In transient and turbulent 

problems, time-averaged Navier-Stokes momentum 
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equations or Reynolds-averaged Navier-Stokes equations 

are used (López et al., 2014). The Reynolds stresses, 

unknowns in the equations, are modeled using a 

turbulence model. 

(5) ρ
Dui

Dt
= −

∂P

∂xi
+ (μ + μt)

∂

∂xj
(

∂ui

∂xj
+

∂uj

∂xi
) + fi 

In Eq. (4) and (5) (López et al., 2014), 𝑢𝑖 represents 

the average velocity in the x, y, and z directions, t is time, 

P is pressure, fi represents volumetric forces, ρ is density, 

µ is dynamic viscosity, and μt is the turbulence coefficient 

resulting from geometry. 

2.2.2 Turbulence Model 

Turbulence models such as k-ω and k-ε have 

simulated turbulent conditions in OWC problems. Kármán 

et al. (Kamath et al., 2015) investigated fifth-order Stokes 

nonlinear waves using the k-ω turbulence model, which 

showed good agreement between numerical and 

experimental results. However, it should be noted that the 

k-ε model does not perform well in flows with velocity 

decay and separation due to reverse pressure gradients. 

This study used the SST k-ω turbulence model, a 

combination of the k-ω and k-ε models. Since in this 

research, different areas close to the wall and outside it are 

important, and also because of the reverse pressure 

gradient, the SST K-ω model was used. The SST k-ω 

turbulence model operates based on two equations: the 

turbulence kinetic energy (K) equation and the turbulent 

dissipation rate (ω) equation, which are expressed as 

follows (Menter, 1994): 

(6) 

𝜕𝜔

𝜕𝑡
+ 𝑢𝑖

𝜕𝜔

𝜕𝑥𝑖

=
𝜔

𝑘
𝑃𝜏 − 𝛽𝜔2

+
𝜕

𝜕𝑥𝑖

[(𝜇 + 𝜎𝜔

𝑘

𝜔
)

𝜕𝜔

𝜕𝑥𝑗

]

+
𝜎𝑑

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗

 

(7) 

𝜕𝑘

𝜕𝑡
+ 𝑢𝑖

𝜕𝑘

𝜕𝑥𝑖

= 𝑃𝜏 − 𝛽∗𝜔𝑘

+
𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜎𝑘

𝑘

𝜔
)

𝜕𝑘

𝜕𝑥𝑗

] 

(8) 𝑃𝜏 = 𝜏𝑖.𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

 

In the given equations, 𝑃𝜏  represents the power 

generation of turbulent kinetic energy due to the shear 

stress, and the constants 𝛽 and 𝛽∗ are equal to 0.072 and 

0.09, respectively. The values of 𝜎𝜔 , 𝜎𝑑 , and 𝜎𝑘  are 

considered to be 0.5, 0.856, and 0.85, respectively. 

2.2.3 Volume Fraction 

Numerical solution and determination of free surface 

oscillations in the presence of two or more immiscible 

fluids differ from that of a single fluid. The volume of fluid 

(VOF) method was used to model the two-phase flow of 

air and water. In this method, each computational cell can 

contain water, air, or both; therefore, coefficients are used 

to determine the volume occupied by each fluid in each 

computational cell. 𝑓1 represents the volume occupied by 

water and the sum of these coefficients is always equal to 

one. The volume fraction of the two fluids is obtained from 

Eq. (9) (López et al., 2014). 

Each computational cell can be in one of three states 

in these types of problems. If 𝑓1  represents the volume 

occupied by water, then if 𝑓1 is zero, the cell is empty of 

water and entirely filled with air. If 𝑓1 is one, the entire 

volume of the cell is occupied by water. If 𝑓1 is a value 

between zero and one, the cell is at the interface between 

the two fluids, and the volume of the cell is divided into a 

portion of water (𝑓1) and a portion of air (1 − 𝑓1). 

(9) 
∂𝑓𝑖

∂t
+ 𝑢𝑗

∂𝑓𝑖

∂𝑥𝑗

= 0 

The index i in Eq. (9) is the numerator, with values 1 

and 2 corresponding to water and air, respectively. In the 

free surface and contact of the two-phase water and air, the 

combined values of density and dynamic viscosity will 

depend on the relative volume of each fluid in the 

computational cell. They can be determined using the 

following relationships (López et al., 2014): 

(10) 𝜇 = 𝜇1𝑓1 + 𝜇2(1 − 𝑓1) 

(11) ρ = 𝜌1𝑓1 + 𝜌2(1 − 𝑓1) 

2.2.4 Wave Maker Boundary Condition 

After determining the water height, suitable wave 

height, and wave number, the appropriate displacement 

value is determined using Eq. (12) for generating waves 

with the desired characteristics using the flap-type wave 

maker (Alizadeh Kharkeshi et al., 2020). 

