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Abstract—Oscillating water column (OWC) devices 
employing Savonius rotors were experimentally tested at varying 
wave conditions, rotor geometry, water depth and relative 
submergence depth. In addition to this, the rotor orientation, 
OWC orientation and blockage ratio were varied. Furthermore, 
a novel double OWC was tested. The results indicate that the best 
rotor configuration was d = 40 mm and α=30°. The performance 
of the rotor was better at a water depth of 280 mm at all the 
frequencies.  Maximum rotational speed was recorded at relative 
submergence depth of 0.46. For the normal OWC the counter 
clockwise rotating rotor performed better at all the frequencies 
and the rpm increased with increasing frequency. On the other 
hand for the opposite OWC the clockwise rotating rotor 
performed better at all the frequencies and the rotor 
performance peaked at 0.8 Hz and 0.85 Hz. Increasing the 
blockage ratio did not improve the rotor performance. Finally, 
for the double OWC, the combined performance of the front 
OWC rotor and rear OWC rotor was the best at 0.8 Hz and 0.85 
Hz. 

Keywords—wave energy; Savonius rotor; oscillating water 
column (OWC); double OWC

I. INTRODUCTION 

The use of renewable energy sources for power generation 
is gaining vast interest. It provides an alternative to 
conventional fossil fuels. Renewable energy is clean and 
environmentally friendly. It also acts as a counter-measure 
against global warming and rising sea levels. In addition to 
this, it helps in protecting and preserving the environment for 
future generations. Amongst all the renewable sources, wave 
energy is an interesting option. Wave energy is the most 
consistent of all the intermittent sources. Availability of waves 
is 90% compared to 30% availability of wind and solar energy 
[1]. In addition to this, energy in waves per square meter is 15 
to 20 times more than that of wind and solar energies [2]. The 
distinctive advantage of wave power is the large energy fluxes 
available and the predictability of wave conditions over a 
certain time span. The power flow in waves is approximately 
five times more than the wind that generates the waves which 
makes wave energy more persistent than wind energy [3]. 
Therefore, with the help of an appropriate wave energy 

converter (WEC), the energy can be extracted to produce 
power to meet the demands of the society. 

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 
oscillating water column (OWC) is the most investigated 
WEC. OWC is a partially submerged hollow structure 
positioned, either vertically or at an angle. OWC uses the same 
principle as a piston in an engine. It generates electricity in a 
two-step process. As a wave enters the column, the entrained 
air which is held over the water column is forced past a turbine 
and increases the pressure within the column. As the wave 
retreats, the air is drawn back past the turbine due to the 
reduced air pressure on the ocean side of the turbine. The air 
flows past the turbine bi-directionally and it requires a special 
design of the turbine. The turbine design is such that it should 
rotate only in one direction. This type of turbine is called self-
rectifying [4]. Therefore, a self-rectifying turbine can be used 
to extract power from the bi-directional airflows that is 
encounter in OWC WEC. Majority of self-rectifying air 
turbines used in for wave energy conversion are generally axial 
flow machines of two basic types, the Wells turbine and the 
impulse turbine [5]. 

Recent developments have focussed on the use of other 
turbine types for wave energy extraction. One such alternative 
to conventional 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. Bikas et al. [7] experimentally 
studied the performance of Savonius rotor type WEC in 
conjunction with a conventional rubble mound breakwater. The 
Savonius rotor was placed in front of the breakwater and 
parameters such as optimum horizontal distance from the 
breakwater and the rotor and optimum submergence depth of 
the rotor from the surface was investigated. The results 
indicated the best optimum horizontal distance X/d to be in the 
range of 20-25 and the optimum submergence distance was 55 
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mm below the still water level. The efficiency of the rotor was 
between 6 to 8%. Faizal et al. [8] experimentally tested 
Savonius rotor for wave energy conversion. The results 
indicated the rotor speed increased with increasing wave 
frequency. Furthermore, increase in the wave height also 
increased the turbine speed because kinetic energy of the 
particles’ was higher. The optimum submerged depth for the 
rotor was 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 Hindasageri at al. [9]. The 
authors reported increase in efficiency with increasing ocean 
depth. On the other hand, efficiency decreases with increase in 
orbital overlap ratio. The orbital overlap ratio signified the 
influence of wave height variation on the performance of the 
rotor of specified diameter.    

