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a b s t r a c t

A novel vertical augmentation channel housing a direct-drive cross-flow turbine, with nozzles on both
the sides of the turbine, was designed and an optimized configuration was obtained. The geometries of
the guide nozzle and the front nozzle were optimized under steady flow conditions. The performance of
the cross-flow turbine was analyzed using commercial computational fluid dynamics (CFD) code ANSYS-
CFX. The optimized design was then evaluated as a wave energy converter both experimentally and
computationally. The waves in the numerical wave tank (NWT) were generated using a piston type
wave-maker. The optimized design gave a maximum output power of 13.2 W and an efficiency of 48.31%
at a wave height of 0.2 m and wave period of 2.75 s for a rotational speed of 35 rpm. The difference
between numerical and experimental efficiencies was within 3.5%. In addition to this, particle image
velocimetry was used to study the flow characteristics in the augmentation channel and the turbine. The
results show that the CFD code captures the flow in the augmentation channel and around the turbine
accurately. The optimized design, which occupies less space than other wave energy converters, can be
used to efficiently harness energy from the waves.

© 2021 Published by Elsevier Ltd.
1. Introduction

The global energy consumption is steadily increasing and it is
estimated that it will further increase by 30% or more by 2040 [1].
The primary reason for the rise in energy consumption is the in-
crease in population. In addition to this, as economies grow, so do
the electricity requirements. Most of the present energy demand is
met by using fossil fuels and this trend does not appear to change in
the near future. Greenhouse gas emissions are increasing as more
fossil fuels are burnt. The increased concentrations of these gases
trap more heat which results in global warming. The global aver-
aged combined land and ocean surface temperature data shows an
increase of 0.85 �C from 1880 to 2012 [2]. The excess heat leads to
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the melting of polar ice caps and glaciers which causes sea level
rise. The impact of fossil fuels on the environment is devastating
and this will continue unless clean energy sources are used for
power production. A good solution is wave energy. Wave energy is
environmentally friendly and non-emitting. Waves can be pre-
dicted well in advance and the energy flux is 15e20 times more
than the wind or solar energy flux [3]. It is estimated that the global
power potential of waves hitting the coasts worldwide is 1 TW [4].

The energy available in waves can be extracted using appro-
priate wave energy converters (WEC). WECs are generally catego-
rized by the method used to capture the energy of the waves. The
best known devices are point absorbers, attenuators, overtopping
terminators and oscillating water column (OWC) devices. Amongst
these, the OWCs are the most investigated WECs. OWC devices are
generally equippedwith air turbines namelyWells turbine, impulse
turbine or Savonius turbine. Halder et al. [5] carried out numerical
optimization of a Wells turbine. The blade sweep parameters at the
tip and the mid-section were taken as the design variables. CFD
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Nomenclature

A Amplitude (m)
ACS rear chamber cross-sectional area (m2)
cg group velocity (m/s)
Cp phase velocity (m/s)
E wave energy (J/m2)
g acceleration due to gravity (m/s2)
H wave height (m)
h water depth (m)
DH head difference across the turbine (m)
k wave number
N rotations per minute (rpm)
PrFN pressure in the front nozzle (Pa)
PrRN pressure in the rear nozzle (Pa)
Pturbine turbine power (W)
Pwater water power (W)

Pwave wave energy flux (W/m)
Q volume flow rate (m3/s)
S stroke of the piston (m)
T wave period (s)
t time-step (s)
WG guide nozzle width (m)
xdis wave-maker displacement (m)
DY rear chamber water level difference (m)
a froude scale (�)
d nozzle entry arc angle (�)
ht turbine efficiency (�)
l wavelength (m)
r water density (kg/m3)
t Torque (N.m)
u angular velocity (rad/s)
u0 frequency (Hz)
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simulations showed that the peak torque coefficient increased by
28.3% but the corresponding efficiency decreased by 13.5% due to
adverse flow conditions. In another study on Wells turbine by
Halder et al. [6], the authors reported that for the optimal design,
the relative power and the relative stall point increased by 29% and
18% respectively when compared to the base model. The effect of
guide vane shape was investigated by Abdulhadi [7]. The study
highlighted the superior performance of the turbine using three-
dimensional guide vanes compared to two-dimensional guide
vanes. The maximum efficiency for the design with three-
dimensional guide vanes was 1.1% higher than that with two-
dimensional guide vanes. Badhurshah et al. [8] numerically inves-
tigated the performance of an impulse turbine with fixed guide
vanes. The authors highlighted an increase in the pressure gradient
with increasing turbine speed. With increasing turbine speed, the
separation point of the vortex formation moved towards the blade
hub. Furthermore, increasing the turbine speed increased the peak
suction on the suction side causing the flow to separate near the
trailing edge of the blade. Luo et al. [9] numerically studied the
performance of an axial impulse turbine. They varied the number of
guide vanes, the guide vane type, the gap between the guide vane
and the blade, and hub to tip ratio. The authors highlighted that the
hub to tip ratio has a strong influence on turbine performance. A
thorough review of air turbines used in OWCs can be found in
references [10,11].

