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Many studies verify that fossil fuels are the main factor responsible for climate change and other en-
vironmental issues. Studies on alternate unconventional power sources have received more serious
consideration. The conversion of wave energy is among several essential types of green energy. Among
the frequently utilized methods for converting wave energy is the Oscillating Water Column (OWC)
device. This study investigates the efficiency optimization of OWC devices by enhancing the perfor-
mance of air turbines. The study is primarily concerned with the performance of air turbines performing
as power take-off in OWC systems. The OWC analytical formulas for output power and overall effi-
ciency are illustrated in this paper. The modelling and operation of a Savonius S-type rotor-based
counter-rotating vertical axis wind turbine (CRWT) is investigated in this paper using a computational
simulation approach. Using the software ANSYS, modelling and numerical simulation are carried out.
Better performance properties can be observed in the counter-rotating model compared to a single-rotor
design. The results show that these turbine adjustments contribute to noticeable enhancement in turbine
performance, which directly affects the optimization of OWC efficiency. In comparison to a single-rotor
wind turbine design (SRWT), the counter-rotating design has improved properties in terms of torque,
power, and their corresponding coefficients. The CRWT system generates more than twice the maxi-
mum power of an SRWT. At a speed of 9 m/s, the maximum output power of CRWT is 18 W, while the
power of the individual bottom rotor at the same speed is limited to 3 W.

© SEECMAR | All rights reserved

1. Introduction.

The combustion of petroleum-based products contributes
significantly to the greenhouse gases (GHG) that blanket the
Earth and trap heat from the sun. Numerous studies have found
that fossil fuel oil is the primary contributor to both environ-
mental and economic problems [1]. It is more important than
ever to pursue research into alternate renewable energy sources
because of rising concerns about the expense and environmental

1Department of Marine Engineering Technology, College of Maritime
Transport & Technology, Arab Academy for Science, Technology, and Mar-
itime Transport.

2Marine Engineering Department, Faculty of Engineering, Alexandria Uni-
versity, Egypt.
∗Corresponding author: Mamdouh Elmallah. E-mail: Mamdouhelmal-

lah664@gmail.com.

effect of petroleum fuel. Wave energy conversion is among the
significant renewable energy research fields [2]. In comparison
to other green energy sources including biomass, geothermal,
wind, and solar, waves have the highest power density. The
methodology of wave generation is derived from the force of
friction exerted by the wind on the sea’s surface. Figure one
shows the Categories of wave energy converters [3].

The OWC device is among the commonly used methods for
converting wave energy, because of its simple design. Figure
two provides Schematic layout of OWC device [4].

The OWC device is built up of an empty chamber that is ex-
posed to the ocean’s depths. Due to wave action, the column of
water within the chamber oscillates, compressing and decom-
pressing the air in the chamber’s upper section alternately. The
primary power source for the turbine is the flow of air into and
out of the chamber. The turbine acts as the most crucial part
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Figure 1: Categories of devices converting the energy of waves.

Source: Authors.

Figure 2: OWC schematic layout.

Source: Authors.

of the OWC device. Enhancing the performance of the turbine
will lead to a direct optimization of the OWC system efficiency.
The efficiency and output power of a OWC device are approx-
imated in this study using a basic control volume process. Air
inside the chamber serves as the control volume, and the in-
stantaneous velocities of the inlet and outlet air are determined
using the mass balance equation. The turbine’s energy balance
can then be used to determine the output power. [5]. The air
turbine is the most significant part that affect the OWC device
performance. Many studies have used the (CRWT) to enhance
the performance of wind turbines. Dual rotors that operate con-
trary to one another form the CRWT mechanism. One of the
rotors revolves anticlockwise, while the other revolves clock-
wise [6]. A concept like a vertical axis wind turbine (VAWT)
The counter-rotating savonius wind turbine (CRSWT) princi-
ple serves as a basis for the VAWT operating principle. It has
lately become accessible to VAWTs [7-11]. Additionally, nu-
merous numerical and experimental studies have been done to
analyze the flow field over Savonius wind rotors [12-22]. The
basic Savonius rotor works on the theory of drag force and is
made up of half-cylindrical parts attached to opposite ends of a
vertical shaft. Since it cannot rotate faster than the wind speed,
the tip-speed ratio must be less than or equal to 1. It functions
based on the varied forces applied to each blade. The blade is

driven to spin around its central vertical shaft when the concave
section towards the wind direction captures the airflow. The
convex portion of the blade deflects sideways and around the
shaft when it collides with the air. Figure three represents the
counter-rotating VAWT.