Ahmed et al. [10] studied an array of four Savonius rotor at 
varying submergence depth and rotor spacing. The study 
highlighted that the rotational speeds of the rotors decreased 
with increasing submergence depth. This was due to low 
kinetic energy available at deeper depths as the size of the 
orbital motion was reduced and imparting less energy onto the 
rotor. The centre to centre distance also influenced the speeds 
of the rotors. The case with smallest space between the rotors 
recorded higher rotational speeds. It was noted that the 
preceding rotors recorded higher rotational speeds except for 
the largest centre to centre distance case. In continuation of 
their work Ahmed et al. [11] investigated the effect of blade 
curvature and inter rotor spacing on energy conversion. From 
the study the best blade curvature was 70°. As for the inter 
rotor spacing the rotors recorded higher rotational speeds when 
the gap between the arrays was less. 

Patel et al. [12] studied an inclined OWC device employing 
a Savonius rotor. The inclined OWC reduces the influence of 
reflected waves on the performance of the rotor. The tested 
were conducted at varying water depths and wave frequencies 
and the authors reported peak performance for all the cases at 
frequency of 0.8 Hz. The study highlighted strong dependence 
of performance on wave period. In another study Patel et al. 
[13] investigated the effect of blockage ratio on the 
performance of a Savonius rotor employed in a horizontal 
turbine section OWC. The OWC exit opening was varied and 
tested at varying wave frequencies. The results highlighted 
superior performance of the OWC with exit opening of 25%. 
The turbine speed at this setting was maximum for all the wave 
frequencies. The effect of turbine section orientation on the 
performance of an OWC device at varying water depths and 
wave frequencies was investigated by Patel et al. [14]. They 
employed a Savonius rotor. The authors reported that the 
horizontal turbine section orientation recorded 20 to 30% 
higher turbine speed than the vertical turbine section 
orientation. The increase was attributed to higher dynamic 
pressure and better flow characteristics for the horizontal 
section duct than the vertical duct model. This ultimately 
improves the rotor performance. Dorrell and Fillet [15] 
developed a simple algorithm to predict the performance of a 
small scale segmented OWC employing a Savonius rotor. They 
verified their algorithm by conducted experiments and the 
results showed good agreement. Tutar and Veci [16] tested a 
horizontal axis three bladed Savonius rotor at varying wave 

height, wave period and submergence 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.  

The literature shows the potential of Savonius rotor as an 
alternative to conventional turbines. An advantage of Savonius 
turbine is that is can be employed as an air turbine or as a direct 
drive turbine (DDT) A DDT is placed directly into the water 
and uses it as the working fluid. Furthermore, the design and 
construction of Savonius rotor is easy therefore making it 
cheaper compared to conventional turbines. In the present 
study the performance of Savonius rotor at varying wave 
conditions and turbine geometry is investigated experimentally. 
The Savonius rotor is incorporated into the OWC. The effect of 
chamber orientation and turbine orientation was also 
investigated. 

II. METHODOLOGY
The experiments were conducted in a wave channel that 

was 3.5 m long, 0.3 m wide and 0.45 m deep. Waves were 
generated using a flap type wavemaker that was hinged to the 
bottom of the channel. The wavemaker frequency was varied to 
obtain different sea states. The wave height in this wave 
channel is decided by the wave frequency and cannot be 
controlled independently. The schematic of the wave channel is 
shown in Fig. 1. The tuneable beach which consisted of 
numerous 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 1:100 using 
clear Perspex. The schematic of the L-shaped OWC is given in 
Fig. 2. The dimensions shown in Fig. 2 is in millimetres. The 
width of the OWC model was 150 mm. A total of nine 
Savonius rotors with varying rotor diameters (d) and blade 
entry angles (α) were produced using 3-D printer technology. 
The rotor diameter of 40 mm, 45 mm and 50 mm with blade 
entry angle of 30°, 45° and 60° were fabricated. Schematic of 
Savonius rotor with 40 mm diameter and different blade entry 
angles is shown in Fig. 2.  

