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Abstract 
 
The performance of a single Oscillating water column (OWC) in normal and opposite configuration employing a Savonius rotor is in-

vestigated. For the normal OWC, the peak performance occurred at wave period T = 1.7 s with rotor speed of 86 rpm at wave height H = 
80 mm. The opposite OWC recorded peak performance at the same wave period and the rotor had a maximum speed of 65 rpm at H = 80 
mm. Furthermore, a novel double OWC configuration was tested and the peak performance of the rotor in the front and rear OWC oc-
curred at T = 1.675 s with respective rotor speeds of 74 rpm and 53 rpm. The double OWC was analyzed by combining the performance 
of the rotor in the front and rear OWC. The Particle image velocimetry (PIV) results showed regions of re-circulating flow in the cham-
ber as well as around the rotor. It was interesting to note that when comparing the advancing flow and the retreating flow, the flow had 
more energy when retreating hence suggesting more energy is imparted onto the rotor during this time. The PIV results provided a deeper 
insight into the flow characteristics and the rotor performance.  
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1. Introduction 

Mankind presently is faced with the problem of producing 
enough energy to meet the ever increasing demand due to 
increasing world population and rapid modernization. Cur-
rently, the primary source of power production is mainly the 
fossil fuels. Burning of oil and coal for power production has a 
severe impact on the environment. Global warming and rising 
sea levels are a direct consequence of burning fossil fuels. The 
impact of which has been profoundly felt by the small island 
nations in the Pacific. National Aeronautics and Space Ad-
ministration (NASA) and National Oceanic and Atmospheric 
Administration (NOAA) reported that 2015 was warmest year 
on record [1]. The sea level is rising at an accelerated rate of 
3.2 ± 0.4 mm/yr [2]. It is predicted that the sea level could rise 
by 0.43 to 0.73 m by the end of this century [3]. So the great-
est challenge facing mankind is not producing energy but 

producing energy from sources that are environmentally 
friendly and at the same time sustainable. 

Producing electricity from ocean surface waves is a strong 
alternative to fossil fuels. What makes producing electricity 
from waves lucrative is that waves are highly consistent and 
can be predicted beforehand. Furthermore, the energy in 
waves per square meter is 15 to 20 times more than that in 
wind or solar [4]. It is estimated that the global power poten-
tial of waves hitting the coasts worldwide is 1 TW [5]. By 
using appropriate Wave energy converters (WEC), it is possi-
ble to tap into this enormous resource. Before any WEC is 
actually realized and commissioned, it has to go through vari-
ous stages of development. There are generally five phases. 
Phase 1 (Validation model) is further subdivided into three 
sub-phases. It consists of concept, performance and optimiza-
tion which is generally carried out in lab using either a 2D 
flume or a 3D basin. The scale ratio for the concept sub-phase 
is generally between 1:25 to 1:100; on the other hand for the 
latter sub-phase it is generally from 1:5 to 1:10. Phase 2 (De-
sign model) normally tested in a 3D basin is constructed using 
scale ratio of 1:10 to 1:25. Phase 3 (Process model) tested at 
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benign site and the model scale is from 1:3 to 1:10. Phase 4 
(Prototype) is generally either full scale or 1:2 and is tested in 
exposed environment. Finally phase 5 is the demonstration 
phase and is the full scale model whose performance is evalu-
ated at an open location. Further details can be found in the 
work of Holmes [6].      

