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Effect of Oscillating Water
Column Chamber Inclination on
the Performance of a Savonius
Rotor
The power potential in the waves that hit all the coasts worldwide has been estimated to be
of the order of 1 TW. Each wave crest transmits 10–50 kW/m of energy, which is 15–20
times higher than wind or solar energies. The availability of wave energy is 90% compared
to 30% for wind and solar energies. The oscillating water column (OWC), which is the most
investigated wave energy converter consists of a partially submerged hollow structure posi-
tioned either vertically or inclined. The bidirectional airflow above the water column drives
a turbine. The conventional OWCs experience flow separation at the sharp corners of the
chamber. To address this issue, researchers have proposed inclining the chamber at an
angle with respect to the incident waves to improve the flow characteristics. In the
present work, the effect of OWC inclination on rotor performance is studied using the com-
putational fluid dynamics (CFD) code ANSYS-CFX. The results highlight that the 55 deg
inclined OWC showed improved performance compared to the conventional OWC and
modified OWC (optimized in a previous work). The maximum power for the inclined
OWC was 13% higher than that for the rotor in the modified OWC and 28% than that in
the conventional OWC at mean wave condition. The 55 deg inclined OWC recorded peak
rotor power of 23.2 kW with an efficiency of 27.6% at the mean sea state. The peak
power and efficiency at maximum sea state were 26.5 kW and 21.5%, respectively.
[DOI: 10.1115/1.4046284]
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Introduction
The present demands for the use of clean energy sources for elec-

tricity production as a countermeasure against the global phenome-
non of climate change are motivating researchers to pursue
renewables. The change in the weather pattern brought about by
global warming threatens the livelihood of everyone. A report by
intergovernmental panel on climate change [1] highlighted an
increase of 0.85 °C in the global averaged combined land and
ocean surface temperature from 1880 to 2012. The increase in
global temperature has led to a rise in sea level due to the melting
of polar ice caps. The rising sea level threatens small low-lying
islands.
One of the green and clean energy sources is waves. It is esti-

mated that the worldwide power potential of waves hitting the
coastline is 1 TW [2]. This represents energy per wave crest of
10–50 kW [3]. The energy of the waves can be extracted using a
suitable wave energy converter. Oscillating water column (OWC),
which is a matured technology, has been used widely for wave
energy extraction. The majority of OWC devices have chambers
that are perpendicular to the incident waves. These conventional
OWCs suffer severely from flow separation that occurs at the
sharp corners of the chamber, which leads to energy losses. The
function of the chamber is to capture the energy of the incident
waves as effectively as possible. This first stage energy conversion
is crucial in determining the performance of the OWC. In order to

address this issue, researchers have proposed inclining the
chamber at an angle with respect to the incident waves.
Ram et al. [4] experimentally studied the flow characteristics in

an inclined bend-free OWC device. The dynamic pressure measure-
ments and water level fluctuations inside the capture chamber were
recorded for different inclination angles. The results showed an
increase in the velocity of air flowing in the capture chamber as
the inclination angle is reduced. They also recorded higher water
level fluctuations in the chamber at lower angles. The authors
stated that the best inclination angles were between 45 deg and
55 deg. Patel et al. [5] studied 65 deg inclined OWC device employ-
ing a Savonius rotor. The inclined OWC reduces the influence of
reflected waves on the performance of the rotor. The tests were con-
ducted at varying water depths and wave frequencies, and the
authors reported peak performance for all the cases at a frequency
of 0.8 Hz. The study showed a strong dependence of performance
on the wave period. Iino et al. [6] investigated the effect of inclina-
tion on water oscillation characteristics in the OWC. The authors
developed a mechanical one degree-of-freedom oscillator model
of the inclined OWC. The model was validated against experimen-
tal results obtained from wave tank testing of a cylindrical OWC at
90 deg, 45 deg, and 18.4 deg inclinations. The paper highlighted
that the resonance period was prolonged by the reduced restoring
force as the direction of motion changed and concluded that chang-
ing the direction of motion affected the oscillation characteristics
of OWCs.
A survey of the literature clearly indicates that there is a lack of