(12) 

Δ = H
sinh(2𝑘ℎ) + 2𝑘ℎ

4𝑠𝑖𝑛ℎ(𝑘ℎ)2

×
1

[1 +
1 − cosh(𝑘ℎ)
kh sinh(𝑘ℎ)

]
 

In Eq. (12), h represents the water depth, H is the wave 

height, and 𝑘 is the wave number. 

2.2.5 Coastal Boundary Condition 

The 2D active absorption method was used to 

simulate beach conditions, as used in (Schäffer & 

Klopman, 2000)'s article. 

Shallow water theory offers great convenience due to 

the constant velocity along the height of the water column, 

aligning perfectly with the generation of waves using a 

piston-type wavemaker. Furthermore, this characteristic 

eliminates the occurrence of evanescent modes, as the 

velocity profile precisely represents the progressive wave 

component. Consequently, Equation (13) can be derived 

from this wave theory. 

𝑈ℎ = 𝑐𝜂 (13) 

The variable to solve for in this context is 𝑈 , which 

represents the horizontal vertically-integrated (uniform) 

velocity, while c denotes the wave celerity. To obtain the 

value of U, measurements of ℎ and 𝜂 are necessary, which 

consequently requires estimating the wave celerity (𝑐 ). 
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The magnitude of 𝑐 can be calculated using Equation (15). 

To achieve the damping of reflected waves, the 

boundary must generate a velocity that matches the 

incident velocity but in the opposite direction. By 

rearranging Equation (13) to associate the free surface 

with the reflected wave (denoted as 𝜂𝑅, the one intended 

for damping), we obtain the active wave absorption 

expression as depicted in Equation (14). 

𝑈𝑐 = −√
𝑔

ℎ
𝜂𝑅 (14) 

The correction velocity, denoted as Uc, is applied to a 

vector perpendicular to the boundary and points into the 

domain. The reflected wave height represented as 𝜂𝑅, is 

determined by subtracting the measured elevation at the 

wavemaker ( 𝜂𝑀 ) from the target elevation ( 𝜂𝑇 ). This 

calculation follows the expected reflection-free wave 

generation principle, expressed as 𝜂𝑅 = 𝜂𝑀 − 𝜂𝑇. 

 This theory primarily focuses on two-dimensional 

results but can be readily extended to three dimensions. In 

cases where reflected waves propagate parallel to the 

wavemaker, the anticipated behavior remains consistent 

with the 2D scenario. However, if this is not the case, the 

absorption theory can be applied independently to each 

paddle of the wavemaker. This allows for efficient 

handling of situations where reflected waves deviate from 

parallel propagation (Higuera et al., 2013). 

2.2.6 Wave Velocity, Power and Energy 

The wave propagation speed and group velocity are 

calculated based on Eq. (15) and (16), respectively 

(Elhanafi et al., 2016). Calculating the group velocity is 

important because it allows us to determine the input 

energy to the system. Additionally, calculating the group 

velocity can determine the time it takes for the wave to 

reach the device. This will help identify the appropriate 

time for numerical calculations. 

(15) 𝑐 = √
𝑔

𝑘
tanh (kh) 

(16) 𝑐𝑔 =
𝑐

2
[1 +

2𝑘ℎ

sinh(2𝑘ℎ)
] 

In Eq. (15), 𝑔 is the acceleration due to gravity, h is water 

depth, and k is wave number. Using Eq. (15) and (16), 𝑐 

is wave velocity and 𝑐𝑔 is group velocity. To calculate the 

efficiency of an OWC converter, the incident regular wave 

power, based on the theory of the Airy wave, is first 

calculated using the following equations (Alizadeh 

Kharkeshi et al., 2021b). To calculate the incident wave 

power, the group velocity of the wave and the incident 

energy on the system must be determined. Then, the 

converter efficiency can be obtained by calculating the 

power that can be extracted from the OWC (Shafaghat et 

al., 2022). 

(17) EI = 0.5ρwatergA2λ 

(18) 𝑃𝑤𝑎𝑣𝑒 = EIcg 

In Eq. (17) and (18), EI  represents the energy input or 

collision energy to the water column oscillator, A is the 

amplitude of oscillations, and λ is the wavelength. 