Therefore, concept-testing is a critical part in the evolution 
of the WEC. Normally the tests are conducted in wave flumes 
or commonly called wave tanks. A wave tank is characterized 
as a long and narrow enclosure with a wave-maker at one end 
[7]. The controlled movement of the wave-maker generates 
the desired waves in the wave tank [8]. The performance of 
the WEC can therefore be tested at various wave conditions 
and operating conditions. A key to successful experimental 
tests is correct scaling. It is vital that the experimental condi-
tions used are reflective of the actual wave climate where the 
proposed WEC will be deployed. A mismatch between the 
two generally leads to undesired performance characteristics. 
Therefore Froude similitude is used to prescribe the relation-
ship between model conditions (Experimental) and prototype 
conditions (Full scale). This ensures that there is geometric, 
kinematic and dynamic similarity between the model and the 
prototype. Geometric similarity implies that all the linear di-
mensions are scaled consistently using a single ratio. Kine-
matic similarity ensures that there is geometrically similar 
motion in the model and the prototype. Dynamic similarity 
requires the forces acting on the model and the prototype to be 
proportional. For free-surface flows such as waves, dynamic 
similarity is ensured if the Froude number is same for both the 
experimental model and the prototype. Model scale therefore 
is the most important issue to address at the beginning of the 
testing phase. Generally, it is accepted that the larger the 
model the better. However, the practical limitations such as 
the size of the wave tank, budget and time strongly influence 
the model size [9].    

Fernandez et al. [10] tested an overtopping device named 
the WaveCat which consisted of twin hull. Scale of 1:30 was 
used for the experiment which was a compromise between the 
advantages of small scale ratio and the physical limitation of 
the wave tank and the wave generation capabilities. The work 
demonstrated the functionality of the model and preliminary 
assessment of its power performance. The work highlighted 
the overtopping rate was highly dependent on the sea states. 
The optimum angles between the hulls for power production 
was 45° and 60°. Bosma et al. [11] conducted wave tank test 
and model validation of an Autonomous wave energy con-
verter (AWEC). The model was constructed one quarter of the 
actual device. The actual water depth for device deployment 
was 14 m and the maximum depth achievable in the wave 
tank limited the model scale.  

Baanu et al. [12] tested 1: 8 Backward bent duct buoy 
(BBDB) and investigated the effect of duct extension. The 
author also conducted numerical investigation. The heave 
response was higher for 512 mm duct extended model ex-
perimentally whereas the numerical results highlighted higher 

heave response for 562 mm extended model. The difference 
as highlighted by the authors was due to the viscous damping 
effects that are not considered in the numerical investigation. 
The higher the heave response the greater the pneumatic effi-
ciency. The authors reported dependence of heave response to 
the wave period. Kofoed [13] extensively tested the Seawave 
slot cone generator (SSG). SSG is an overtopping WEC and 
has three water reservoirs. A scale of 1:15 was used and vari-
ous performance parameters were evaluated. The performance 
of LEANCON WEC using a scale of 1:40 was tested by Ko-
foed and Frigaard [14]. The device consisted of 120 OWC 
chambers arranged in two rows under two beams connected to 
each other in a v-shaped fashion. The device was tested for 
load optimization, power production and the mooring system. 
Scale model testing can also be found in works of Weng et al. 
[15], Gomes et al. [16] and Martinelli et al. [17].  

Ning et al. [18] investigated hydrodynamics of a fixed 
OWC at varying wave conditions and geometric parameters. 
The effect of wave height, chamber width, the front wall 
draught, orifice opening ratio and bottom slope on the hydro-
dynamic efficiency were investigated. The authors reported 
strong dependence of orifice opening on the hydrodynamic 
efficiency. On the other hand the bottom slope had little influ-
ence. Furthermore, the oscillation of the internal water column 
was dependent on the relative wave length. He et al. [19] stud-
ied a pile supported OWC type breakwater as an energy ex-
traction device and energy dissipation structure. The Power 
take-off (PTO) mechanism was simulated using small opening 
in the top cover of the pneumatic chamber. Two different 
opening shapes with three different opening ratios were inves-
tigated. In addition to this the draft was varied as well. The 
authors reported as an energy extraction device the energy 
efficiency is influenced by the shape of the opening and in-
creasing the draft reduced the energy extraction at all the 
opening ratios. The results indicated higher energy efficiency 
at larger pneumatic damping. The performance of the device 
as an energy dissipation structure for costal protection showed 
that with increasing draft the vortex induced energy loss in-
creased. The study highlighted that small pneumatic damping 
is desirable for increasing energy dissipation. 