The initial placement of the OWC in the wave tank is 
shown in Fig. 3. Two different water depths (dw) of 260 mm 
and 280 mm with three different relative submergence depth 
(dr) of 0.38, 0.46 and 0.54 were tested. The relative 
submergence depth is the ratio of submergence depth (ds) to the 
water depth (dw) as shown in Fig. 3. The initial rotor rotated 
counter clockwise under wave action. The rotor was switched 
around for clockwise rotation to determine whether rotor 
orientation has an effect on rotor performance. The effect of 
OWC orientation was investigated by placing the OWC inlet in 
the opposite direction of the incoming waves as shown in Fig. 
4. Furthermore a double OWC model was tested as shown in 
Fig. 4. In addition to this, the effect of OWC chamber blockage 
ratio (BR) on rotor performance was investigated. BR of 0%, 
50%, 75% and 100% were tested. BR of 75% indicates that 
75% of the total area at the chamber exit is blocked. Different 
blockage pattern for BR of 75% were further investigated as 
shown in Fig. 5. For all the test cases the frequency was varied 
from 0.75 Hz to 1.05 Hz in increments of 0.05 Hz and the 
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rotational speed (rpm) of the rotor was recorded using a non-
contact RPM meter.  

Fig. 1.    Schmetaic of the wave channel.

Fig. 2.    Schmetaic of the L-shaped OWC and Savonous rotor with 
different blade entry angles.

Fig. 3.    Schmetaic of the initial experiement setup showing the normal 
OWC. 

Fig. 4.    Schmetaic showing the OWC configurations.

Fig. 5.    Blockage patterns investigated.

The rotational speeds of the rotors were recorded with a 
Compact Instruments optical tachometer model CT6LSR. The 

tachometer had an accuracy of 0.01% and a resolution of ±1 
rpm. The wave height and wavelength were measured using 
Seiki pressure transducers, whose details are available in ref. 
[10].

III. RESULTS AND DISCUSSION

A. Wave characteristics 
The variation of wavelength (λ) and wave height (H) with 

varying frequencies at the two water depths is shown in Fig. 6.
The wavelength decreases with increasing frequency and it is 
observed the wavelength is slightly higher for dw = 280 mm. 
This is as expected since the wavelength decreases as the wave 
period decreases. In addition to this, waves travelling in deeper 
water have higher wavelengths than waves propagating in 
shallower waters. The wave height increases with increasing 
frequency and it is observed that the wave height at               
dw = 280 mm is higher for all the tested frequencies.

It is evident form Fig. 6 that at all the frequencies there is 
no wave breaking. One criteria used to determine onset of 
wave breaking is the wave steepness which is given by (πH/ λ)
and the limiting condition is when the ratio is more than 0.44,
this signifies wave breaking [17]. For all the tested water 
depths and frequencies the ratio was always less than 0.26. In 
addition to this, if there were wave breaking then from the 
onset of breaking waves the wave height would have reduced 
significantly which is not present as indicated by Fig. 6.  

Fig. 6.    Variation of wavelength and wave height at varying frequencies 
and depths. 

Fig. 7.    Wave power at varying frequencies and depths. 

The variation of wave power (Pwave) with varying 
frequencies at the two water depths is shown in Fig. 7. The 
wave power was calculated using equations 1 to 3. The power 
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in the incident waves is strongly influenced by the wave height 
and as such the wave power increases continuously as the 
frequency decreases. It is observed that the wave power 
recorded is higher at dw = 280 mm for all the frequencies.  
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B. Rotor geometry
Initially the nine Savonius rotors were tested at dw = 260 

mm and dr = 0.38. The effect of blade entry angle on the 
performance of the 40 mm Savonius rotor is shown in Fig. 8.
Firstly, the rpm increases with decreasing frequency. This 
indicates that the device is better suited for extracting power 
from waves with shorter wavelength and wave period. Second 
observation from Fig. 8 is that the rpm decreases with 
increasing blade entry angle. For all the three different rotor 
diameters the rpm at all the frequencies were higher for α =
30°. The blade has profound curvature at α = 30° when 
compared to α = 45° and α = 60°. This actually helps the rotor 
to extract energy from the waves more effectively hence the 
rpm recorded was higher. Zullah et al. [18] numerically studied 
the effect of Savonius rotor blade angle. Two blade angle of 
40° and 60° was tested and superior performance of 40° blade 
angle Savonius rotor was reported. The power and efficiency 
recorded was 6.81 kW and 14.14% respectively. The current 
result also shows superior performance of rotor with lower 
blade entry angle. 

