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A B S T R A C T

Waves were generated in a numerical wave tank (NWT) using a piston type wave-maker. Firstly, the performance
of a 1.8 m diameter Savonius rotor was tested at a mean wave height (H) and a mean wave period (T) of 2.00m
and 12.68 s respectively. The Savonius rotor performed the best at a submergence depth of 1.0 D when compared
to greater depths. The power produced by the rotor decreased by 37% at 1.25 D compared to 1.0 D. In addition to
this, the blade entry angle also affected the rotor performance. The 20� rotor at 42.5 rpm was found to have the
best performance. The maximum power and efficiency at the mean sea state were 15.01 kW and 16.7% respec-
tively. Secondly, simulations were performed at the minimum sea state (H¼ 1.37m, T¼ 10.00 s) and the
maximum sea state (H¼ 2.34m, T¼ 14.39 s). It is observed that the peak power at the maximum sea state is
lower than the peak power at the mean sea state. The maximum power that the rotor produced was 15.01 kW at
42.5 rpm which gave an efficiency of 16.7% at the mean sea state.
1. Introduction

The vast improvement in the computational capabilities of modern
computers has enabled researchers in the field of wave energy to simulate
a variety of sea conditions and study the performance of wave energy
converters. Powerful computers and computer networks have led to the
emergence of numerical wave tanks (NWTs) to study wave characteris-
tics and aid in the designing of wave energy converters (WEC). A
computational fluid dynamics (CFD) software is used in the present work
to model a NWT. A NWT is simply a numerical representation of a
physical wave tank or wave flume. A major advantage of NWT is that
wave generation capabilities are limitless unlike its physical counter-
parts. Furthermore, the physical wave tanks have a definite dimension
hence limiting the model size that can be used to test the performance of
WECs accurately. This problem is not present in NWT and appropriate
computational domain can be used to simulate the wave climate and test
the performance. In addition to this, design modifications and optimi-
zations takes less time for numerical work.

A review of the literature highlights the use of NWT to study fluid
phenomena. Lal and Elangovan (2008) simulated and validated a flap
type wave-maker using commercial CFD software ANSYS CFX. Different
wave profiles were studied by varying parameters such as the stroke
length, wave period and water depth. The results were verified against
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flap type wave-maker theory for accuracy. Elangovan (2011) used similar
CFD scheme to simulate irregular waves in a NWT. Choi et al. (2010)
investigated both experimentally and numerically the performance of a
cross flow turbine that would be built into the caisson for a wave power
plant. The efficiency at the best operating point was 48.6%. The authors
highlighted that the efficiency can be improved by optimizing the design
of the front nozzle and the turbine flow passage. Chiu et al. (2015)
studied a caisson based oscillating water column (OWC) and reported
that the results agreed well with experimental data.

Prasad et al. (2009) investigated the effect of augmentation channel
geometry and front guide nozzle divergence angle on the primary energy
conversion at a fixed wave height of 0.23m and a wave period of 2.5 s.
The results showed the spiral wall augmentation channel having a front
guide nozzle divergence angle of 7� gave the highest energy conversion
of 45%. Prasad and Lee (2012) numerically investigated the influence of
front guide nozzle shape and rear chamber geometry on the primary
energy conversion in an augmentation channel of a direct drive turbine.
The focus of the study was to maximize the primary energy conversion.
The wave height and the wave period were 0.23m and 2.5 s respectively
in that work. The higher the conversion, the greater the energy available
to the turbine and ultimately higher turbine power. The authors proposed
the use of cross flow turbine for energy extraction. The best model
identified in the study recorded maximum primary energy conversion of
med), lyh@kmou.ac.kr (Y.-H. Lee).
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Fig. 1. Schematic diagram of the NWT.
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0.6 indicating 60% of the energy from the incoming waves is available to
the turbine.

Prasad et al. (2012) numerically investigated the performance of a
cross flow turbine by varying the turbine speed at a fixed wave height of
0.2 m and a wave period of 2.0 s. The authors reported a peak efficiency
of 44.73% at a turbine speed of 35 rpm. The performance of the cross
flow turbine at varying wave conditions and varying turbine speeds can
be found in the work of Prasad et al. (2014). Kim et al. (2015) experi-
mentally and numerically studied the power take-off (PTO) system of a
novel floating WEC. The novel device consists of double hull (water
column chamber), an augmentation channel and a cross flow turbine.
The experimental results showed better performance at wave period of
3 s. The peak efficiency was between 35% and 45%. The full scale model
was tested at a water depth of 30m with incident waves having a period
of 4.5 s and a wavelength of 30m.