information regarding the effect of inclination on OWC perfor-
mance. There is no consensus on which angle of inclination leads
to optimum performance. Furthermore, the optimum inclination
angle is device dependent. It cannot be accepted without verification
that the optimum inclination angle of one OWC device will neces-
sarily be the same for another. Each device is unique with its unique
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optimum inclination angle. This provided the motivation for the
present work, which is intended to investigate the effect of inclina-
tion on the performance of an OWC device employing a Savonius
rotor numerically using ANSYS-CFX. A numerical wave tank (NWT)
that simulates waves and solves the Navier–Stokes equations is
employed to study the performance of a conventional OWC, an
OWC optimized by Prasad et al. [7] (named modified OWC) and
inclined OWCs. The waves in the NWT were generated using a
piston type wave-maker. The wave climate generated is the same
as that reported by Ram et al. [8]. The mean wave height (H) and
the mean wave period (T) used in the simulation were 2.00 m and
12.68 s, respectively. The current numerical code was previously
validated against the real sea data by the authors and can be
found in the work of Prasad et al. [9]. Second, the performance of
the 55 deg inclined OWC is further investigated at the minimum
sea state (H= 1.37 m and T= 10.00 s) and maximum sea state
(H = 2.34 m and T= 14.39 s). The rotor power, rotor efficiency,
and flow characteristics are presented and discussed in this paper.

Methodology
Initially, a 1:14 scaled model of the conventional OWC was

constructed and tested at varying wave conditions. For the experi-
ments, the Savonius rotor had a blade entry angle of 30 deg. Two
rotor diameters of 70 mm and 90 mm were tested. The results of
this study can be found in Ref. [10]. The optimum rotor perfor-
mance in this study was obtained at the wave height, wave
period, and water depth of 80 mm, 1.7 s and 1.29 m, respectively.
The next step was to conduct numerical studies on the same
OWC and optimize the OWC geometry and the rotor geometry.
The computational fluid dynamics (CFD) code was validated
against experimental results. The OWC geometry upon optimiza-
tion yielded the modified OWC configuration. For the rotor optimi-
zation, the blade entry angles tested were 20 deg, 30 deg, and
40 deg. The rotor diameter was also varied from 80 mm to
10 mm at increments of 5 mm. The best rotor configuration was
found out to be the rotor with a blade entry angle of 40 deg and a
diameter of 100 mm. The dimensions of the full-scale Savonius
rotor, as shown in Fig. 1, are based on the numerical results
obtained by Prasad et al. [7]. The dimensions have been scaled

up based on these results. Once the optimization was complete,
the performance of the full-scale OWC is investigated as part of
this study.
The solid modeling of all the parts was done using NX 8 UniGra-

pics software. The schematic diagram of the NWT (not to scale) is
shown in Fig. 2. The entire length of the computational domain was
700 m. The OWC was positioned at 1.5λ (where λ is the wave-
length) from the wave-maker and 3λ from the back wall. For the
present study, the wavelength was approximately 155 m. Lakshmy-
narayanan et al. [11] in their work had the inlet and the back wall at
1.5λ and 2λ, respectively, from the model. The total length of the
wave-maker region and the wave damping zone was 100 m. The
width of the NWT was 8.4 m, while the water depth (h) was
18 m. The inlet of the OWC facing the incident waves was
located 2.1 m below the mean water level measured from the top
edge of the inlet. At this depth, the Savonius rotor was fully sub-
merged. The dimensions of the Savonius rotor are shown in
Fig. 1. The length of the rotor and the width of the OWC
chamber are 2.8 m and the blade entry angle is 40 deg.
The schematic diagrams of the three OWCs are shown in Fig. 3.

The modified OWC configuration was obtained by optimizing the
OWC from numerical studies conducted by Prasad et al. [7]. The
inclination angle, θ, is varied in the present work from 45 deg to
65 deg at increments of 5 deg to find the optimum angle.