Shown in Fig. 9 is the effect of rotor diameter on rotor 
performance for α = 45°. Again the rpm increases with 
decreasing frequency. It is clear that the rotor diameter has an 
effect on its performance. Higher rpm is recorded for the 
lowest rotor diameter. This trend was observed for all the blade 
entry angles. The width of the rear chamber was 60 mm as 
shown in Fig. 2. Consequently, the distance from the tip of the 
Savonius rotor to the side walls of the rear chamber for d = 40 
mm, d = 45 mm and d = 50 mm was 20 mm, 15 mm and 10 
mm respectively. It is possible at higher rotor diameter (that is 
at lower tip clearance), the formation of boundary layer on the 
side walls could have significantly influenced the performance 
of the rotor. The boundary layer on the rotor and the side walls 
could have interacted with each other hence resulted in lower 
rpm been recorded. The best rotor configuration was d = 40 
mm with α = 30°. From here onwards other performance 
parameters investigated was for the best rotor configuration.

Fig. 8.    Effect of blade entry angle on the performance of the 40 mm 
Savonius rotor.

Fig. 9. Effect of rotor size on rotor performance for α = 45°.

C. Water depth and relative submergence depth
The effect of water depth and the relative submergence on 

the rotor performance is shown in Fig. 10. At all the relative 
submergence depth higher rpm is recorded for greater water 
depth. The difference is significant. On average the increase in 
the rpm at dr = 0.38, 0.46 and 0.54 is 50%, 52% and 62% 
respectively. It is as expected because at greater water depth 
the wave power recorded as indicated in Fig 7 is higher hence 
the rotor has higher rpm. Another viewpoint could be that the 
waves impart more energy onto the rotors at greater water 
depth and as a result of this the rotor rotates much more 
quickly. Higher rpm is recorded for dr = 0.46 at both the water 
depths. This could be explained with the help of volume flow-
rate (Q). Generally the higher the volume flow rate the better 
the rotor performs. 

Fig. 10.    Effect of water depth and relative submergence depth on rotor 
performance.
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Fig. 11.    Volume flowrate at dw = 280 mm.

The volume flow-rate at dw = 280 mm is shown in Fig. 11.
The volume flow-rate increases with decreasing frequency. It is 
very clear that higher volume flow-rate is recorded at dr = 0.46 
for all the frequencies. Next is dr = 0.54 and the lowest is 
recorded for dr = 0.38. The higher volume flow-rate at dr =
0.46 therefore results in higher rpm at dr = 0.46 as indicated in 
Fig. 10. Similar trend in volume flow-rate was observed for dw
= 260 mm. 

D. Turbine orientation 
From the present study the rotational direction of the rotor 

also influences the rotor performance. The rpm recorded for 
clockwise (CW) and counter clockwise rotation (CCW) of the 
Savonius rotor at dw = 280 mm is shown in Fig. 12. Higher rpm 
is recorded for CCW rotation at all the frequencies and relative 
submergence depths. The reason is the rotor is better aligned to 
receive the energy from the incoming waves in the CCW
rotation configuration. For CW rotation the rpm fluctuates and 
the peak occurs at 1 Hz. On average the increase in the rpm for 
CCW rotation compared to CW at dr = 0.38, 0.46 and 0.54 is 
37%, 28% and 27% respectively.

Fig. 12.    Influence of rotor rotational direction on rotor performance at dw
= 280 mm.

Fig. 13.   Effect of OWC orientation on rotor performance at dr = 0.46 and 
dw = 280 mm.

E. OWC orientation
So far in Part B to Part D, the inlet of the OWC was facing 

the incoming waves (normal). The effect of OWC orientation 
was investigated by switching the inlet in the opposite direction 
of the incident waves. Again the best Savonius rotor 
configuration of d = 40 mm and α = 30° was chosen. The rotor 
performance at dw = 280 mm, dr = 0.46 and at varying relative 
submergence depth was investigated. Furthermore, rotor 
orientation was also investigated and the results are shown in 
Fig. 13. An interesting observation made was that when the 
inlet was facing the incoming waves, higher rpm was recorded 
for CCW rotating rotor. On the other hand when the inlet was 
in the opposite direction of the incident waves, higher rpm was 
recorded for CW rotating rotor.  For the opposite OWC 
orientation peak rpm is recorded between 0.8 Hz and 0.85 Hz. 
This correlated with the volume flow rate recorded at these 
frequencies. The result also highlights that when the inlet is in 
the opposite direction the rpm recorded for both CW and CCW
rotation at 0.8 Hz and 0.85 Hz is greater for the normal facing 
inlet employing CW rotating rotor.  

F. Double OWC
From Part D (normal OWC) the CCW rotor performed the 

best and from Part E (opposite OWC) the CW rotor performed 
the best. This rotor configuration was then incorporated into 
the front OWC and rear OWC respectively for the double 
OWC model. The tests were conducted at dw = 280 mm and all 
the relative submergence depths. The performance of the rotor 
in the front OWC was compared with the performance of rotor 
in the normal OWC as shown in Fig. 14.  

