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Abstract 
 
The performance of an oscillating water column (OWC) device, obtained from computations, was validated with experimental results. 

The current numerical code showed good agreement with experimental data and also with mathematical models. The base model which 
recorded rotor power of 0.17 W and efficiency of 8.28 % was then modified – the OWC chamber geometry and the rotor geometry were 
modified. The best model recorded rotor power and efficiency of 0.34 W and 16.1 %, respectively. Comparing this with the base model, 
the improvement in rotor efficiency was approximately 94 %. The flow conditions in the current numerical work were fixed and rotor 
speed was also kept constant. The work highlights that the performance of the rotor at fixed condition can be improved by optimizing the 
OWC chamber geometry and the rotor design. Furthermore, the current work also highlights that the design of the rotor is strongly influ-
enced by the OWC chamber it is employed in.   
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1. Introduction 

The rising sea levels and warming of the globe has reached 
record levels. The fact that climatic change brought about by 
human activity can no longer be ignored has made world lead-
ers to come to a consensus; the Paris agreement has mapped 
out the way forward to limit and perhaps reduce the effects of 
climate change. One of the major concerns is the level of car-
bon-dioxide emissions from burning of fossil fuels for power 
generation. With countries setting carbon footprint goals, it is 
a delicate act to balance the ever increasing energy demand of 
the modern world. As such, nations around the world are ven-
turing into clean and green energy technology sector. One 
source of unlimited and clean energy supply is the ocean. The 
energy is available in the form of mechanical energy and 
thermal energy. An ocean thermal energy conversion (OTEC) 
plant can be used to extract thermal energy for power genera-
tion. On the other hand the mechanical energy is further sub-
divided into waves and tides. Appropriate energy extracting 
devices can be used to produce power. The focus of this paper 
is only on wave energy converters (WEC).  

WECs can be categorized by the method used to capture the 

energy of the waves. Few of the best known device concepts 
are point absorbers, overtopping terminators, attenuator and 
oscillating water columns (OWC). The developments in the 
field of wave energy can be found in the works of Drew et al. 
[1], Falcao [2], Patel et al. [3] and Falcao and Henriques [4]. 
The oscillating water column (OWC) is the most investigated 
WEC. Majority of the OWCs employ an air turbine. The tur-
bine design is such that it rotates only in one direction as the 
air moves to and fro through the turbine under the action of 
the waves. It is important to note that the performance of the 
air turbines significantly drops due to high rotational speed 
variation and aerodynamic losses which is caused by high 
noise coming from the turbine passages at extreme wave con-
ditions [5]. Recent developments have focussed on the use of 
direct drive turbine (DDT) for wave energy extraction to ad-
dress this issue. In a DDT, the turbine is placed directly in the 
water and removes the wave to pneumatic conversion com-
pletely. One such alternative to air turbines is Savonius rotor. 
Savonius rotor was developed by Sigurd Johannes Savonius. 
Savonius cut the Flettner cylinder into two halves along the 
mid-plane (centre) and then moved the two halves sideways 
along the cutting plane [6]. Savonius rotor which has been 
traditionally used in the field of wind power is now been 
tested for implementation in wave energy conversion.   

A review of literature shows limited amount of research on 
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the use of Savonius rotor as a DDT for wave energy extraction. 
Most of the information available is experimental studies. 
Bikas et al. [7] studied the performance of Savonius rotor type 
WEC in conjunction with a conventional rubble mound 
breakwater. The effect of horizontal distance from the break-
water and the rotor and optimum submergence depth of the 
rotor from the surface was investigated. The best optimum 
horizontal distance X/d was in the range of 20-25 and the op-
timum submergence distance was 55 mm below the still water 
level. The rotor efficiency was between 6 to 8 %. Faizal et al. 
[8] investigation indicated the rotor speed increased with in-
creasing wave frequency. Furthermore, increase in the wave 
height also increased the turbine speed because kinetic energy 
of the particles’ was higher. The authors reported an optimum 
submerged depth of the rotor to be 1.06d. Experimental study 
on a five vaned Savonius rotor at different wave heights and 
wave periods at constant water depth was carried out by Hin-
dasageri et al. [9]. The authors reported increase in efficiency 
with increasing ocean depth. Ahmed et al. [10] investigated 
the effect of blade curvature and inter rotor spacing on energy 
conversion. The rotor with 70° blade curvature performed the 
best. As for the inter rotor spacing the rotors recorded higher 
rotational speeds when the gap between the arrays was less. 
Tutar and Veci [11] tested a horizontal axis three bladed 
Savonius rotor at varying wave height, wave period and sub-
mergence level. Higher rotational speed as well as torque was 
recorded for increasing wave height at all wave periods at 
respective submergence depths. The performance of the rotor 
was profoundly influenced by the wave height.   