Figure 3: Counter-rotating vertical axis wind turbine.

Source: Authors.

The established formula to calculate the efficiency and out-
put power of a OWC device is highlighted in this study. In
particular, the aim of this investigation is to analyze the air tur-
bine performance acting as power take-off in OWC systems. In
this study, a CFD modelling and simulation using the ANSYS
FLUENT is used to focus on the enhancing of the air turbine
performance. The study simulates the turbine performance of
(CRSWT). As opposed to the straight-bladed H-type rotor, the
Savonius S-type rotor is well known for its inherent features
that operate at lower air speeds. This rotor is therefore antici-
pated to improve a single-rotor VAWT system’s conversion ef-
ficiency.

2. Mathematical formulas.

It is crucial to illustrate the theory and mathematical for-
mula of the OWC device. Based on Sameti et al. (2014) [5],
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The inverted cylinder and piston arrangement, shown in figure
four, is a simple concept for capturing energy from the up-and-
down action of the waves. The wave action causes the buoyant
piston to move vertically. Because the ocean sinusoidal wave’s
shape is different from the water surface in the chamber, one
piston model that can be used is the deformable sinusoidal pis-
ton. Any losses are ignored in order to acquire the highest avail-
able power. An additional assumption for the study is that the
chamber’s air is incompressible, which guarantees that its den-
sity is uniform and equal to that of the surrounding environ-
ment.

Figure 4: Analysis coordinate system.

Source: Authors.

The amplitude, wavelength, and velocity terms in the gen-
eral travelling wave equation is represented below [23].

y(x, t) = asin
2π
λ

(x − ct) (1)

Where y is the moving water particles’ vertical displace-
ment. The wave height H is twice the amplitude (H =2a), k is
the wave number (k = 2π

λ
), c is wave speed (c = ωk ), and ω is

radiant frequency.

y(x, t) =
H
2

sin(kx − ωt) (2)

The entire volume of the chamber Vc without the volume
taken up by the water Vw(t) is the volume of air at any given
time V(t):
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For the control volume (CV) with mass mCV , the continuity
equation for an air chamber can be written as:

ṁin − ṁout =
dmCV

dt
(6)

where the indices (in) and (out) represent the entering and
exiting flow, respectively, and dot (.) signifies the time deriva-
tive. Assuming an incompressible fluid flow, V̇a(t) is the air

volume rate through the turbine and t represent the time in sec-
onds.

V̇a(t) =
dV(t)

dt
=

wHω
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2

cosωt = wHcsin
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cosωt (7)

The turbine turns the kinetic energy of moving air into me-
chanical rotational power Ėt by extracting it from the air’s ki-
netic energy at speed v and mass flow rate ṁa:

Ėt =
1
2

16
27
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where ϱ is the density of air and (Ac) is the cross section are
of the turbine. The total delivered mechanical power (Et) during
one cycle or period T of the incident wave can be written as:

Et = 4
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where the integral is determined in a quarter of a period
rather than a whole period. The surface water below the mean
surface line thereby causes the negative sign to appear for the
air volume in figure four. Since ωT = 2π, the periodic energy
Et and the average power Pa can be calculated as follows:

Et =
32

81πA2
c
ϱTw3H3c3sin3(

kl
2

) (11)

Pa =
32ϱ

81πA2
cT 2 w3H3λ3sin3(

πl
λ

) (12)

If the depth of the seawater in which it travels is taken to
be mathematically infinite, it is simple to estimate the strength
of an ocean wave that is perfectly sinusoidal and flowing in a
single direction. In practical terms, it is assumed that the depth
exceeds half of a wavelength. Under these conditions, it can be
seen that the mean power transmitted for the wave front’s width
in the direction of propagation is stated as follows. [24]:

Pw =
ρg2

32π
H2Tw (13)

where ρ is the density of sea water. and g is the acceleration
of gravity. The more extensive equation for the transfer of wave
power is [25]:

Pw = Encw (14)

n =
1
2

(1 +
2kh

sinh2kh
) (15)

and E is the time-averaged, wave-induced energy (potential
Ep plus kinetic Ek) per unit horizontal area:

E = Ek + Ep =
1
2
ρg2a (16)

The efficiency η of the OWC device is simply determined
by:
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3. OWC simulation.