Fig. 14.    Rotor performance in the normal OWC and the front OWC at dr
= 0.38 and dr = 0.46 at dw = 280 mm.

Fig. 15.    Rotor performance in the opposite OWC and the rear OWC at dr
= 0.38 and dr = 0.54 at dw = 280 mm.
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There is significant drop in the rpm at the respective 
relative submergence depths. The results clearly shows that the 
addition of the rear OWC dramatically influences the 
performance of the upstream rotor. In a similar manner the 
performance of the rotor in the rear OWC was compared with 
the performance of rotor in the opposite OWC as shown in Fig. 
15. Surprisingly the rotor performance is not dramatically 
influenced by the front OWC. The drop in the rotor rpm for the 
rotor in the rear OWC when compared to opposite OWC is 
moderate.   

The performance of the double OWC was understood by 
looking at the combined performance of the rotor in the front 
OWC and the rear OWC. Fig. 16 shows the rotor performance 
in the front OWC and rear OWC at dr = 0.46 and dr = 0.54 at 
dw = 280 mm. The performance of the front OWC rotor 
increases with increasing frequency. On the other hand peak 
performance of the rear OWC rotor occurs between 0.8 Hz and 
0.85 Hz. At is worth mentioning that at these two frequencies 
the rear OWC rotor recorded higher rpm than the front OWC 
rotor. At dr = 0.46 the rear OWC rotor performs extremely well 
compared to the front OWC rotor. Beyond 0.85 Hz the 
performance of the rear OWC rotor drops dramatically at both 
the relative submergence depths. However, when the rotor 
performance is combined than the double OWC performs 
better at longer wave periods. The combined performance is 
maximum at 0.8 Hz and 0.85 Hz. Even though the front OWC 
rotor recorded significantly higher rpm at frequencies beyond 
0.85 Hz compared to the rear OWC rotor but the combined 
rotor performance is higher at 0.8 Hz and 0.85 Hz. 

Fig. 16.    Rotor performance in the front OWC and the rear OWC at dr =
0.46 and dr = 0.54 at dw = 280 mm.

Fig. 17.    Effect of blockage ratio on rotor performance at dr = 0.46 for dw
= 280 mm

G. Blockage ratio
The purpose of blocking the flow at the chamber exit was 

to investigate its effect on rotor performance. The effect of 
blockage ratio on rotor performance at dr = 0.46 for dw = 280 
mm is shown in Fig. 17. The rotor performance dropped 
significantly as the block ratio was increased. At BR = 100% 
the rotor did not rotate at all because there was no oscillation of 
water in the OWC. For pattern 1, the rotor at BR = 50% and BR
= 75% performed better than completely open   (BR = 0%) 
chamber exit at 0.75 Hz. The reason for this was that higher 
volume flow rate was recorded for BR = 50% and BR = 75% at 
this frequency than BR = 0%. From 0.8 Hz onwards BR = 0% 
recorded maximum rpm at respective frequencies. The results 
clearly indicate that obstruction at the chamber exit negatively 
influences the rotor performance. Changing the blockage 
pattern for BR = 75% did not help towards improving the rotor 
performance as well.      

IV. CONCLUSION

Savonius rotors used as DDT integrated into an OWC were 
experimentally tested. Various wave conditions, turbine 
geometries, water depth and relative submergence depths were 
tested. Furthermore, effects of rotor orientation, OWC 
orientation and blockage ratio on rotor performance were 
investigated. In addition to this, a novel double OWC model 
was also tested. The key findings of the present study are given 
below:

1. The best rotor configuration was d = 40 mm and 
α=30°.

2. The rotor performed better at water depth of 280 mm 
at all the frequencies. 

3. The best relative submergence depth was 0.46 for both 
the water depths.

4. For the normal OWC the CCW rotating rotor 
performed better at all the frequencies and the rpm 
increased with increasing frequency. 

5. For the opposite OWC the CW rotating rotor 
performed better at all the frequencies and the rotor 
performance peaked at 0.8 Hz and 0.85 Hz. 

6. Increasing the blockage ratio did not improve the rotor 
performance.

7. For the double OWC the combined performance of 
the front OWC rotor and rear OWC rotor was 
maximum at 0.8 Hz and 0.85 Hz. 
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