Zullah et al. (2009) numerically investigated the performance of full
scale helical Savonius turbine for wave energy conversion. The work
highlighted that the turbine with 30� helical blade angle performed the
best with turbine power of 6.12 kW and efficiency of 12.64%. In another
work Zullah et al. (2010) 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. Zullah
and Lee (2013) later conducted extensive investigation of effect of blade
angle on the performance of the Savonius rotor. For Zullah et al. (2009,
2010) and Zullah and Lee (2013), the diameter and the length of the rotor
were 2.0 m and 3.0m respectively. The sea state was 1.5m and the wave
period was 6.5 s. Seibt et al. (2014) numerically tested performance on
some common WEC. The device was coupled in the NWT and finite
volume method (FVM) and VOF model were adopted. The work high-
lighted the device's operating principle can be studied numerically and
highlighted the potential of computational fluid dynamics (CFD) in
modeling such systems. A thorough review of numerical work can be
found in the work of Prasad et al. (2017). Apart from numerical studies,
experimental investigation into the performance of Savonius rotor for
wave energy extraction can be found in the works of Bikas et al. (2014),
Hindasageri et al. (2012) and Tutar and Veci (2016).
Fig. 2. Schematic of th
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In the present work, the performance of a Savonius rotor at varying
rotor speed is tested at mean sea state. Three different blade entry angles
and three submergence depths were tested. The mean sea state tested is
from the works of Ram et al. (2014). Themean sea state (H) and themean
wave period (T) used in the simulation is 2.00m and 12.68 s respectively.
Initially only the NWT was simulated to obtain the desired wave condi-
tion. Grid independence is also studied. The characteristics of the waves
generated in the NWT are compared with linear wave theory (LWT) and
theoretical model. Furthermore, study on reflected waves in the NWT is
conducted by varying the beach slope. It is important to dampen the
reflected waves in order to predict the performance of the Savonius rotor
accurately. Commercial CFD code ANSYS CFX is used for numerical
simulation. 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 current numerical code used was previously vali-
dated against real sea data by the authors (Prasad et al., 2017). Secondly,
after identifying the best submergence depth and the best rotor geome-
try, simulation at the minimum sea state (H¼ 1.37m and T¼ 10.00 s)
and the maximum sea state (H¼ 2.34m and T¼ 14.39 s) were also car-
ried out. Rotor power, rotor efficiency and flow characteristics are pre-
sented and discussed in the paper.

2. Methodology

NX 6 software was used for solid modeling. The schematic of the
computational domain is shown in Fig. 1. The wave-maker and the back
wall of the NWT are located 350m away from the Savonius rotor.
Lakshmynarayanan et al. (2016) suggested that the inlet and the back
wall can be located 1.5 λ and 2 λ respectively from the model (where λ is
the wavelength). The results obtained in their simulation were accurate.
Therefore, for the present simulation, the inlet and the back wall are
located 2.25 λ from the Savonius rotor. The length of the wave-maker
region and the wave damping zone was 100m. The width of the NWT
was 3m. The water depth (h) was 18m and (d) is the submergence depth
of the rotor from its centre to the mean water level.

The details of the Savonius rotor are given in Fig. 2. The diameter of
the rotor and the length are 1.8 m and 3m respectively. This dimension
e Savonius rotor.



Fig. 3. Schematic of different beach slope configuration.

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

D.D. Prasad et al. Ocean Engineering 158 (2018) 29–37
was chosen because of ease of manufacturing and transportation to a
possible deployment site. The current rotor design is modular in nature
and it can be easily used to make wave farms. Modular approach also
eases the burden of designing units of different sizes to meet specific
energy demand. In addition to this, the size of the current rotor is com-
parable to that reported in the work of Zullah and Lee (2013). Three
different blade entry angles (α) of 20�, 30� and 40� were tested. To
address the issue of wave reflection from the back wall, two additional
beach slope configurations were tested, as shown in Fig. 3.

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 and the Savonius rotor is shown in Fig. 4. The mesh was refined
near the mean water level region to capture the air-water interface
accurately.

Commercial CFD code ANSYS CFX was used for the simulations. It
solves the Reynolds Averaged Navier Stokes Equation (RANSE). The
governing equations solved are mass continuity and momentum con-
servation and are given by equations (1) and (2) (Lal and Elangovan,
2008). Details of the numerical method used in the current work can be
found in the work of Prasad et al. (2017).