ICEM CFD software was used for the discretization of the model
using hexahedral meshing. This grid generation scheme allows
for user-defined meshing, which is of high mesh quality. The
meshing for the NWT, OWC, and the rotor is shown in Fig. 4.
The mesh was refined near the mean water level region to capture
the air–water interface accurately. The refinement region near the
free surface was 3 m high, and nodes in the vertical direction
were assigned such that each interval was approximately 0.08 m
high. Since the maximum wave height for the simulation was
2.34 m, this mesh refinement will be able to capture the wave
height accurately. The mesh treatment in the horizontal direction
also varied. The mesh was refined close to the OWC. The mesh
size was such that the length varied from 0.5 m to 2.35 m. Since
the wavelength was 155 m, the mesh size in the horizontal direction
was appropriate to capture the wave profile accurately. The number
of nodes for the NWT, OWC, and rotor domain were 300,000,
100,000 and 400,000, respectively. This gave a total node count
of 800,000. Initially, the influence of grid size on the results was
investigated. The y+ value for the rotor was less than 10, while
for other subdomains, it was less than 50. Grid independence test
was conducted using 400,000, 800,000, and 1,200,000 nodes for
both the validation work and full-scale simulation as given in
Table 1. The grid size of 800,000 was chosen for all the simulations.
Increasing the number of nodes to 1,200,000 only showed a devia-
tion of 1% in the recorded power. The additional number of nodes
did not provide any benefit in accuracy apart from increasing the
simulation time.
For carrying out the numerical work, commercial CFD

code ANSYS-CFX was employed. It solves the Reynolds-averaged
Navier–Stokes equation. The governing equations solved are
mass and momentum conservation (Lal and Elangovan [12]).Fig. 1 Schematic diagram of the Savonius rotor

Fig. 2 Schematic diagram of the NWT
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The air–water free surface was captured using the volume of fluid
(VOF) method. The two critical boundary conditions that needed
to be captured were the dynamic boundary condition and the kine-
matic free surface boundary condition (Maguire [13] and Falnes
[14]). The VOF method, which is an interface capturing method,
was used to capture the free surface. In the VOF method, each
cell is considered to be full of fluid of varying fractions. This
adds another governing equation, proposed and used by Finnegan
and Goggins [15]. For further details of the numerical method,
the authors’ previous work (Prasad et al. [9]) can be referred. The
computational domain was divided into three domains: the NWT,
the OWC, and the rotor, as shown in Fig. 5. The wave-maker
region was the moving mesh region. The inlet of the NWT,
which is named as the plate, was assigned a specific displacement
with a user-defined expression given in Eq. (1). An opening bound-
ary type was assigned to the top of the NWT. The volume fraction
for both water and air was specified along with relative pressure of
0 Pa. No-slip boundary condition was assigned to the bottom wall
and the back wall of this domain. For the OWC domain, the top
side of the chamber was assigned the boundary condition of
opening, and the side from which the waves entered the domain
was set as an interface. The remaining sides of the domain were
specified with the no-slip condition. The rotor domain was treated
as a rotating domain, and the speed of the Savonius rotor was spec-
ified. The inner walls of the OWC were modeled as walls with the
no-slip condition. The rotor blades were also assigned no-slip con-
dition. A 1:3 slope was incorporated to dampen the reflected waves
from the back wall as proposed by Elangovan [16].

xdis = A sin (ωt) (1)

Fig. 3 Schematic diagrams of the three OWC configurations (dimensions in meters)

Fig. 4 Mesh scheme for the NWT, OWC, and Savonius rotor

Table 1 Effect of grid size on the rotor power

Grid size

Rotor power

Validation
(Prasad et al. [7])

Full-scale simulation
(current work)