Though air turbines are extensively used in OWCs, there are
problems such as high rotational variability and aerodynamic losses
induced by the noise coming from the turbine passage at extreme
sea conditions [12]. To address these problems, researchers are
proposing the use of direct-drive turbines (DDT). In a DDT, thewave
energy is directly converted to mechanical energy by the turbine. It
eliminates the wave energy to pneumatic energy conversion since
water directly drives the turbine similar to a hydro-turbine. Prasad
et al. [12] numerically investigated the performance of a cross-flow
turbine used as a DDT for wave energy applications at different
wave conditions and varying turbine speeds. The authors reported
a peak efficiency of 55%. In another study by Prasad et al. [13], the
authors investigated the performance of a cross-flow turbine
numerically. The turbine speed was varied at a fixed wave height of
0.2 m and a wave period of 2.0 s. The authors reported a peak ef-
ficiency of 44.73% at a turbine speed of 35 rpm. Choi et al. [14]
investigated the performance of a cross-flow turbine integrated
with a caisson both experimentally and numerically. The peak ef-
ficiency reported in the study was 48.6%. The influence of
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attachments to a cross-flow turbine and its performance was re-
ported by Choi et al. [15]. The performance of a novel floating type
WEC was reported by Kim et al. [16]. The device had two water
column chambers on either side of the augmentation channel
which housed a cross-flow turbine. Performance studies showed a
peak efficiency in the range of 35%e45%. Akimoto et al. [17]
designed and tested a drag-type cross-water water turbne for
extracting energy from the orbital fluid motion in ocean waves. A
thorough review of the modeling of different types of wave energy
systems in numerical wave tanks was performed by Windt et al.
[18].

A cross-flow turbine is essentially an impulse turbine. It can
handle large quantities of water and also possesses flat efficiency
characteristics. In this type of turbine, the water passes over the
blades twice, resulting in a higher momentum transfer. A review of
the literature shows limited amount of information on the use of
cross-flow turbines for wave power applications. In addition to this,
the existing devices use horizontally configured augmentation
channels inwhich the turbine is housed and the flow takes place in
the horizontal direction. The present study not only looks at using
the cross-flow turbine for wave power applications but also pro-
poses a new vertically configured augmentation channel through
which the water flows vertically in and out due to wave action.
Thus, the flow at the inlet, at the outlet and through the turbine is in
the vertical direction. This makes the design compact and the
whole WEC occupies less space. The turbine is fully submerged in
water and under the action of incoming waves generates power bi-
directionally while rotating in just one direction. The present study
includes both experimental and computational works.

The experimental work was carried out in the wave channel at
Korea Maritime and Ocean University and the numerical work was
performed using commercial CFD code ANSYS-CFX R19 [19]. The
waves in the numerical wave tank (NWT) were generated using a
piston-type wave-maker and the free surface was captured using
VOF method. Initially, the geometry of the attachments (the
augmentation channel) was optimized using steady flow condi-
tions. The optimizedmodel was then fabricated and experimentally
tested as a wave energy converter (WEC) at different wave condi-
tions in the second part of thework. Results were obtained from the
CFD code under transient conditions and these results were
compared against the experimental results. Finally, experiments
were conducted at different wave heights, water depths and wave
periods and the conditions at wich high efficiencies were obtained
are presented.
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2. Methodology