∂ρ
∂t þr � ρv ¼ 0 (1)
Fig. 5. Schematic of the c
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∂
∂t ρvþr � ρv ¼ �rpþr � τ ¼ 0 (2)

The air-water free surface was captured using VOF method. The dy-
namic boundary condition and the kinematic free surface boundary
condition are given in equations (3) and (4) respectively (Maguire, 2011;
Falnes, 2002). In equations (3) and (4), η is the water surface displace-
ment and ϕ is the velocity potential.

gηþ
�
∂ϕ
∂t

�
z¼η

¼ 0 (3)

�
∂2ϕ
∂t2 þ g

∂ϕ
∂z

�
z¼0

¼ 0 (4)

The entire computational domain was divided into three regions.
These are wave-maker region, tank and rotor as shown in Fig. 5. The
wave-maker region was the moving mesh region. The plate was assigned
a specific displacement along the x-axis (xdis) using user defined
expression as given by equation (5). The top side of the wave-maker
region was assigned a 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 a wall with free-slip
condition. This prevented the formation of boundary layer which
omputational domain.



Fig. 6. Effect of grid size on wave formation for the mean sea state.

Fig. 7. Comparison of wave elevation obtained through CFD with LWT and Stokes second order wave theory at the mean sea state.
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otherwise could have affected the results. Finally the bottom wall was
assigned no-slip condition. The top side of the tank domain was modeled
as opening and similar boundary conditions were assigned as in the
wave-maker region for the opening. The side walls of the tank were
Fig. 8. Comparison of pressures obtained by CFD w
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assigned free-slip conditions. The rest of the domain was modeled as a
wall with no-slip boundary condition. 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 free-slip
ith the theoretical model at the mean sea state.



Fig. 9. Effect of different slope configurations on wave damping at the mean sea state.

Fig. 10. Wave profile near the back wall at the mean sea state.
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condition. The rotor blades were assigned as ‘wall’ with no–slip condi-
tion. Finally, appropriate interface models were chosen to associate the
domains.

xdis ¼ A sinðωtÞ (5)

The simulations were performed on a parallel computer network. The
processer was Intel(R)_Xeon(R)_CPU�5650. In total, there were 12 cores
and RAM size was 16 GB. Since formation of waves is time-dependent
and unsteady, therefore a transient simulation was performed using k-ε
turbulence model (ANSYS Inc, 2011). 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. In order to produce waves accurately following initial
numerical over-prediction, a simulation time of 120 s was selected. The
time step between each iteration was chosen as 0.05 s and the coefficient
loop was selected as 7.

3. Results and discussion

It is very important to study the influence of grid size on the simulated
results. As such three different grid sizes of 200000, 350000 and 425000
nodes were generated and the free surface captured at the air-water
interface was monitored with the help of wave elevation as shown in
Fig. 6 for the mean sea state. The wave elevation is under-predicted with
200000 nodes. When comparing the results for 350000 nodes and
425000 nodes, the difference in the wave elevation and the wave profile
is very little. Using higher number of nodes only increases the simulation
time therefore, for all the simulations without the rotor, 350000 nodes
were used.

The formation of waves in the NWT at the mean sea state is compared
with the linear wave theory (LWT) and Stokes second order wave theory
as shown in Fig. 7. The pressure in the NWT at the mean sea state is
compared with theoretical pressure, as shown in Fig. 8. The wave
elevation using LWT, Stokes second order (Sorensen, 1993) and theo-
retical pressure (AWT) are given by equations (6)–(8) (Dean and Dal-
rymple, 2010) respectively. The numerical results compare well with
LWT and Stokes second order theory.

η ¼ H
2
cosðkx� ωtÞ (6)

η ¼ H
2
cosðkx� ωtÞ þ πH

8

�
H
λ

�
cosh khð2þ cosh 2 khÞ

sinh3 kh
cos 2ðkx� ωtÞ (7)

p ¼ �ρgzþ ρgη
coshðkðzþ hÞÞ

coshðkhÞ (8)

Reflection from the back wall of the NWT can considerably affect the
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results. In order to dampen the reflected waves, different slope configu-
rations were tested. The results are shown in Fig. 9. The mean wave
height simulated in the NWT is 2.00m and for the normal case there is
wave amplification. For 1:3 slope there is significant wave damping
compared to the normal case as well as 1:5 slope due to wave breaking.
Similar results were obtained in the work of Elangovan (2011). The wave
profile near the back wall at the same instant for the mean sea state is
shown in Fig. 10 with the help of volume fraction. The waves are prop-
agating from right to left.