Though there is a lot of information on numerical studies of 
OWC but very few work is available on OWC employing 
Savonius rotor as a direct drive turbine. Nonetheless, the lit-
erature provides a good foundation on numerical techniques 
involved in conducting such studies. Kim et al. [12] experi-
mentally and numerically studied the power take-off system of 
a novel floating WEC which had two water oscillating col-
umns. The numerical results showed good agreement with the 
experimental results. El Marjani et al. [13] predicted the air 
flow behaviour inside the chamber of an OWC WEC using 
commercial CFD code FLUENT. Liu et al. [14] using nu-
merical wave tank (NWT) based on VOF simulated the water 
column oscillation in the chamber of OWC and compared 
their numerical results with experimental results. Turbine – 
chamber coupling in an OWC was studied experimentally and 
numerically by Lopez et al. [15]. The authors highlighted the 
need to study the performance of the two systems together as 
each has an impact on the overall performance of the system. 
The validation of piston type wave-maker using NWT is re-
ported in the works of Prasad et al. [16]. The numerical code 
was not only compared with mathematical models but also 
with real-sea data. The authors reported the validity of such 
numerical code to simulate real sea conditions. Zullah and Lee 
[17] numerically investigated the effect of blade configuration 
on the performance of Savonius turbine. The results indicated 
changing the blade curvature affected the efficiency.  

Due to the lack of information on numerical studies involv-
ing Savonius rotor as an alternative to conventional turbines 
for wave energy conversion in OWCs, the present study sets 
out to investigate the performance of a Savonius rotor using 
commercial CFD code ANSYS CFX. Employing Savonius 
rotor is lucrative because it is easy to manufacture which 
makes the cost lower. The waves are generated in the NWT 
using a piston type wave-maker. The air-water free surface is 
captured using volume of fluid (VOF) method. The first goal 
of the current work is to validate the numerical code with ex-
perimental data. Once the code is validated the next step is to 
modify the OWC chamber and rotor designs to improve the 
performance of the Savonius rotor. Rotor performance and 
flow characteristics are discussed in the paper.    

 
2. Methodology  

The experiments to validate the numerical code were con-
ducted in a wave channel that was 8 m long, 1 m wide and 2 
m deep as shown in Fig. 1. The waves in the wave tank were 
generated using a piston type wave-maker. The model was 
placed 2.5 m away from the wave-maker. The beach slope at 
the back wall was used to dampen the reflected waves. The 
water depth was 1.29 m. The inlet of the OWC was sub-
merged 150 mm below the mean water level. The wave eleva-
tion and the water oscillation in the OWC chamber were 
measured using a General Acoustics UltraLab® ULS sensor. 
The sensor used was USS 20130 that has a working range of 
200 mm to 1300 mm with resolution of 0.18 mm and a meas-
uring frequency of 200 kHz. The speed of the Savonius rotor 
was recorded using ONO SOKKI MP-981 magnetic type 
detector. The detector has an operating frequency range of 1 
Hz to 20 kHz and speed measuring range of 1 to 20000 revo-
lutions per minute (rpm). All the sensors were connected to 
the PT-1624 POWERTRON data logger. Particle image ve-
locimetry (PIV) measurements were also performed on se-
lected test cases to investigate the flow characteristics in the 
OWC chamber as well as around the Savonius rotor. The 
tracer particles used was poly vinyl chloride (PVC) which had 
an average diameter of 100 µm and a specific gravity of 1.02. 
To illuminate the tracer particles that were seeded in the water, 
an air-cooled diode-pumped solid state laser rated at 4 W, 
producing continuous light sheet with an output of 532 nm 
was used. A high-speed Photron FASTCAM SA3 camera 
with a resolution of 0.002 s was used to capture the motion of 
the seeded PVC particles. The camera was set to capture 
16128 frames per second with image resolution of 1024 x 768 
pixels. Cactus 3.3 software was used for post processing of the 
images.  