2.2.7 OWC Power and Efficiency 

After the wave enters the chamber of the converter, 

the wave's energy causes the fluid column to move, 

increasing the air pressure inside the converter. This 

pressure difference between the inside and outside of the 

converter results in an oscillatory airflow. The greater the 

pressure difference and volumetric flow rate of the air, the 

higher the power of the OWC. The extractable power from 

the OWC can be calculated using the following formula 

(Bouali & Larbi, 2013): 

(19) 𝑃𝑜𝑢𝑡 =
1

𝑇
∫ Δ𝑃(𝑡)𝑄(𝑡)𝑑𝑡

𝑇

0

 

In Eq. (19), Δ𝑃(𝑡) represents the pressure difference 

inside and outside the chamber, and 𝑄(𝑡) is the air flow 

rate. The efficiency of the OWC is calculated by the ratio 

of the extractable power to the incident wave power 

(Bouali & Larbi, 2013). 

(20) ε =
𝑃𝑜𝑢𝑡

𝑃𝑤𝑎𝑣𝑒

 

2.2.8 Free Surface Elevations and Sloshing 

As the waves enter and exit the converter, the free 

surface inside the OWC chamber begins to oscillate. 

Sometimes these oscillations move in only one direction, 

without any angle relative to the horizon, and the fluid 

column behaves like a piston. Other times, the oscillations 

move in more than one direction and form an angle with 

the horizon, resulting in a linear or sloping free surface 

inside the converter. This phenomenon is called sloshing 

(Zhang et al., 2023). To investigate sloshing, the slope of 

the free surface at any given moment can be obtained by 

dividing the difference between the free surface 

oscillations at two points inside the converter by the 

distance between those points. This slope is defined using 

the parameter S , and the angle of this slope can be 

calculated using Eq. (21). 

(21) S =
YG2 − YG1

∆x
 

(22) α = tan−1(S) 

In Eq. (21), YG1 and YG2 are the water levels inside the 

oscillation column at two points where the wave gauges 

are located, with a distance of 0.15 meters from the front 

and back walls of the system, respectively. Moreover, the 

parameter ∆x represents the distance between the two 

wave gauges inside the container. In Eq. (22), the 

parameter α represents the angle at the free surface inside 

the oscillation column forms with the horizontal line.  

Another dimensionless parameter to compare 

different OWC states in the presence of an inlet at various 

angles is the volumetric flow rate. This dimensionless 

parameter is the ratio of the volume of water inside the 

inlet to the volume inside the converter in a stationary 

state. 

(23) Vrelative =
Vinlet

VOWC
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Fig. 4 Computational domain and the OWC mesh 

 

2.3 Mesh and Time Step 

Determining an appropriate time step is essential to 

ensure an accurate numerical solution. The value of the 

courant number, as the simulation software recommended, 

was 0.5. The Courant number is a dimensionless measure 

of simulation stability and convergence, equal to the 

product of velocity and time step divided by the length of 

the smallest grid cell. In this simulation, the time step is 

0.02 seconds. The geometry of the OWC is investigated in 

two conditions: without an inlet and with a change in the 

height of the inlet, and then with the addition of an inlet to 

the geometry. In numerical modeling, the desired 

geometry and meshing are important, and a structured 

mesh has been used in this study. The grid includes 

3,910,214 cells; the computational cost is equivalent to 

3528 hours, or 147 days. The grid size is smaller in the 

free surface area due to wave formation, and in the initial 

area of the wave, flume to prevent negative cell volume as 

the wave maker moves as can be observed in Fig. 4. Since 

the turbulence of the numerical solution is considered, the 

skewness value, which is less than 0.85, is considered 

appropriate for the turbulent conditions. The dimensions 

of the simulation of the wave flume are 11 meters in length 

and 3 meters in width and height. 

In this section, the boundary conditions are described. 

The boundary conditions were determined based on the 

Sea-based Energies lab wave flume. Accordingly, as can 

be observed in Fig. 5, the side walls and the floor of the 

wave flume were determined as non-slip walls. Since the 

top of the flume was connected to the surrounding 

environment, the pressure outlet boundary condition was 

specified. The wave flume was modeled using a flap-type 

wave maker to simulate shallow water waves. The wave 

maker plate was designed as a moving wall to create 

waves. The development of the code was based on the 

depth, period, and height of the waves, according to the 

characteristics of the Caspian Sea. The required course 

length for the desired wave generation is calculated by 

entering the input information, and the moving wall is 

created accordingly.  