400,000 0.165 W 9.35 kW
800,000 0.17 W 9.64 kW
1,200,000 0.172 W 9.73 kW

Fig. 5 Schematic diagram of the computational domain
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The parallel computer network was used to carry out the numer-
ical work. The computer was equipped with Intel(R)_Xeon(R)
_CPU X5650 processor. There were 12 cores in total, and the
RAM size was 16 GB. Since the formation of the waves is time
dependent and unsteady, a transient simulation was performed
using the k-ϵ turbulence model. The use of the same model for wave
simulation has been reported in some previous works [15,17–19].
This model is able to capture the turbulence accurately. Further-
more, Finnegan and Goggins [15] compared k-ϵ and laminar turbu-
lence models. The authors found no difference in the generated
wave elevation between the two models, and hence, the turbulence
model is not a factor in the generation of waves using wave-maker.
Moreover, k-ϵ turbulence was chosen because for Savonius rotors,
the pressure drop across the rotor is very little; hence, the pressure
gradient is negligible. To verify that the k-ϵ turbulence model is
able to predict the rotor performance accurately, two additional
simulations using shear stress transport (SST) and k-omega turbu-
lence models were run (Part A). The rotor power recorded using
the SST, k-ϵ, and k-omega models were 0.168 W, 0.17 W, and
0.166 W, respectively. The variation in the power recorded for
the k-ϵ model compared to SST and k-omega was 3%. This
shows that the k-ϵ turbulence model is able to predict the rotor per-
formance accurately. The time discertization of the equations was
achieved with the implicit second-order backward Euler scheme.
For advection scheme and turbulence numerics, high-resolution
options were chosen. The simulation was for 200 s, and time-step
between each iteration was chosen as 0.05 s and the coefficient loop
was selected as 7. It took approximately 10 days for each simulation.

Results and Discussion
Part A—Validation. The numerical results were validated

against experimental results. Table 2 presents the validation of the
CFD code against the experimental data as given in the study by
Prasad et al. [7], and the validation of wave generation technique
as given in Prasad et al. [9]. The CFD code used in both studies
was able to predict the flow phenomena and performance accu-
rately. The best case from the experiments, as given in Table 2,
was considered for the validation. The Savonius rotor and the
OWC used in the experimental work are shown in Fig. 6. Particle
imagery velocimetry (PIV) was used to study the flow characteris-
tics. The height of the waves formed in the NWT was first compared
with the experimental wave height. Second, the wave height
obtained from the numerical study was compared with the linear
wave theory (LWT) and Stokes second-order wave theory. The
comparison is shown in Fig. 7. The measurement of wave height
both experimentally and numerically was done at a point, which
was 2 m away from the wave-maker. In addition, the water

oscillations in the OWC were also compared as shown in Fig. 8.
The measurement point for this was 70 mm below the rotor mea-
sured from its center. The flow characteristics, especially the recir-
culating flow in regions A, B, and C, are predicted well by the
numerical code when compared with the flow pattern obtained in
the experiments using PIV as shown in Fig. 9. Figures 7 and 8
show good agreement between CFD and experimental results.
The differences in the wave height, the water oscillations in the
rear chamber, and the flowrate from numerical simulation when
compared with experimental results were within 1%. In addition,
the accurate prediction of flow characteristics using CFD indicates
that the current numerical code is valid.

Part B—Full Model Studies. The wave elevation in the NWT
was compared with the LWT as shown in Fig. 10. It can be seen

Table 2 Results from previous validation studies by the authors

Validation against
experimental data (ref. [7])

Validation against field
data (ref. [9])

Variable Experiment CFD Variable
Field
Data CFD

Wave height,
H (mm)

80 79.5 Wave height,
H (m)

1.23 1.227

Wave period,
T (s)

1.7 1.7 Wave period,
T (s)

12.39 12.39

Water depth,
h (m)

1.29 1.29 Water depth,
h (m)

15 15

Wave length,
λ (m)

4.31 4.31 Wave length,
λ (m)

141 141

Wave power,
PWave (W/m)

2.08 2.05 Wave power,
PWave (kW/m)

9.81 9.45

Rotor power,
PRotor (W)

– 0.17

Fig. 7 Comparison of wave elevation obtained through CFD
with experiment, LWT, and Stokes second-order wave theory

Fig. 6 Photographs of the Savonius rotor and the OWC

Fig. 8 Comparison of water oscillation in the chamber between
CFD and experiment
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that the current numerical code is able to predict the wave profile
accurately.
PWave was calculated using Eq. (2). Rotor power and efficiency

were calculated using Eqs. (3) and (4). In Eq. (3), τ is the torque
and was obtained by specifying an expression to monitor it on the
Savonius rotor and ω is the angular velocity. In Eq. (4), Wc is the
OWC width, which was 2.8 m.