2.1. Numerical method

The geometry of the augmentation channel is shown in Fig. 1.
The augmentation channel consists of a front nozzle, a rear nozzle
and the turbine. Both the front and the rear nozzles guide the flow
smoothly onto the turbine blades. The flow through the guide
nozzle which receives the waves in the horizontal direction, is
redirected vertically through the front nozzle. The turbine is posi-
tioned right above the front nozzle. The overall height, length and
width of the model are 1704 mm, 1232 mm and 700 mm respec-
tively. The guide nozzle is 800 mm high, 722 mm long and 700 mm
wide and has a 45-degree inlet angle with respect to the horizontal
plane. The dimensions of the turbine blades are also shown in Fig. 1.
The design and shape of the blades were adopted using the pre-
vious works of the same authors [20,21]. The turbine has an outer
diameter of 260 mm, an inner diameter of 165 mm and a width of
700 mm. The turbine has a total of 30 blades; the blade entry angle
is 30� and the exit angle is 90�. Each blade is 3 mm thick, as shown
in Fig. 1.

The grid generation was accomplished using ANSYS ICEM CFD.
The whole model was divided into four parts, as shown in Fig. 2.
The model used for steady flow analysis had approximately 1.86
million nodes while the model for transient analysis had approxi-
mately 1.99 million nodes [21]. The major difference between the
two models is the moving mesh region that is present in the
transient analysis. The obtained yþ was kept the same as previous
studies [20]. The y þ for the different parts were: yþ < 10 (turbine),
yþ < 50 (nozzle and chamber). The boundary conditions used for
steady and transient analysis are shown in Fig. 3 and Table 1. The
steady flow analysis was performed using single-phase flow (wa-
ter). For the steady flowcase, a static pressure of 3 kPawas specified
at the inlet of the pipe whose length was five times the diameter of
the turbine. The outlet was assigned as an opening with a relative
pressure set to 0 Pa. The rest of the exterior walls and the turbine
blades were modeled as walls with no-slip boundary conditions.
The domain interfaces were connected using automatic mesh
connection method. The RMS residual limit was set to 10�6 to
achieve better convergence of the solutions. A mesh independence
test was carried out to study the effect of number of nodes on the
turbine's power and efficiency at 50 rpm for steady flow conditions.
It was found that at 1.35 million nodes, the turbine power was
Fig. 1. Schematic of the vertical augment
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16.17 W and the efficiency was 45.54%. When the number of nodes
were increased to 1.86 million, the power was 15.64 W and the
efficiency was 44.07%. When the number of nodes was further
increased to 2.03 million, the power was 15.62Wand the efficiency
was 44.02%. Hence, it was decided to carry out all the steady flow
simulations at 1.86 million nodes, since a further increase only
results in more computing time without any significant change in
the output parameters.

For the transient analysis (wave energy conversion), multi-
phase simulation (water and air) was used and the air-water free
surface was captured using the VOF method [22]. The wave-maker
was modeled as a moving wall. The sinusoidal displacement of the
wave-maker in the x-direction was defined as a function of time by
equation (1)

xdis ¼ S � sin (u0 � t) (1)

where S is the stroke, u0 is the frequency and t is the simulation
time-step. The relation between the stroke of the piston and the
wave height is given by equation (2) [20].

H
S
¼2½cosh ð2khÞ � 1�

sinh 2khþ 2kh
(2)

The top wall of the NWT and the chamber outlet were modeled
as openings. Similar to steady flow analysis, the rest of the exterior
walls and the turbine blades were modeled as walls with no-slip
boundary condition. The domain interfaces were appropriately
connected using the automatic mesh connection method. The total
flow time for the transient simulation was set to 60 s with a time
step of 0.01 s. All the domains for the steady and transient analyses
were stationary except for the turbine domain. The turbine domain
was a rotating domain with user-specified speeds. The simulation
was performed based on Reynolds averaged NaviereStokes (RANS)
equations with closure provided by the SST (Shear-Stress-Trans-
port) turbulence model. The time discretization of the equations
was achieved with the implicit second-order Backward Euler
scheme [23,24].

2.2. Experimental method

The experimental setup andwave tank used in the present work
are shown in Fig. 4 (a) and Fig. 4 (b) respectively. The wave tank has
a length of 7.3 m, a height of 1.8 m and a width of 1.0 m. Pressure
ation channel and the turbine blade.



Fig. 2. Grid generation details.

Fig. 3. The numerical models and the boundary conditions for steady flow analysis (left) and transient analysis (right).

Table 1
Boundary conditions for the two simulations.