Wave reflection is critical in studying the 

performance of the OWC. The wave reflection creates two 

states, sometimes, the reflected wave adds positively to the 

incident wave and increases the height of the incident 

wave, and sometimes it creates a negative overlap and  

 
Fig. 5. Boundary conditions schematic 

 

reduces the height of the incident wave. In both cases, the 

incident wave to the OWC is different from the intended 

wave, which results in errors and unacceptable results in 

evaluating the system's performance. 

Wave reflections can have two effects on a system: 

first, after hitting the system and bouncing back, and 

second, after passing through the system and hitting the 

end of the flume. To prevent the effects of wave reflections 

in the first mode, the duration of numerical calculation and 

performance evaluation should be in a valid interval where 

the oscillations inside the chamber reach their maximum 

value until the oscillations suddenly decrease or increase. 

For the second section, a boundary condition is imposed 

to simulate coastal states, and a damper wall is installed at 

the end of the flume to prevent wave reflections. Finally, 

the surfaces of the OWC are determined in the form of the 

wall. 

2.4 Genetic Algorithm 

The most effective approach is to employ a genetic 

algorithm to optimize a general problem, like improving 

the geometric shape of a wave energy converter. Research 

has demonstrated that this method outperforms others, 

given the problem's specific conditions (Martinelli et al., 

2013; Kharkeshi et al., 2022b). Genetic algorithms are 

search techniques used in computer science for 

approximating solutions to optimization and equation 

problems. John Holland initially introduced this 

algorithm, which relies on Darwin's principles of natural 

selection to determine the optimal formula for predicting 

or matching patterns. In the realm of artificial intelligence, 

the genetic algorithm (GA) serves as a problem-solving 

model, simulating genetic evolution as a means of 

programming. 

The process of implementing genetic algorithms is as 

follows: 

1. Chromosomes, representing potential solutions to the 

problem, are generated randomly to form the initial 

population. 

2. A fitness function is introduced to evaluate the 

solutions, identifying promising candidates. 

3.  Selection operators are employed to choose better-

performing chromosomes. 

4. Reproduction operators are used to combine selected 

chromosomes and introduce mutations. 

5. The current population merges with the new 

population resulting from the combination and 

mutation, creating a new generation of diverse 

chromosomes. 
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Fig. 6 Process of optimizing the inlet angle of the OWC flowchart using the genetic algorithm 

 

 

Fig. 7 Validation of the pressure inside the chamber. 

Pressure inside the chamber was calculated in the 

same spot as the experimental reference (x=7.4m, 

y=1.6m, z=1.5m) 

 

6. The entire process is repeated for subsequent 

generations, selecting pairs for combination and 

generating new populations until the final stage is 

reached. 

One of the various optimization techniques is the 

genetic algorithm, which is a type of evolutionary 

algorithm invented based on the laws of biology to find 

the optimal formula or values. The optimization was 

performed with two goals: reducing the destructive effects 

of sloshing inside the OWC and increasing the converter's 

efficiency. Initially, by fitting the curve of the numerical 

results of the system in the presence of an inlet, equations 

for the free surface oscillations in the system and the 

efficiency of the converter were extracted. Then, using the 

genetic algorithm, optimization was performed. After 

finding the optimal conditions, the geometry of the OWC 

with an inlet at the optimal angle was studied numerically. 

Fig. 6 depicts the genetic algorithm optimization 

flowchart. Finally, the genetic algorithm reached the 

optimal solution using 57 generations. 

3. VALIDATION 

A wave with a height of 0.149 m and a frequency of 

0.7 Hz was generated using a moving wall as a wave-

maker to validate the numerical results. The water depth 

was set to 1 m, resulting in a draft depth of 0.25 m. The 

numerical simulation used an OWC model with an inlet 

height of 0.75 m. In order to compare the numerical results 

with the experimental results, the pressure difference 

inside the OWC was extracted at a point where a pressure 

sensor had been installed in the experimental study, and 

then compared to the experimental pressure difference.  

As can be observed in Fig. 7, the pressure variation 

plot obtained from both numerical and experimental 

analyses indicates a similar behavior between the two 

analysis methods. Hence, the results were validated 

through this comparison. By using the estimate of the 

normalization of the root mean square deviation or 

NRMSE error, the performance of the numerical model 

can be compared with the experimental results. For this 

purpose, the following relationship should be used (López 

et al., 2014). 