PWave =
1
8
ρgH2cg (2)

PRotor = τ × ω (3)

ηR =
PRotor

PWave ×Wc
(4)

The performance of the rotor at varying rotational speeds for the
mean sea state for modified OWC is shown in Fig. 11. The power
increases as the speed of the rotor increases. It reaches a peak at
60 rpm and then drops significantly from this point onward. The
peak is an indication of the optimum operating condition. At this

speed, the transfer of momentum from the incident waves to the
rotor is maximum, which results in maximum power production.
The maximum power and the resulting efficiency recorded at the
best operating point are 18.6 kW and 22.4%, respectively.
The performance characteristics of the inclined OWCs at the

mean wave condition are shown in Fig. 12. The simulations were
only performed at four rotor speeds. This speed range was selected
based on the peak occurring at 60 rpm, as shown in Fig. 11.

Fig. 9 Comparison of flow characteristics in the OWC between CFD and PIV

Fig. 10 Comparison of wave elevation obtained using CFD and
LWT at mean sea state

Fig. 11 Performance of the modified OWC at mean wave
condition

Fig. 12 Effect of OWC inclination angle on the rotor power at
mean wave condition for different rotor rpms
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The OWC performance improves from 45 deg to 55 deg in the form
of higher rotor power and then starts to decrease. The 55 deg
inclined OWC recorded the highest power at all the speeds. The
maximum power and efficiency recorded for the 55 deg inclined
OWC were 23.2 kW and 27.6%, respectively. Furthermore, the per-
formance of the 55 deg inclined OWC was compared with the con-
ventional OWC and the modified OWC as shown in Fig. 13. The
average increase in power for the 55 deg inclined OWC with
respect to the conventional OWC and the modified OWC were
45% and 27%, respectively.
The flow characteristics in the OWC chamber for the modified

OWC and the 55 deg inclined OWC at the same instant are
shown in Fig. 14. It is observed that the energy of the flow received
by the rotor was higher for the 55 deg inclined OWC. In addition, it
can be seen that there is no recirculating flow in region A for the
55 deg inclined OWC. The increase in the power for the 55 deg

Fig. 13 Performance comparison of the 55 deg inclined OWC
with the conventional and the modified OWC at mean wave
condition

Fig. 14 Flow characteristics in the modified OWC and the 55 deg inclined OWC
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inclined OWC is due to higher run-up into the OWC chamber and
hence a higher volume of water. The direction of motion of the
water at the surface of the chamber changes by inclining the
OWC. By inclining the OWC, the gravity force has the lesser
effect and improves the oscillation characteristics of the water
column [6]. This simply means that the flowrate is higher when
compared to other two configurations.
The water oscillations in the chamber for the 55 deg inclined

OWC and the conventional OWC are shown in Fig. 15. A compar-
ison of the oscillations for the two cases makes it clear that the
55 deg inclined OWC experiences higher oscillations compared to
the conventional OWC, resulting in a higher volume flux in the
capture chamber. This results in an increase in the dynamic pressure
as well as the flowrate of water. The combination of the increased
flowrate and energy of the flow leads to better performance of the
55 deg inclined OWC. For the 55 deg inclined OWC, the reflections
from the wall also reduce significantly, which improve the flow
characteristics inside the capture chamber and hence the perfor-
mance of the 55 deg inclined OWC.
Furthermore, the performance of the 55 deg inclined OWC was