Simulation Type Steady flow Transient

Mesh Type Hexahedral Hexahedral
No. of Nodes 1.86 � 106 1.99 � 106

Time Steady flow (Time averaged) Transient (60 Seconds)
Turbulence Model Shear Stress Transport (SST) Shear Stress Transport (SST)
Fluid Phase Single Phase (Water) 2 Phase (Water and Air)
Mesh Motion e Moving
Outlet Opening Opening
Rotational Speed 20, 30, 40, 50, 60, 70 and 80 rpm 20, 25 and 30 rpm
Rotor Stator Interface Frozen Rotor Transient Rotor Stator
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measurements were performed with the help of pressure taps by
drilling holes on the top and bottom of the rear nozzle and front
nozzle of the augmentation channel, as shown n Fig. 5. The actual
wave measurement data near the korea maritime and ocean uni-
versity (KMOU), South Korea, as shown in Fig. 6 were converted
using Froude scaling (a ¼ 5) to obtain the experimental wave
conditions as given in Table 2. The experimental model shown in
Fig. 1 was constructed to a scale of 1:5 using a 10 mm thick acrylic
sheet as shown in Fig. 7 (a). It is generally accepted that larger
models reduce scaling effects. However, the scale ratio chosen was
strongly dictated by the physical dimensions of the wave tank and
the wave generating capabilities [25]. The desired waves were
generated by controlling the stroke and speed of the piston. The
turbine was installed at the back of the wave tank. A sloping beach
which consisted of multiple porous plates of different porosity
levels was placed at the rear end of the channel to reduce the
reflection of waves. At the top of the chamber, a torque transducer,
rpm sensor and a power brake were used to measure the turbine
speed and torque.

The torque transducer was connected to the turbine using a belt
drive system having a ratio of 1:1 [26]. The torque transducer
(model e YDR-2K) is capable of measuring up to 19.61 N-m of
torque with an accuracy of 0.09% and a repeatability of ±0.3%. The
1303
speed of the turbine was measured using an internally inserted
ONO SOKKI MP-981 magnetic type detector that has a measure-
ment range of 1e20,000 rpm. The tachometer has an accuracy of
0.01% and a resolution of ±1 rpm. A PORA power brake (model PRB-
Y3) was used for controlling the rotational speed of the turbine.
General Acoustics UltraLab® ULS sensor, model USS20130, with a
resolution of 0.36 mm and a measurement range of 200 to
1300 mm was used for measuring the wave height and the water
oscillations in the chamber. The pressure transducer (model
DWSD0020R1AA) was able to measure differential pressure in the
range of 0e20 kPa with an accuracy of 0.075%. The digital signals
from all the sensors were stored at the same time using a data-
logger (model PT-1624). PIV measurements were performed to
investigate the flow characteristics in the augmentation channel as
well as around the turbine as shown in Fig. 7 (a) and Fig. 7 (b). The
tracer particles used were polyvinyl chloride (PVC) with a specific
gravity of 1.02 and an average particle diameter of 100 mm. The
particles were illuminated using an air-cooled diode pumped solid-
state laser of 4 W power. A high speed camera (UX50) was used to
capture the motion of the seeded PVC particles. The camerawas set
to capture 500 frames per second for 60 s with an image resolution
of 1024 x 768 pixels. Cactus 3.3 software was used to post-process
the images. To get an accurate estimate of the error in PIV



Fig. 4. (a) Experimental setup (b) wave tank.
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measurements, PIV measurements were performed on a calibrated,
constant speed rotating motion and the maximum error was found
to be 0.32%.
3. Results and discussion

3.1. Geometric optimization

Geometric optimization was carried out computationally to
ensure that the turbine setup is optimized for best performance.
Equations (3)e(7) [27,28] were used to obtain water power, shaft
power and turbine efficiency. The values used were averaged over
10 s. The water density (r) was 998 kg/m3 and acceleration due to
gravity (g) was 9.81 m/s2. The cross-sectional area of the chamber
(ACS) was 0.182 m2.

Pwater ¼ rgQDH (3)

where DH¼PrRN � PrFN
rg

(4)
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and Q ¼2ACSDY
T

(5)

Pturbine ¼ t� u (6)

h¼ Pturbine
Pwater

(7)

Optimization was done using steady flow analysis due to the
reason that it reduces the simulation time significantly when
compared to transient simulation. The nozzle entry arc angle
d shown in Fig. 8, was optimized first. It was varied from 90� to 150�

in increments of 20�. It is clear from the graph in Fig. 8 that the best
performance was obtained for a 150� entry arc angle with a peak
efficiency of 38.58% achieved at 50 rpm. The poorest performance
was observed for the 90� arc angle with a peak efficiency of 31.6%.
By having a larger entry angle, more blades directly receive the
incoming flow and as a result, more energy is transferred to the
blades as shown in Fig. 9. This results in higher power production
while keeping the inlet conditions same. The 150� entry arc angle
model, which will be called the base model henceforth, is used for
further optimization.