(24) NRMSE =
1

x𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

(
1

𝑁
∑(𝑥𝑖 − 𝑦𝑖)2)

𝑁

𝑖=1

1
2

 

where 𝑥𝑖 are the values of the data measured in the 

physical model tests; 𝑦𝑖  does the numerical model estimate 

the corresponding values; x𝑚𝑎𝑥 and 𝑥𝑚𝑖𝑛 are the 

maximum and minimum values of the physical model 

dataset. The results showed that the NRMSE error is equal 

to 7.2%. 

After ensuring the accuracy and agreement of the 

numerical results with the experimental data, the 
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hydrodynamic response of the converter was evaluated by 

measuring the free surface oscillations, flow rate, and 

pressure. The effect of changes in the inlet height and the 

geometry of the OWC inlet with the addition of an inlet on 

the hydrodynamic response, hydrodynamic coefficients, 

energy balance coefficients, and power, were investigated. 

Moreover, the maximum energy dissipation occurring at 

the edges of the orifice was studied. Finally, an 

optimization was done to determine the optimal geometry 

based on the results. 

4. RESULTS AND DISCUSSION 

After validating the numerical results and ensuring 

their accuracy, a hydrodynamic study was conducted on 

an OWC to achieve two goals: reducing the destructive 

effects of sloshing and improving its performance and 

power. The results of the study of the OWC converter 

under the wave conditions of the Caspian Sea are 

presented in three stages:  

1- Investigating the effect of the inlet height on the 

water column  

2- Studying the effect of placing an inlet with different 

angles in front of the device 

3- Optimizing the geometry of the converter using the 

genetic algorithm 

In each stage of the study, the results are presented in 

three categories: hydrodynamic response, energy balance 

coefficients, and converter efficiency. The hydrodynamic 

response results include investigating the flow rate, 

pressure, and free surface oscillations. 

4.1 Investigating the Effect of Inlet Height 

When water flows back and forth in an OWC, it 

creates a difference in pressure between the air inside the 

converter and the surrounding environment. This pressure 

difference results in an alternating flow of air into and out 

of the converter chamber, creating a suction and discharge 

effect. The pressure difference created by the water flow 

depends on various factors such as the density of the water, 

the density and relative humidity of the air, the frequency 

and wavelength, as well as the geometry of the OWC. 

Changes in the geometry of the OWC will take various 

forms. Increasing the height of the water column inlet will 

increase the mass flow rate into the converter, increasing 

the efficiency of the OWC. The effect of this change on 

the hydrodynamic response, energy balance, and power of 

the converter will be evaluated. 

4.1.1 Effect of Inlet Height on Flow Rate and 

Pressure 

One of the important parameters in the performance 

of the OWC is the outlet velocity from the orifice, as 

increasing the outlet velocity leads to an increase in air 

flow rate, power, and efficiency of the OWC. According 

to the results obtained in Fig. 8, the increase in flow rate 

at the inlet height of 85 cm compared to 75 cm is 

observable throughout the solution time. This flow rate 

and pressure increase directly affects the system's output 

power and improves efficiency. The increase in pressure 

and flow rate is due to a rise in the inlet flow rate of water 

into the OWC, which means an increase in input energy to 

the system. Moreover, according to Fig. 9, the maximum 

velocity in the OWC increases with the inlet height of 85 

cm compared to 75 cm. 

 

 

Fig. 8 Air flow throughout the orifice in inlet height 

of 75 cm and 85 cm 

 

 

Fig. 9 Velocity distribution at 8.4 seconds at a) 75 cm inlet height, and b) 85 cm inlet height 
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Fig. 10 Velocity distribution along the x-axis at 8.4 seconds and at the height of 10 cm below the inlet height a) 

inlet height of 75 cm b) inlet height of 85 cm 

 

Fig. 11 Output pressure from OWC with inlet heights of 

75 cm and 85 cm 

 

Increasing the surface area of the inlet of the OWC 

will result in an increase in the inlet flow rate to the 

converter. However, as shown in Fig. 10, the velocity at 

the inlet at a height of 75 cm is 0.2 m/s, and at a height of 

85 cm is 0.1 m/s. At the end edges of the converter, the 

velocity gradient and different directions of the two flows 

have created a vortex. In the vicinity of the inlet, a 

noticeable expansion in the velocity field area is observed 

at a height of 85 cm, concomitant with a decrease in 

velocity. This intriguing phenomenon can be attributed to 

the height increase of the inlet, which in turn leads to an 

augmented surface area. Consequently, as the inlet height 

rises, the inlet velocity diminishes, facilitating the fluid's 

entry into the chamber and, in effect, resulting in a more 

extensive velocity field area. Moreover, it is worth noting 

that all sections along the z-axis, positioned 10 cm below 

the inlet edge of the OWC, have been meticulously crafted 

and accounted for.  