NX 6 software was used for solid modeling. The schematic 
of the computational domain is shown in Fig. 2. The computa-
tional domain is extended further downstream when compared 
to the experimental setup. Similar approach had been em-
ployed by Lal and Elangovan [18]. Sloping beach of ratio 1:3 
was used to dampen the reflected waves as highlighted by 
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Elangovan [19]. The details of the Savonius rotor and OWC 
are given in Fig. 3. The diameter of the rotor and the length 
were 90 mm and 200 mm, respectively. The width of the 
OWC was 200 mm. The discretization of the model was done 
using hexahedral meshing in ICEM CFD software. This grid 
generation scheme allows for user defined meshing which is 
of high mesh quality. The meshing for the NWT chamber and 
the Savonius rotor is shown in Fig. 4. The mesh was refined 
near the mean water level region to capture the air-water inter-
face accurately. Commercial CFD code ANSYS CFX was 
used for the simulations. It solves the Reynolds averaged Na-
vier Stokes equation (RANSE). The governing equations 
solved are mass continuity and momentum conservation and 
given by Eqs. (1) and (2) (Lal and Elangovan [18]).  
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The air-water free surface was captured using VOF method. 

The dynamic boundary condition and the kinematic free sur-
face boundary condition are given in Eqs. (3) and (4), respec-
tively (Maguire [20] and Falnes [21]).  
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An in depth detail of the numerical method can be found in 

the authors’ previous work (Prasad et al. [16]). The computa-
tional domain was divided into three domains: The NWT, the 
OWC and the rotor as shown in Fig. 2. The wave-maker re-
gion was the moving mesh region. The inlet of the NWT, 
named ‘plate’, was assigned a specific displacement using 
user-defined expression as given by Eq. (5). The top side of 
the NWT was assigned the boundary type of opening. The 
volume fraction for both water and air was specified along 
with relative pressure of 0 Pa. The side walls of this domain 
were modeled as walls with no-slip condition. The bottom 
wall and the back wall were assigned no slip condition. For 
the OWC domain, the side from which the flow entered the 
domain was set as an interface and the top side of the chamber 
was assigned the boundary condition of opening. The rest of 

 
 
Fig. 1. Schematic diagram of the wave channel. 

 

 
 
Fig. 2. Schematic of the computational domain. 

 

 
 
Fig. 3. Schematic of the L-shaped OWC and Savonius rotor.  
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the sides of this domain were modeled as solid walls with no-
slip condition imposed. For the rotor domain, it was treated as 
a rotating domain and the speed of the Savonius rotor was 
specified. The side walls of the rotor were modeled as wall 
with no-slip condition. The rotor blades were assigned as 
walls with no–slip condition.     

 
sin( ) .xdis A tw=               (5) 

 
The simulations were run on a parallel computer network. 

The processer was Intel(R)_Xeon(R)_CPU X5650. In total, 
there were 12 cores and the RAM size was 16 GB. Since the 
formation of waves is time dependent and unsteady, transient 
simulations were performed using k-ε turbulence model. The 
time discertization of the equations was achieved with the 
implicit second order Backward Euler scheme. For advection 
scheme and turbulence numerics, high resolution option was 
chosen. Two different time steps of 0.01 s and 0.05 s were 
used to run the simulation to test for time step sensitivity; 
however, the difference in the power output was less than 2 % 
between the two. As such, the time step between each iteration 
was chosen as 0.05 s and the coefficient loop was selected as 7. 

 
3. Results  

3.1 Validation  

For the current validation work, the best case from the ex-
periments for the normal OWC (OWC inlet facing the incom-
ing waves) was chosen and the conditions used are listed in 
Table 1. For full description of the experimental method and 
the results please refer to Prasad et al. [22]. The number of 
nodes chosen for the simulation was about 800000. Grid inde-
pendence study was conducted with 400000, 800000 and 
1200000 nodes for this case. The rotor powers recorded for 
400000, 800000 and 1200000 nodes were 0.165 W, 0.17 W 
and 0.172 W, respectively. Therefore, a grid size of 800000 
nodes was used for all the simulations. The formation of 
waves in the NWT was compared with the experimental wave 
height. In addition to this, the wave height obtained from CFD 
was compared with linear wave theory (LWT) and Stokes 

second order wave theory as shown in Fig. 5. The LWT and 
Stokes second order waves are represented by Eqs. (6) and (7), 
respectively. The waves obtained by the numerical code show 
good agreement with experimental data and the two mathe-
matical models.  
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The oscillation of water in the chamber obtained in the cur-

rent numerical work was compared with the experimental data 
as shown in Fig. 6. The result shows close match between the 
two.  