Ram et al. [20] studied the effect of inclination angle on the 
flow characteristics inside a bend free rectangular cross sec-
tion OWC device. The focus was only on primary energy 
conversion and hence the turbine was not employed in the 
study. Measurement of dynamic pressure and water fluctua-
tion inside the capture chamber were made. The authors re-
ported as the inclination angle reduced the velocity recorded at 
the turbine section increased due to higher run-up and larger 
volume of water in the capture chamber.  

Tutar and Veci [21] 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. Viviano et al. 
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[22] investigated wave reflection and loading on a generalized 
OWC by varying the water depth and the orifice of the power 
take-off under random waves. The best orifice was defined as 
that which caused the smallest reflection coefficient from the 
front wall of the OWC hence leading to greater energy extrac-
tion from the incident waves. Elhanafi et al. [23] experimen-
tally tested a 3D offshore stationary OWC device. The device 
was tested in regular waves at different wave heights and peri-
ods while keeping a fixed diameter orifice plate as the PTO. 
Furthermore, a Computational fluid dynamics (CFD) model 
was constructed and validated against the experimental data. 
The effect of 2D and 3D simulation was also conducted. The 
authors highlighted significant over prediction of efficiency 
for the 2D model at wave frequencies higher than the chamber 
resonant frequency. Rezanejad et al. [24], Xu et al. [25] and 
Ashlin et al. [26] have also investigated performance of 
OWCs. Patel et al. [27] studied the effect of turbine section 
orientation on the flow characteristics and turbine perform-
ance for two OWC devices with similar inlet configurations. 
Oh and Jang [28] studied the efficiency of OWC systems 
combined with breakwaters by applying a vibration model. 
The performed simulations by varying internal wave, air pres-
sure, and energy, according to changes in external waves. 

The literature highlights testing and development of many 
varieties of WECs; however, the influence of rotor size on the 
performance as well as the performance of a double OWC are 
not studied in the past. Therefore, in the present study, a single 
and a double Oscillating water column (OWC) models at a 
scale of 1:14 are tested in a wave tank. The OWC models are 
tested at different wave conditions with two different rotor 
diameters. The model size and the wave conditions chosen 
represents real sea state at which the model is tested. The 
models are tested in normal, opposite and a novel double 
OWC configurations. The OWC employs a Savonius rotor as 
a direct drive turbine for energy extraction from the incident 
waves. The Savonius rotor is chosen because it is easy to con-
struct and maintain. Ease of construction means it is simple 
and can be constructed using simple manufacturing processes 
that ultimately bring the cost of rotor down. Furthermore, it 
has reasonable peak power output. In addition to this, Particle 
image velocimetry (PIV) measurement are carried out to gain 
a deeper insight into the flow characteristics in the OWC and 
around the Savonius rotor. The current experimental work will 
form the basis for future numerical validation.   

 
2. Methodology  

The experiments were conducted 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 wave-maker movement was controlled to 
generate desired waves. The sloping beach which consisted of 
multiple porous plates of different porosity levels was placed 
at the rear end of the channel to reduce wave reflection. 

The OWC model was constructed to a scale of 1:14 using 

10 mm thick acrylic. It is generally accepted that larger mod-
els reduce scaling effects. However, the scale ratio chosen was 
strongly dictated by the physical dimensions of the wave tank 
and the wave generating capabilities. As mentioned in the 
literature review, researchers have used scales as small as 1:40 
and the results have been valid (Refs. [10, 14]). The schematic 
of the L-shaped OWC is given in Fig. 2. The dimensions 
shown in Fig. 2 are in millimeters. The width of the OWC 
model was 200 mm which represents a prototype width of 2.8 
m. Savonius rotor with two different diameters with blade 
entry angle of 30° were fabricated. A preliminary study by the 
authors which is not part of the current work on effect of blade 
entry angle on rotor performance highlighted superior per-
formance of rotor with blade entry angle of 30° when com-
pared to blade entry angles of 45° and 60°. Selection of three 
bladed Savonius rotor is based on other researchers’ work [29, 
30]. Schematic of Savonius rotor is shown in Fig. 2. Table 1 

Table 1. Wave conditions for the present experiments. 
 