The most effective way to generate numerical solutions is
through CFD modelling by means of ANSYS FLUENT to study
the air velocity entering the turbine. The system of the OWC
is computationally analyzed to examine the air flow properties
that directly affects the turbine’s output power using a Volume
of Fluid model (VOF) in ANSYS FLUENT. The contact be-
tween the air and water phases is established using the VOF
technique. The multiphase of two fluids is computed by using
the piecewise-linear method. To investigate the air properties
within the air chamber of an OWC system. An illustration of
an OWC wave energy converting system is developed in this
research. The walls, together with all input and output parame-
ters, are specified during this stage to create the boundary con-
ditions. The wave regime is shallow/intermediate, and the wave
theory is Stokes of fifth order. Wave length (L) is 11 meters,
wave height (H) is 1.3 meters, and liquid depth (d) is 6 me-
ters. Figure five shows the fine mesh and the main geometrical
elements.

Figure 5: The geometric dimensions and the fine mesh.

Source: Authors.

The air velocity results of the OWC simulation show a max-
imum velocity of 7 m/s. Experimental outputs from KORDI’s
physical modelling test (Hong et al., 2007) indicated that the
simulation numerical results were validated as well as approx-
imately equivalent to the experimental results [2]. The air flow
velocity is the most critical part of this study since the air char-
acteristics will be applied in the CRSWT simulation. The ob-
jective of this study is to simulate the turbine individually to

investigate its performance and optimize its output power. Fig-
ure six shows the water volume fraction and time of air flow
rate.

Figure 6: The water volume fraction and the rate of air flow.

Source: Authors.

4. Methodology.

The air turbine design is critical to maximize the power out-
put and overall efficiency of OWC device. The primary objec-
tive of the current study is to focus on the impact of CRWT
Savonius S-type rotor performance by using computation fluid
dynamic (CFD) analysis. When analyzing the performance of
a air turbine, the aerodynamic quantities such as tip-speed ratio
(TSR), torque, and power are primarily computed.

The experimental power out Pex is shown in the following
equation:

Pex = ωTm (19)

where ω and Tm are respectively the rotor speed and the
mechanical torque. The theoretical power PT and theoretical
torque TT in the wind:

PT =
1
2
ρAV3 (20)

TT =
1
2
ϱ VA2R (21)

where ϱ is the air density, A represents the estimated area
on the rotor, V represents air velocity and R is the blade radius.

4.1. Model geometry.
Figure seven shows the layout of S-type CRSWT, and table

one represents the geometric specifications of S-type CRSWT.

Table 1: Turbine dimension.

Source: Authors.
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Figure 7: S-type CRSWT layout.

Source: Authors.

4.2. CFD simulation.
The simulation only included consideration of the blades,

as seen in Figure seven. As indicated in Figure eight, the com-
putational domain is divided in to two separate zones: moving
and stable zones. The fixed zone is the simulation’s calculat-
ing region, and the rotating circular zone belongs to the mov-
ing domain where the two counter-rotating rotors turn. Fur-
thermore, the moving zones have been separated into two sub-
zones. Zone for every rotor (the higher rotor and lower rotor),
because they spin in opposite orientations.

Figure 8: The simulated model domain.

Source: Authors.

At the model’s inlet and outflow areas, uniform velocity in-

let and pressure outlet boundary conditions are utilized. Fur-
thermore, the bottom, top, and lateral walls are designated as
non-slip wall boundary conditions. Between the top and bottom
domains, as well as between the rotating and fixed zones, non-
conformal interface boundary constraints are applied. As illus-
trated in Figure nine, the present model is subjected to struc-
tured mesh, with a fine mesh at the blade walls. The maximum
skewness is less than 0.85.

Figure 9: Fine mesh for the blade.

Source: Authors.

4.3. Solution setup.

The governing flow equations are resolved by the flow solver,
while ANSYS FLUENT runs the input data. In the current de-
sign, the built-in application FLUENT 19.1 in ANSYS soft-
ware is used to model and simulate fluid flow. The fluid flow
is utilized by applying the incompressible unsteady Reynolds-
averaged Navier-Stokes (RANS) equations. The k-omega shear
stress transfer (SST) model was used to simulate turbulent vis-
cosity. As the solution approach for the simulation process, the
pressure-velocity coupling algorithm was used. Different air
speed ranges from 2m/s to 9 m/s are applied in this study.