The velocity contours in the horizontal (x-) and in the vertical (y-)
directions for the mean sea state are shown in Fig. 11. It is observed that
the movement of water particles is more in the horizontal direction than
in the vertical direction. This is a characteristic of waves propagating in
intermediate water depths. Furthermore, high energy flow is concen-
trated near the surface. On this basis, the initial simulations were per-
formed to find the best location of the rotor from the free surface. Three
different submergence depths, d ¼ 1.0D, d ¼ 1.125D and d ¼ 1.25D
(where D is the diameter of the rotor) were selected. Table 1 shows the
variation of rotor power and efficiency with submergence depth for
Savonius rotor with blade entry angle of 30� and at a speed of 30 rpm for
the mean sea condition. Grid independence study was conducted using
400000, 800000 and 1200000 nodes for this case. The rotor powers
recorded for 400000, 800000 and 1200000 nodes were 3.28 kW,
3.34 kW and 3.35 kW respectively. Therefore, grid size of 800000 nodes



Fig. 11. Velocity contour in the x and y direction for the mean sea state.

Table 1
Rotor power at 30 rpm for α¼ 20� at varying depths for the mean sea state.

Submergence depth Rotor Power (kW) Efficiency (%)

1.0D 3.34 3.7
1.125D 2.58 2.7
1.25D 2.10 2.3

Fig. 12. Flow around the 30� rotor at 30 rpm
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was used for all the simulation that included the rotor. Rotor power and
efficiency were calculated using equations (9)–(13). In the following
equations, cp and cg are phase velocity and group velocity respectively.

cp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gλ
2π

tanh
�
2πh
λ

�s
(9)
for 1.0D and 1.25D at the mean sea state.



Fig. 13. Rotor power for different rotor entry angles at varying rotor speed for d¼ 1.0D at mean sea state.

Fig. 14. Flow fields around the 20� and the 40� rotors at 42.5 rpm for d ¼ 1.0D for the mean sea state.
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cg ¼ 1
2
cp

 
1þ 4πh

λ

1
sinh

�
4πh
λ

�
!

(10)

PWave ¼ 1
8
ρgH2cg (11)

PRotor ¼ τ � ω (12)

η ¼ PRotor

PWave
(13)

The velocity vectors at same instant for the rotor submergence depths
of 1.0D and 1.25D at the mean sea state are shown in Fig. 12. Higher
velocity is noticed around the Savonius rotor at 1.0D compared to 1.25D
Table 2
Rotor efficiency at d¼ 1.0D for mean sea state.

rpm Efficiency (%)

α¼ 20� α¼ 30� α¼ 40�

30 3.9 3.7 3.5
35 6.5 6.2 6.0
37.5 8.5 8.1 7.8
40 13.4 13.0 12.6
42.5 16.7 16.0 15.1
45 10.7 10.3 10.1
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and as a result the power produced by the rotor at 1.0D is higher. The
power produced by the rotor decreased by 37% at 1.25Dwhen compared
to 1.0D. Faizal et al. (2010) from their experiments reported superior
performance of Savonius rotor at 1.06D. Bikas et al. (2014) also stated
that submerging the rotor below the mean water level improved its
performance. However, they only tested the rotor placed at the mean
water level and submerged half the diameter from the mean water level.
The performance of the three different Savonius rotors at varying rota-
tional speeds for the mean sea state is shown in Fig. 13. The rotor power
increased linearly from 30 rpm to 37.5 rpm, then there is a rapid increase
in power. The peak output is at 42.5 rpm and the power produced by the
rotor decreases from here onwards.

The flow is constant and the only variable is the rotor speed. If the
rotor is rotating too fast, then the incoming flow is not able to impart all
the energy it possesses. On the other hand, if the rotor rotates too slowly
then the flow moves quickly past the rotor and again imparts very little
energy. It can be observed from Fig. 13 that at lower speed, the rotor
produces lesser power. Therefore, the peak obtained at 42.5 rpm in-
dicates that the interaction between the rotor and the incoming flow is
optimum and hence the rotor produces maximum power. At this speed,
the energy extraction is maximum. This represents the optimum oper-
ating point of the Savonius rotor. In addition to this, the blade entry angle
also affects the rotor performance. The rotor with α¼ 20� performed the
best at all the speeds. As the blade entry angle increases the rotor be-
comes straighter. The 20� rotor has higher curvature when compared to
the other two rotors and hence it is more effective in capturing the energy