Variable Unit Range 

Wave height mm 60, 70 and 80  

Wave period s 1.6 to 1.8 

Water depth m 1.29 

 

 
 
Fig. 1. Schematic diagram of the wave channel. 

 

 
 
Fig. 2. Schematic diagrams and photographs of the L-shaped OWC 
and Savonius rotor.   
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shows the experimental variables.  
The placement of the OWC models in the wave tank is 

shown in Fig. 3. The submergence depth (ds), below the mean 
water level was 150 mm. This distance was chosen based on 
the current model geometry and the location of the rotor. At ds 
= 150 mm the rotor was fully submerged below the mean 
water level. For full scale model it represents a depth of 2.1 m. 
The wave elevation 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 work-
ing range of 200 mm to 1300 mm with resolution of 0.18 mm 
and a measuring frequency of 200 kHz. For all the test cases 
mentioned, 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 revolutions per minute (rpm). 
All the sensors were connected to the PT-1624 POWERTRON 
data logger. Particle image velocimetry (PIV) measurements 
were also performed on selected 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 reso-
lution of 1024 x 768 pixels. Cactus 3.3 software was used to 
post process the images.    

 
3. Results  

3.1 Normal OWC 

The rotational speed of the 90 mm rotor at varying wave 
heights and wave periods is shown in Fig. 4. The speed of the 
rotor increases with increasing wave period and reaches a 
maximum at T = 1.7 s and then drops rapidly. The average 
drop in rpm at T = 1.7 s when compared to the rotational 
speed at T = 1.8 s is 25 %. The rotational speed increases with 
wave height at respective wave periods. The maximum rota-
tional speed of 86 rpm is recorded at H = 80 mm and T = 1.7 s. 

Generally it is expected that as the wave period increases so 
does the power of the incident waves. In order to explain the 
sudden drop in the performance of the rotor, the flow rate (Q) 
in the OWC chamber was calculated.  

The flow rate and rotor speed at H = 60 mm are shown in 
Fig. 5. The flow rate increases nearly linearly from 1.6 s to 1. 
7 s and so does the rotational speed. From 1.7 s onwards, there 
is a dramatic drop in the flow rate and this is reflected by sig-
nificant drop in rotor speed from this point onwards. The flow 
rate at T = 1.8 s is 35 % lower than the flow rate recorded at T 
= 1.7 s. Therefore, the performance of the rotor is strongly 
influenced by the flow rate in the OWC chamber. Similar 
trend was observed for the other two wave heights of 70 mm 
and 80 mm.     

In addition to this, the effect of rotor diameter on rotational 
speed was also investigated. The results at H = 70 mm is 
shown in Fig. 6. The performance of the rotor is strongly de-
pendent on the rotor size. The results indicate that the 90 mm 
rotor has far better performance than the 70 mm diameter 
rotor. The peak rpm for 90 mm diameter rotor was approxi-
mately 40 % higher than the peak rpm of the 70 mm diameter 
rotor. The wave conditions and the flow rate remained the 
same in both the cases. For the smaller diameter rotor, a large 
portion of the high energy flow simply bypasses the rotor 
without imparting energy to it. As a result of this, the rotor is 
unable to extract enough energy from the incoming waves 
efficiently, hence suffers from poor performance. On the other 
hand, the 90 mm rotor is able to capture the energy of the in-
coming flow effectively. Caution should be taken while select-
ing the rotor size. It does not generally mean that if the rotor 

 
 
Fig. 3. Schematic of the experimental setup showing the single and 
double OWC.  