The flow characteristics in the OWC and around the Savo-
nius rotor are shown in Fig. 7. The flow pattern especially the 
re-circulating flow in regions A, B and C is predicted well by 
the numerical code when compared with flow pattern obtained 
in the experiment using particle image velocimetry (PIV). 
Similar flow characteristics around the rotor is similar to the 
works of Zullah and Lee [17]. The close agreement between 
the wave elevation and water oscillation in the chamber ob-
tained numerically and theoretically indicates clearly that the 
current CFD work is validated. In addition to this, the current 
CFD results were successfully validated by the authors with 
experimental results and mathematical model [5, 16]. In the 
experiments (ref. 22), the power could not be measured be 

 

 

 
 
Fig. 4. Mesh scheme for the NWT chamber and Savonius rotor. 

 
Table 1. Wave conditions tested in the experiment. 
 

Parameter Value 

Wave height (H) 80 mm 

Wave period (T) 1.7 s 

Water depth (h) 1.29 m 

Blade entry angle (α) 30° 

Rotor diameter (D) 90 mm 

Rotor speed (N) 86 rpm 
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cause the model was small; however, the authors used the 
same numerical technique developed in their earlier work [5] 
dealing with numerical validation of a direct drive turbine for 
wave energy extraction. As a result of this, the code used for 
the present study is valid.    
 
3.2 Chamber modification 

Once the computational code was validated with the ex-
periments, modifications were made to the OWC chamber. 
The results obtained from the experiments and validation 
work actually helped to identify the areas needed to be modi-
fied in the OWC chamber. The modifications made to the 
OWC chamber and the case allocation are given in Fig. 8 and 
Table 2, respectively. Rotor power and efficiency was calcu-
lated using Eqs. (8)-(12). In the following equations, cp, cg and 
Wc are phase velocity, group velocity and OWC width, respec-
tively.  
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The performance of the rotor is heavily dependent on the 

 
 
Fig. 5. Comparison of wave elevation obtained through CFD with 
experiment, LWT and Stokes second order wave theory. 
 

 
 
Fig. 6. Comparison of water oscillation in the chamber between CFD 
and experiment.  

 

 
 

 
 
Fig. 7. Comparison of flow characteristics in the OWC between CFD 
and PIV. 

 

Table 2. Simulation cases.  
 

Cases L1 
(mm) 

L2 
(mm) 

Fillet radius (rf) 
(mm) 

1 (base model) 0 0 0 

2 37.5 37.5 0 

3 50 50 0 

4 75 75 0 

5 75 75 20 

6 75 75 40 

 

 
 
Fig. 8. Modification of OWC chamber.  
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flow in the OWC chamber. If the flow approaching the rotor 
can be improved, then it will ultimately improve the perform-
ance of the rotor. It is clear from Fig. 9 that the OWC chamber 
geometry influences the power produced by the rotor. The 
power calculated in the current simulation is the torque power. 
For the base model (case 1) the rotor power was 0.17 W and 
the corresponding efficiency was 8.28 %. Case 2 performed 
the worst while case 5 performed the best. The rotor power 
and efficiency for case 5 were 0.20 W and 9.34 %, respec-
tively. This showed an improvement of about 17.6 % in output 
power and an increase of 12.8 % in efficiency compared to the 
base model. The marked improvement is due to better flow 
characteristics in the OWC chamber which leads to better 
energy extraction from the rotor. On the other hand, the effect 
of fillet radius (rf) was investigated using cases 5 and 6. There 
was a reduction in the power recorded for case 6 (which had a 
larger fillet radius) when compared to case 5. The reason for 
this drop is that the flow was not effectively directed onto the 
rotor and as result, the performance of the rotor dropped.  

The flows in the base model (case 1) and case 5 are shown 
in Fig. 10. The size of the re-circulating flow in region B for 
case 5 is much smaller when compared to case 1. The reduc-
tion in the vortex size observed in case 5 not only guides more 
flow onto the rotor but also high energy flow is channeled 
towards the rotor. In addition to this, flow separation in region 
A for case 5 is completely eliminated when compared to case 
1 and slightly higher velocity is recorded in this region for 
case 5 as well. The improvement of flow characteristics in 
region A and B has a dramatic influence on rotor performance 
as indicated in Fig. 9.  

 
3.3 Rotor modification 

Two additional rotor blade entry angles (α) of 20° and 40° 
were incorporated into the best chamber geometry identified 
in Sec. 3.2 and its performance was investigated. The influ-
ence of blade entry angle on rotor performance is given in 
Table 3.  