Fig. 15. Rotor power for the 20� Savonius rotor at different sea states for d¼ 1.0D.
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of the incoming flow. The fact that the 20� is well aligned to receive
energy from the incoming waves causes it to produce more power. The
flow fields around the 20� and the 40� rotors for the mean sea state are
shown in Fig. 14 for the same instant. Even though the wave condition is
same, the flow around the 20� rotor shows flow acceleration as well as
smaller vortices between the rotor blades when compared to the 40�

rotor.
The peak powers produced by the 20�, 30� and 40� rotors at 42.5 rpm

are 15.01 kW, 14.38 kW and 13.57 kW respectively. There is an increase
of 10.6% in the peak power produced by the 20� rotor when compared to
the 40� rotor. The efficiency at the mean sea state is given in Table 2. The
peak efficiency obtained is 16.7% for α¼ 20� at 42.5 rpm. Zullah and Lee
(2013) also reported superior performance of Savonius rotor with the
blade entry angle of 20�. Furthermore, the peak efficiency they obtained
was 18.58%. The rotor in their study was employed in an OWC; however,
the efficiency compares well with the current results.

Finally, the best performing rotor (Savonius rotor with the blade entry
angle of 20� at the submergence depth of 1.0D) was further studied at
minimum and maximum sea states. The performance of the 20� Savonius
rotor at different sea states is shown in Fig. 15. The rotor power at the
minimum sea state was very low when compared to the mean sea state.
For the maximum sea state, higher rotor power was recorded up to
40 rpm which then dropped from this point onwards when compared to
the rotor power recorded at the mean sea state. It is interesting to observe
that the peak power at the maximum sea state is lower than the peak
power at the mean sea state. This highlights that though the wave power
at the maximum sea condition is higher, it is the interaction between the
rotor and the wave which ultimately determines the performance of the
rotor. Therefore, the maximum power produced by the rotor is
15.01 kW at 42.5 rpm which corresponds to an efficiency of 16.7% at the
mean sea state.

4. Conclusions

A numerical wave tank was used to generate waves and the perfor-
mance of Savonius rotors was studied in it. The main findings from
current work are:

1. It is important to control the reflected waves from the far boundary
(back wall in this case) in order to correctly predict the performance
of any wave energy device. This can be achieved by proper domain
size incorporated with a suitable wave dampening mechanism. The
positioning of the wave-maker and the back wall at 1.5 λ and 2 λ
respectively from the Savonius rotor in the current study combined
with the 1:3 beach slope provided maximum wave dampening to
control the reflected waves.
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2. For a Savonius rotor operating near the free surface, the submergence
depth from the surface is a critical parameter in determining its
performance. The best submergence depth for the Savonius rotor in
the present study was found to be 1.0D. This is expected because high
energy flow is concentrated near the free surface. As the rotor was
submerged further below the free surface, its performance dropped.
The power produced by the rotor decreased by 37% at 1.25D when
compared to 1.0D.

3. Looking at the performance of the rotor at mean sea state:
a The rotor power increased from 30 rpm and peaked at 42.5 rpm
and then the power produced by the rotor decreased. The peak
obtained at 42.5 rpm indicates that the interaction between the
rotor and the incoming flow is optimum and hence the rotor pro-
duces maximum power. At this speed the energy extraction is
maximum.

b In addition to this, the blade entry angle also affected the rotor
performance. The rotor with α¼ 20� performed the best at all the
speeds. The fact that the 20� is well aligned to receive energy from
the incoming waves causes it to produce more power. The 20� rotor
at 42.5 rpm performed the best. The maximum power and effi-
ciency obtained were 15.01 kW and 16.7% respectively.

4. Finally, the performance of the 20� rotor at the submergence depth of
1.0D revealed that the rotor power at the minimum sea state was very
low. For the maximum sea state, higher rotor power was recorded up
to 40 rpm which then dropped from this point onwards when
compared to the rotor power recorded at the mean sea state. It is
interesting to observe that the peak power of 13.14 kW at the
maximum sea state is lower than the peak power of 15.01 kW at the
mean sea state. Therefore, the maximum power that the rotor pro-
duced was 15.01 kW at 42.5 rpm which corresponds to an efficiency
of 16.7% at the mean sea state. This highlights that though wave
power at maximum sea condition is higher, it is the interaction be-
tween the rotor and the wave which ultimately determines the per-
formance of the rotor.
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