 
 

 
Fig. 4. Rotor performance at varying wave heights and wave periods.  

 

 
 
Fig. 5. Rotor performance as a function of flow rate at H = 60 mm. 
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size is further increased, the performance could be improved 
further. The interaction between the chamber wall boundary 
layer and the Savonius rotor should be an important factor as 
well. If the two boundary layers meet, it results in a highly 
retarded flow which can separate if the driving potential is not 
strong, which in turn leads to drop in the rotor performance 
[31].  

   
3.2 Opposite OWC 

The best rotor diameter of 90 mm was then used to study 
the performance of the opposite OWC. The results are com-
pared with the normal OWC at fixed wave height and varying 
wave periods as shown in Fig. 7. There is a noticeable drop in 
the speed of the rotor in the opposite OWC when compared to 
the normal OWC. The difference is somewhat same up to 1.7 
s; however, there is a greater divergence from 1.7 s onwards. 
The drop in rotor performance can be attributed to the flow 
characteristics observed in the opposite OWC. The energy 
available to the rotor in the opposite OWC when compared to 
normal OWC under the same wave climate is less. As a result, 
of this the rotor performance drops. An interesting observation 
is that the peak occurs at the same wave period for the oppo-
site OWC as in the normal OWC. Similar trend was observed 
for other wave heights as well. The peak performance oc-
curred at T = 1.7 s with rotor speed of 65 rpm at H = 80 mm. 
This represents a decrease of 24 % in rpm when compared to 

the peak rpm recorded for the normal OWC.  
 

3.3 Double OWC 

The performance of the double OWC is compared with the 
single OWC configurations. The front OWC rotor perform-
ance is compared with the normal OWC whereas the rotor 
performance of the rear OWC is compared with the opposite 
OWC. The performance of the rotor at H = 70 mm is shown in 
Fig. 8. For both the front and rear cases, the rotor speed is 
found to decrease with respect to the normal and opposite 
OWC. For the front OWC, the average reduction in rotor per-
formance was 10 % when compared to the normal OWC. 
Looking at the rear OWC, the rotor performance is severely 
affected by the front OWC at lower wave periods as well as 
higher wave periods. The average reduction in rotor perform-
ance for the rear OWC was 40 % when compared to the oppo-
site OWC. For T = 1.775 s and T = 1.8 s the rotor did not ro-
tate. It is worth mentioning that in the double OWC configura-
tion the peak performance is observed at T = 1.675 s. When 
the flow rate was compared for the different wave periods at 
the same wave height, it was found that the highest flow rate 
for the double OWC configuration was recorded at T = 1.675 s. 
As earlier mentioned in Sec. 3.1, the rotor performance is 
dependent on the flow rate.  

The peak performance of the rotor in the front and rear 
OWC occurred at T = 1.675 s with respective rotor speeds of 
74 rpm and 53 rpm. In order to analyze the double OWC, the 
combined performance of the rotors in the front and rear 

 
 
Fig. 6. Effect of rotor diameter on rotor performance at H = 70 mm. 

 
 

 
 
Fig. 7. Performance comparison between normal and opposite OWC at 
H = 80 mm. 

 

 
 
Fig. 8. Performance comparison of double OWC with normal and 
opposite OWC at H = 70 mm. 
 

 
 
Fig. 9. Combined performance of double OWC at H = 80 mm. 
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OWC at H = 80 mm is shown in Fig. 9. The peak occurs at T 
= 1.675 s and on either side of this, the combined performance 
is fairly good as well. The result shows that the double OWC 
configuration can perform fairly well between T = 1.65 s to T 
= 1.7 s. The fact that peak performance of the rotors in the 
front and rear OWC occurs at the same wave period makes 
coupling of the entire system easier. The current study ven-
tured into studying the performance of the novel double OWC. 
Even though two normal OWCs would perform well, the dou-
ble OWC will be structurally stable and it takes in the rotating 
flow resulting from the orbital motion of water particles. 
Moreover, in the current study the front and rear OWC have 
the same geometry; making it possible to improve the per-
formance of the rear OWC by changing its geometry.    