also investigated at the minimum sea state (H= 1.37 m and T=
10.00 s) and the maximum sea state (H= 2.34 m and T= 14.39 s),
and the results for the rotor power are depicted in Fig. 16. The
peak power at the minimum and the maximum sea states occurs
at 57.5 rpm and 55 rpm, respectively. As expected, the highest
power was produced at the maximum sea state. The peak power
and the efficiency at the maximum sea state were found to be
26.5 kW and 21.5%, respectively. To be certain that the 55 deg
inclination angle is indeed the optimum angle, simulations at
minimum, mean, and maximum sea states for all chamber inclina-
tions were performed. The peak power at different sea states for dif-
ferent inclination angles is given in Table 3. The results obtained in
the present study indicate that the best inclination angle is 55 deg
for all the wave conditions. It is important to understand that this
optimum inclination angle is unique to this device only. The main
outcome of the present work is that it provides evidence that

chamber inclination indeed results in better rotor performance.
The procedure can be adopted to investigate the performance of
any OWC device, and it should be tested for multiple inclinations
angles to determine the optimum angle, which would be influenced
by the wave climate, chamber geometry, and turbine geometry.
Finally, the efficiencies achieved in the present work are com-

pared with similar past works, and the comparison is presented in
Table 4. For the present work, the rotor diameter was 1.4 m and
the rotor width was 2.8 m. This is comparable to the rotor dimen-
sions in the work of Zullah and Lee [18]. They employed a rotor
which was 2.0 m in diameter and 3.0 m wide. The efficiency
obtained in the present work is comparable to that reported by them.

Conclusions
The effect of inclining the OWC on the rotor performance was

investigated, and the 55 deg inclined OWC showed improved per-
formance when compared to the conventional OWC and the modi-
fied OWC. The maximum power for the 55 deg inclined OWC was
27% higher than that recorded for the rotor in the modified OWC
and 45% higher than that recorded in the conventional OWC at
the mean wave condition. The 55 deg inclined OWC recorded a
peak rotor power of 23.2 kW, which corresponded to an efficiency
of 27.6% at the mean sea state. The peak power and the efficiency at
the maximum sea state were 26.5 kW and 21.5%, respectively.
Higher oscillations were observed in the 55 deg inclined OWC.
The combination of increased flowrate and energy of the flow,
leading to greater momentum transfer to the rotor, results in the
better performance of the 55 deg inclined OWC.

Nomenclature
g = acceleration due to gravity (m/s2)
h = water depth (m)
t = time-step (s)

Fig. 15 Water oscillations in the conventional OWC and the
55 deg inclined OWC at mean sea state

Fig. 16 Performance of the 55 deg inclined OWC at different sea
states

Table 3 Peak power at different sea states for varying chamber
inclination angles

Sea state

Rotor power (kW)

45 deg 50 deg 55 deg 60 deg 65 deg

Minimum 14.2 14.5 15.2 14.1 13.5
Mean 21.5 22.1 23.2 21.2 20.8
Maximum 23.9 25.1 26.5 24.3 23.7

Table 4 Efficiency comparison between present work and
similar past works

Reference
Maximum

efficiency (%) Comments

Zullah et al. [18] 18.6 OWC employing Savonius rotor as
a direct drive turbine

Zullah et al. [19] 12.6 OWC employing 30 deg helical
blade Savonius rotor as a direct
drive turbine

Bikas et al. [20] 6–8 Ocean surface-mounted Savonius
rotor

Present work 27.6 55 deg OWC employing Savonius
rotor with blade entry angle of
40 deg as a direct drive turbine at
mean wave condition

Present work 21.5 55 deg OWC employing Savonius
rotor with blade entry angle of
40 deg as a direct drive turbine at
maximum wave condition
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A = amplitude (m)
H = wave height (m)
T = wave period (s)
cg = group velocity (m/s)
xdis = plate displacement (m)

PRotor = Savonius rotor power (W)
PWave = wave energy flux (W/m)

Wc = OWC width (m)
ηR = Savonius rotor efficiency
θ = inclination angle (deg)
λ = wavelength (m)
ρ = water density (kg/m3)
τ = torque (N m)
ω = angular velocity (rad/s)
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