The output pressure from the orifice is a crucial 

parameter in examining the performance of the OWC 

converter. Figures 11 and 12 illustrate the fact that the 

output pressure parameter increases with the inlet height 

of the converter due to an increase in energy input to the 

system. Based on the orifice output pressure results, the 

pressure values for the entire study period in the OWC 

with an inlet height of 85 cm were higher than those in the 

OWC with an inlet height of 75 cm. The comparison of 

the maximum orifice output pressure values indicate a 

16.6% increase in this parameter in the OWC with an inlet 

height of 85 cm. They were higher than those in the OWC 

with an inlet height of 75 cm. The comparison of the 

maximum orifice output pressure values indicates a 16.6% 

increase in this parameter in the OWC with an inlet height 

of 85 cm. 

4.1.2 Effect of Inlet Height on Free Surface 

The study investigated the oscillations of the free 

surface inside the water column with changes in the inlet 

height over a numerical solution period, as shown in Fig. 

13. The results show that the entry of the first wave into 

the OWC has a low amplitude due to the inertia of the fluid 

column inside the chamber.  

After the entry of subsequent waves, the amplitude of 

the oscillations increases. In addition to the geometry of 

the converter, the frequency of the waves also affects the 

free surface oscillations. The behavior of the free surface 

oscillations inside the OWC varies with the frequency of 

the waves. This behavior does not resemble the rigid 

piston theory in the conditions of the Caspian Sea waves, 

which have a high frequency. The turbulence of the free  
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Fig. 12 Pressure distribution in orifice a) inlet height of 75 cm b) inlet height of 85 cm 

 

Fig. 13 Free surface oscillations for inlet heights of 

75 cm and 85 cm 

 

surface inside the water column is shown to have a linear 

or quadratic relationship with the frequency and geometry 

of the converter. The study investigates the type of 

oscillations and their impact on the performance of the 

OWC, using two oscillation sensors to calculate the 

oscillations and, consequently, the slope of the free 

surface. 

After a wave collides with the front wall of an OWC 

(Figure 16 and 17), a high-pressure area with zero velocity 

is created in front of the converter. Due to this pressure 

difference and the flow separation from the front wall's 

edge, a vortex is formed in the water flow inside the 

converter’s chamber. Studying the flow pattern at two 

heights of the inlet indicates that increasing the inlet height 

causes an increase in the vortex inside the chamber. 

Increasing the inlet height leads to a rise in the inflow rate 

and the vortex inside the chamber. The formation of the 

vortex is the result of the inlet edge; therefore, changing 

the inlet geometry that reduces the vortex inside the 

chamber can effectively improve the system's efficiency. 

Additionally, in the airflow, the pressure area inside the 

chamber and the separation from the two edges of the 

orifice create two vortices inside the chamber. The airflow 

in the 85 cm inlet height is more intense than in the 75 cm, 

because surface oscillation in 85 cm is higher than 75 cm 

and therefore velocity of the water free surface is higher 

and based on the continuity law air flow rate passing 

through orifice is higher (Fig. 13). 

4.1.3 Effect of Inlet Height on OWC Efficiency 

Analysis of various results obtained from changing 

the height of the inlet of an OWC show that such 

modifications lead to an increase in the maximum output 

power of the system and an improvement in the 

performance of the OWC. Furthermore, while the system's 

power increases and the lost energy coefficient decreases 

by raising the inlet height, the increase in free surface 

oscillations inside the OWC and the angle of the free 

surface with the horizon (as can be seen in Fig. 14) can 

cause destructive effects on the converter. To mitigate 

these effects, the next step of this research involves adding 

an inlet to the system with an inlet height of 85 

centimeters, which aims to reduce the wave's destructive 

effects and increase the output power of the OWC. 

(a) 

(b) 
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Fig. 14 Comparing the efficiency of OWC and 

angle of free surface inside the chamber forinlet 

heights of 75cm and 85 cm 

 

 
a 

 
b 

Fig. 15 Flow rate and output pressure from the orifice 

in different volume ratios 

 

 

 
Fig. 16 Velocity distribution in the x direction at 8.4 

seconds and at the height of 10 cm below the inlet 

height for: a) an OWC with a zero-degree angle inlet 

b) an OWC with a 20-degree angle inlet c) an OWC 

with a 40-degree angle inlet 

 
4.2 Investigating the Effect of Inlet Duct 

4.2.1 Effect of Inlet Duct on Flow Rate and 

Pressure 

Both pressure and flow rate can increase effective 

output power. They are increasing flow rate increases 

output power by increasing the air velocity at the orifice. 