5. Verification and validation

The identical sequence of wind velocity measurements that
were used to produce outcomes are used in [26], [27]. The
present study’s findings are comparable to those of earlier ex-
periments with a relative error of roughly 12%, which increases
the confidence in the ability of the current simulation settings
to forecast the desired outcomes [27]. This boosts confidence
in the capability of the present simulation setup to forecast the
desired outcomes.

6. Results and discussion

Based on the Savonius S-type rotor and utilizing a compu-
tational simulation approach, the results show the achievement
of a CRWT. Airflow rates ranging from 2 m/s to 9 m/s were
used to evaluate the model. The findings demonstrate how the
rotors’ output power varies significantly with air velocity. The
CRWT model’s power output progressively increases with in-
creasing wind speed. The results show that the counter-rotating
model performs substantially better than a single-rotor design,



M. Elmallah et al. / Journal of Maritime Research Vol XXI. No. II (2024) 428–435 433

leading to an improvement in turbine performance. Over twice
the output power of SRWT is produced by a CRWT system.
The highest output power of the CRWT is 18 W at 9 m/s air ve-
locity, whereas the individual power of the bottom rotor at the
same speed is not greater than 3 W. According to the results,
the torque of the bottom rotor evaluated individually is equal
to 360% of the maximum torque of the CRWT. The produced
power capabilities of the current counter-rotating configuration
are shown in Figure ten. The results of the modelling and
simulation illustrate the practicality and impact of the counter-
rotation principle when used with a Savonius VAWT. Testing of
the model was done at air flow rates between 2 m/s and 9 m/s.
According to reports, the power of the rotors fluctuates greatly
with wind speed. The power generated from the CRWT design
progressively rises as wind speed rises.

Figure 10: Output power with respect to the airflow velocity.

Source: Authors.

The results show that at an air velocity of 2 m/s, the power
output reaches a maximum of 1 W in the CRWT design, while
at an air speed of 9 m/s, the output power reaches 18 W in
the CRWT design and 5 W in the single rotor design. Accord-
ing to Figure ten, the top rotor significantly increased the tur-
bine’s power output, which was difficult to achieve with a typ-
ical single-rotor Savonius VAWT. Additionally, the top rotor’s
higher rotational speed resulted in a higher equivalent power
output than the bottom rotor. The amount of energy generated
by both rotors tends to grow when the top and bottom rotors
are measured, and the difference gets greater as the upstream
wind speed rises. With low-speed air flow in particular, the per-
formance of this unique design at lower speeds can be advanta-
geous for energy conversion. As illustrated in Figure eleven, the
average torque output increases steadily with increasing air ve-
locity for both the upper and lower rotors. Because of the raised
rotational speed of the upper rotor, it produces more power than
the lower one. therefore, the total generated power of (CRWT)
from the two rotors is more than twice as high as that of the
single-rotor.

Figure 11: Torque output with respect to airflow velocity.

Source: Authors.

Figure twelve displays velocity contours for upstream wind,
showing a lower rotor’s velocity contour in comparison to the
top rotor due to the lower rotational speed of the bottom rotor.
The velocity distribution at the blades is more at the tip and less
at the center of rotation.

Figure 12: Velocity contours.

Source: Authors.

Conclusions.

The Oscillating Water Column (OWC) device is an extreme-
ly used method for wave energy conversion. This study inves-
tigates the efficiency optimization of OWC wave converters by
enhancing air turbine performance. The study focuses on the
turbine performance as a power take-off in OWC converters.
The paper also investigates the modelling and achievement of



M. Elmallah et al. / Journal of Maritime Research Vol XXI. No. II (2024) 428–435 434

a (CRWT) based on the Savonius S-type rotor using a compu-
tational simulation approach. The model was evaluated at air
flow rates ranging from 2 m/s to 9 m/s. the results show that the
output power of the rotors differs greatly according to the air ve-
locity. With increasing wind speed, the CRWT model’s power
output gradually rises. According to the results, the counter-
rotating model exceeds a single-rotor design in terms of perfor-
mance, which significantly improves turbine performance. The
CRWT system generates more than twice the maximum power
of an SRWT. The maximum output power for CRWT is 18 W
at an air velocity of 9 m/s, while the power of the bottom rotor
individually at the same speed doesn’t exceed 3 W. The results
also show that the maximum torque of the CRWT equals 360%
of the torque of the bottom rotor individually.
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