 
3.4 PIV results 

For PIV studies, the best cases from Secs. 3.1 and 3.2 

were considered. Unfortunately PIV for the double OWC 
configuration could not be studied due to hardware limita-
tions. The flow as it enters the normal OWC is shown in Fig. 
10. Re-circulating flow is observed in region B as the flow 
enters the OWC and as it progresses and moves upwards, 
flow separates from the corner near region A and vortices 
are observed within this region. Near the bottom corner of 
the chamber in region C very little flow is observed. In the 
current configuration the rotor rotates counter clockwise 
and the flow separating at region A directly affects the ad-
vancing rotor and hence reduces its momentum. High en-
ergy flow is observed between the rotor tip and rear cham-
ber walls.    

The vortices form at the corner in region D and move to-
wards F as the flow retreats and again in region E very little 
flow is observed. It is interesting to note that when comparing 
the advancing flow and the retreating flow, the flow has more 
energy when retreating hence suggesting more energy is im-

 
 
Fig. 10. Advancing flow and retreating flow into normal OWC at T = 
1.7 s and H = 80 mm.  

 

 
 
Fig. 11. Advancing flow and retreating flow into opposite OWC at T = 
1.7 s and H = 80 mm.  
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parted to the rotor during this time. Apart from this, orbital 
motion is present in the waves, which causes a strong flow 
component to enter the opposite OWC. Detailed studies on the 
orbital motion were performed by Faizal et al. [32] and Ah-
med et al. [33, 34]. The flow as it enters the opposite OWC is 
shown in Fig. 11. The re-circulating region at the bottom cor-
ner (Region G) is bigger in size when compared to normal 
OWC. Again, slightly higher energy flow is observed when 
water is retreating.  

From the PIV results, it is clear that the performance of the 
Savonius rotor can be improved by improving the flow char-
acteristics in the chamber. Generally the sharp corner at region 
A and H for normal and opposite OWC can be rounded to 
provide smoother and well guided flow onto the rotor. The 
bottom corner of the chamber can be modified by inclining it 
because close to this region low flow is observe which does 
not contribute positively towards rotor performance. By in-
clining the bottom corner, better flow characteristics can be 
obtained.   

 
4. Conclusions 

The performance characteristics of single OWC and a novel 
double OWC were investigated at varying wave conditions. 
Key findings from the present work are listed below. 

(1) The rotor diameter strongly affects the performance. The 
rotor with D = 90 mm performed better than D = 70 mm. The 
larger rotor is well aligned to receive the incoming energy and 
hence rotates faster.  

(2) The normal OWC recorded peak performance at T = 1.7 
s with rotor speed of 86 rpm at H = 80 mm. 

(3) The opposite OWC recorded peak performance at the 
same wave period and the rotor had a maximum speed of 65 
rpm at H = 80 mm.    

(4) The novel double OWC configuration was tested and 
the peak performance of the rotor in the front and rear OWC 
occurred at T = 1.675 s at H = 70 mm with respective rotor 
speeds of 74 rpm and 53 rpm.  

(5) The PIV results show regions of re-circulating flow in 
the chamber as well as around the rotor. It was interesting to 
note that when comparing the advancing flow and the retreat-
ing flow, the flow had more energy when retreating hence 
suggesting more energy is imparted to the rotor during this 
time. The PIV results shed light on possible areas of im-
provement to increase rotor performance.  

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

α     : Blade entry angle    
D    : Savonius rotor diameter 
ds     : Submergence depth 
dw : Water depth 
H  : Wave height 
Q  : Flow rate 
T   : Wave period 
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