According to the results in Fig. 15, the airflow rate (mass 

flow rate) and pressure increased by 6.4% and 7.75%, at 

40 degrees compared to 20 degrees, respectively. This 

velocity increase occurs when a more significant pressure 

difference is created between the inside of the chamber 

and the surrounding environment. Increasing the width of 

the inlet of the water column oscillation system results in 

an increase in the input energy to the design and, 

consequently, an increase in pressure inside the chamber 

and the output air flow rate. By examining the slope of the 

changes in pressure and airflow rate from the orifice in 

Fig. 15, it is clear that the slopes of these two parameters 

do not match. This discrepancy is due to the non-linear 

relationship between the two parameters. Therefore, 

changes in pressure will not necessarily correspond to 

changes in air flow rate. 

Figure 16 illustrates velocity changes at the 

converter's entrance with an inlet. The placement of  

the inlet in front of the water column results in the inlet  

(a) 

(b) 

(c) 

(a) 

(c) 



S. S. Razavi et al. / JAFM, Vol. 17, No. 1, pp. 233-250, 2024.  

 

246 

 

Fig. 17 Pressure distribution at 8.4 seconds and at the 

height of 10 cm below the inlet height for a) OWC 

with 0-degree angle inlet b) OWC with 20-degree 

angle inlet c) OWC with 40-degree angle inlet 

 

behaving like a nozzle during wave entry and a diffuser 

during wave exit. Separation of the flow from the inlet 

wall and creating a low-pressure area leads to a decrease 

in velocity behind the inlet wall, which causes the flow to 

return. 

As fluid flows through the edges of the OWC, the 

reduction in cross-sectional area and the effect of the 

convective term of acceleration on the velocity field lead 

to an increase in water flow velocity along the side walls 

of the OWC, resulting in a decrease in pressure (Fig. 17). 

One of the reasons for the more significant pressure drop 

in the side walls of the OWC with a larger angle inlet may 

be the existence of the non-slip boundary condition on the 

inlet wall, as shown in Fig. 17-c. 

4.2.2 Effect of Inlet Duct on Free Surface 

Free surface water oscillations have been investigated 

to evaluate the destructive effects of waves. The results in 

Fig. 18 indicate that, at different volume ratios, the free 

surface oscillations increase over time. However, it is 

essential to note that the increase in free surface 

oscillations inside the OWC with a 40-degree angle inlet 

compared to a 20-degree angle inlet has increased 

significantly. In fact, at its highest level, these oscillations 

have increased by 74.2 % more than the oscillations at the 

20-degree angle.  

Another critical point is that this increase has much 

less destructive effects than without the inlet. At a volume 

ratio of 0.94 or inlet angle of 40 degrees, the slope angle 

of free surface waves decreased by about 52.5% compared 

to the case without the inlet. 

4.2.3 Effect of Inlet Duct on OWC Efficiency 

After examining the results of the flow rate and 

pressure, which directly impact the power generated by 

the system, it was determined that increasing the angle of 

the inlet up to 40 degrees has increased the power 

generation, as can be seen in Fig. 19. This increase in 

power was 70.8% higher in the volume ratio of 0.83 

compared to 0.74. Simultaneously an analysis of the 

efficiency results of the system and the free surface 

fluctuation angle reveals that, in addition to an increase in 

efficiency, an increase in the fluctuation angle occurs. 

However, it is worth noting that the oscillation angle at 40 

degrees significantly decreases relative to the state without 

an inlet by an amount of 45.5 %. 

 

 

b 

Fig. 18 a) Oscillations of the free surface and b) the 

slope angle of the free surface inside the OWC at 

different volume ratios 

(a) 

(b) 

(c) 

(b) 

(a) 
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Fig. 19 Comparison of the maximum slope angle of 

free surface oscillations and OWC efficiency in 

different inlet modes 

 

4.3 Optimization 

After analyzing the results and identifying the 

improvement of the system’s performance by increasing 

the inlet height and adding an inlet to the OWC, as well as 

reducing the free surface oscillations inside the water 

column, it is evident that changes in the geometry of the 

converter have led to system improvement. In the next 

step, a genetic algorithm was applied to fit the 

optimization curve and find the optimal output power from 

the device. The results indicate that the optimal point is at 

a volume ratio of 0.83 (with an inlet angle of 30 degrees). 