An interesting observation is that the 40° rotor performed 
the best when compared to the other two rotor blade entry 
angles. It was expected that the 20° rotor which has a higher 
curvature would perform the best. Zullah and Lee [19] re-

ported superior performance of Savonius rotor with blade 
entry angle of 20° that was employed in an OWC. The results 
of the current numerical work lead to an important finding that 
the design and performance of the turbine employed in an 
OWC is strongly dependent on the OWC chamber geometry. 
Higher blade entry angles were not investigated because the 
blade became straighter and lost its effectiveness in capturing 
the energy of the flow. The improvements in the rotor power 
and efficiency for the 40° rotor when compared to 30° rotor 
were 5 % and 6.5 %, respectively.  

Finally the rotor diameter was varied using the 40° rotor 
from 85 mm to 100 mm in increments of 5 mm. The effect of 
rotor diameter on its performance is shown in Fig. 11. When 
the rotor diameter was reduced, the rotor performance deterio-
rated. This could be due to the fact that the rotor is too small to 
capture the energy of the incoming flow effectively. On the 
other hand, when the rotor diameter is increased, the output 

 
 
Fig. 9. Rotor power and efficiency for different OWC chamber geome-
tries. 

 

Table 3. Effect of blade entry angle on rotor performance. 
 

Blade entry angle Rotor power (W) Efficiency (%) 

20° 0.18 8.59 

30° 0.20 9.34 

40° 0.21 9.95 

 

 
Case 1 (base model) 

 

 
Case 5 

 
Fig. 10. Flow characteristics in the OWC chamber for cases 1 and 5.  
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power increases. The highest power of 0.34 W was recorded 
for 100 mm rotor and the corresponding efficiency was 
16.1 %. Zullah and Lee [17] reported peak efficiency of 
18.58 %; in the current work, the peak efficiency is 16.1 % 
which compares well with their work. It is worth mentioning 
that the width of the rear chamber was 108 mm and increasing 
the rotor diameter further would have adversely affected the 
rotor performance. This is due to the close proximity of the 
rotor blade tip to the chamber walls. The boundary layer inter-
action between the wall and rotor would have caused severe 
reduction in rotor performance.  

The flow around the 85 mm and 100 mm Savonius rotors as 
the water enters the OWC is shown in Fig. 12. The larger rotor 
is able to capture the energy of the incoming flow more effec-
tively. Looking at region 2, the high energy flow just passes 
between the chamber wall and the rotor tip for 85 mm rotor 
without imparting energy onto the rotor. For the 100 mm di-
ameter rotor, the flow is actually imparting most of the energy 
onto the rotor before flowing upwards. Similar trend is seen 
when the flow is retreating from the OWC chamber.  

From the present study, the best chamber geometry was 
case 5 and the best rotor geometry was the 100 mm rotor with 
blade entry angle of 40°. The rotor power and efficiency for 
the best model were 0.34 W and 16.1 %, respectively. Com-
paring this with the base model which had a power output of 
0.17 W and an efficiency of 8.28 %, the improvement in rotor 
efficiency is approximately 94 %. The flow condition in the 
current numerical work was fixed and the rotor speed was also 
kept constant. The work highlights that the performance of the 
rotor at a fixed condition can be improved by optimizing the 
OWC chamber geometry and the rotor design. 

 
4. Conclusions 

The performance of the OWC was first validated with ex-
perimental results. The current numerical results showed good 
agreement with experimental results and also with mathemati-
cal models. Following this the base model was modified and 
the key findings are given below:  

(1) The OWC chamber geometry has a strong influence on 
the rotor performance. The study on the rotor blade entry an-
gle highlighted superior performance of the 40° rotor when 
compared to the 20° and 30° rotor. The rotor diameter 
strongly influenced the output power.  

(2) Finally, the rotor power and efficiency for the best 
model were 0.34 W and 16.1 %, respectively. Comparing this 
with the base model which had power output of 0.17 W and 
efficiency of 8.28 %, the improvement in rotor efficiency is 
approximately 94 %. The flow condition in current numerical 
work was fixed and rotor speed was also kept constant. The 
work highlights that the performance of the rotor at fixed con-
dition can be improved by optimizing the OWC chamber ge-
ometry and the rotor design. 

 
Nomenclature------------------------------------------------------------------------ 

α     : Blade entry angle    
D    : Savonius rotor diameter 
h : Water depth 
H  : Wave height 
T   : Wave period 
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