4.3.1 Optimal System 

The optimization results using the genetic algorithm 

indicate an optimal point in the OWC with a 30-degree 

angled inlet. Geometric optimization of the OWC was 

performed, and a numerical study on the converter with a 

30-degree angled inlet was conducted. After analyzing the 

results in Fig. 20, it was determined that the angle of 30 

degrees has the highest pressure and flow rate; therefore, 

the highest amount of power generation will occur at this 

angle. 

 

Fig. 20 Comparison of flow rate and pressure after 

optimization 

Additionally, the pressure and velocity distribution at 

the inlet of the OWC was investigated in Fig. 21. The 

investigation of the pressure and velocity distribution near 

the flume wall and behind the inlet indicated a decrease in 

pressure due to the separation of the flow from the edge of 

the inlet wall. Moreover, velocity changes in this area will 

increase, and the negative velocity in this section is not 

due to a decrease in velocity behind the inlet wall, but due 

to a change in the flow direction in that area. 

Figure 22 illustrates the system’s performance 

alongside the slope angle after optimization. The inlet with 

a slope angle of 30-degrees has less sloshing than a 40-

degree angle. The reduction in slope angle in the OWC 

with a 30-degree angled inlet compared to the inlet-less 

state is around 54%. This indicates that the goal of 

reducing the destructive effects of sloshing inside the 

chamber has been achieved. Furthermore, the results 

suggest that the OWC with a 30-degree angled inlet under 

the Caspian Sea wave conditions at a frequency of 0.7 Hz 

will generate the highest flow rate, pressure, power, and 

consequently, the highest efficiency. 

 

 

 

Fig. 21 OWC with an inlet at an angle of 30 

degrees and at the height of 10 cm below the inlet 

height a) Pressure distribution b) Velocity 

distribution in the x direction 

 

 
Fig. 22 Comparison of performance and angle of 

free surface oscillations inside OWC after 

optimization 

a 

b 
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5. CONCLUSION 

Validation of the results based on experimental data 

and numerical simulations showed good agreement 

between them. Furthermore, the results indicated that 

increasing the height of the inlet by 10 centimeters led to 

an increase in efficiency from 10.5% to 16.2%, meaning a 

13% increase in the height of the inlet resulted in a 54% 

improvement in system efficiency. 

Regarding the hydrodynamic response of the system, 

changes in pressure, flow rate, and free surface oscillations 

can be noted. The results show that an increase in the inlet 

height can increase free surface oscillations by 38%, 

maximum pressure by 20%, and outlet flow rate by 13%.  

After determining the improved performance with the 

increase in the height of the OWC inlet, an inlet was added 

to the system and its performance was evaluated at 

different volume ratios. The results of the outlet velocity 

from the orifice showed a 34.7% increase from 0 to 20 

degrees, and a 6.4% increase from 20 to 40 degrees. 

Additionally, the pressure increased by 23.3% and 57.7% 

during changes in the inlet angle from 0 to 20 and 20 to 40 

degrees, respectively. 

By comparing the flow rate results and pressure in the 

presence of a 40-degree angle inlet and without an inlet at 

a height of 85 centimeters, it was determined that they 

have decreased by 8.22% and increased by 8.3%, 

respectively. Ultimately, the produced power in the 

presence of a 40-degree angle inlet at a height of 85 

centimeters has become equal to the state without an inlet. 

The study's results indicate a significant increase in 

the free surface oscillations at different volume ratios with 

time and at various angles. The highest increase of 74.2% 

in free surface oscillations inside the OWC occurred at an 

angle of 40 degrees compared to 20 degrees, where this 

oscillation increased by 33.4% when changing the angle 

from 0 to 20 degrees. Therefore, the increase in 

oscillations from 20 to 40 degrees was 45% higher than 

the oscillations from zero to 20 degrees, which can 

significantly increase destructive effects. 

After optimization, the pressure and flow rate results 

indicate the presence of an optimum point at the 30 

degrees inlet angle, where the efficiency of the OWC is 

11% higher than at 40 degrees. 

Increasing the height of the OWC inlet increased the 

OWC's performance efficiency, but it also increased the 

angle of the free surface inside the chamber. After adding 

an inlet to the OWC, the results were investigated and 

optimized at various angles. After optimization, it was 

determined that at a volume ratio of 0.83 (30-degree angle) 

and an inlet height of 85 centimeters, the free surface of 

the OWC decreased by 9.5% compared to a 40-degree 

angle inlet. 
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