Fig. 5. Wall static pressure holes on the augmentation channel.

Fig. 6. Wave observation point and wave measurement results. (a) Map of korea maritime and ocean university. (b) Wave period vs. wave height.

Table 2
Field wave height and wave period and corresponding experimental values obtained using Froude scaling.

Wave height (m) Wave Period (s)

Physical Qty Field (Hf) Exp. (Hf/a) Physical
Qty

Field (Tf) Exp. (Tf/a1/2)

H1 0.75 0.15 T1 4.47 2.00
H2 1.00 0.2 T2 5.03 2.25
H3 1.25 0.25 T3 5.6 2.50

T4 6.15 2.75
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The parameters A, B, C and D, shown in Fig. 10 were then opti-
mized keeping the above-mentioned base model entry arc angle of
150� constant.

The front guide shape was optimized first e the effect of front
guide shape on the turbine performance was investigated using 3
different configurations; namely: 45� inclined (D1), 30� inclined
(D2) and ball-mouse (D3). As illustrated in Fig. 11, turbine
1305
efficiencies for the different front guide configurations are peak at
50 rpm. The streamlines for the 3 cases, shown in Fig. 12, indicate
greater flow rate into the rotor and hence higher energy transfer for
the 45� inclined orientation compared to the other 2 cases. As
observed by NWT CFD results and PIV measurements (Fig. 23 and
Fig. 24), there is a small re-circulation zone near the front wall of
the nozzle without any noticeable difference in all 3 cases, but this



Fig. 7. (a) A photograph of the cross-flow turbine and PIV measurements in the setup. (b) A photograph of the cross-flow turbine during the experiment.

Fig. 8. Schematic of the nozzle entry arc angle (left) and Turbine efficiency at varying speed for different entry arc angles (right).
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re-circulation zone did not affect the main flow towards the blades.
The front guide shape does not influence the turbine performance
significantly at a given rpm. The turbine efficiency peaked at 39.75%
at 50 rpm for the 45� model with a 0.47% difference compared to
the 30� model.

Two upper-wall nozzle shape configurations were tested;
curved upper-wall (C1) and straight upper-wall (C2). The stream-
lines for the two configurations at the rotational speed of 50 rpm
are shown in Fig. 13. It is observed that the region J has a re-
1306
circulating flow for both the models; however, the flow directed
towards the blades shows higher flow of water and hence more
energy transfer at the specified blade inlet angle for the curved
upper-wall model. The streamlines clearly show a higher mass flow
directed towards the rotor. The curved upper-wall model performs
better than the straight upper-wall model at the peak efficiency
point of 50 rpm, as shown in Fig. 14. The peak efficiency is
approximately 40% at 50 rpm, which decreases considerably from
this point onwards. On an average, the efficiency for the curved



Fig. 9. Velocity vectors for the 150� and 90� entry arc angles.

Fig. 10. Design configurations of the base model (A) and modification parameters (B).

Fig. 11. Effect of front guide upper wall shape on the turbine efficiency at different
rotational speeds.
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upper-wall model is 0.5% higher than that recorded for the straight
upper-wall model. It can be noted that the flow velocity in the re-
gion J of Fig. 13 is considerably small compared to the velocity
through the main region which enters the turbine blades at the
optimum angle; for this reason, the effect of changing the shape of
the upper wall did not have a significant effect on the efficiency of
the turbine. The curved upper-wall model was further optimized as
described below.

Four different nozzle height configurations (section B in Fig. 10)
were simulated to investigate their effect on turbine performance.
The efficiencies at different rotational speeds are shown in Fig. 14.
The nozzle with a height of 75 mm performed the best at all the
rotational speeds of 30e70 rpm. Thus, the nozzle height has a
significant effect on the novel vertical turbine performance. The
peak efficiency of approximately 40% is achieved at 50 rpm; the
efficiency then decreases significantly from this point onwards.

At 50 rpm, the efficiency of the 75 mm nozzle improved
significantly compared to the other nozzle heights, mainly due to
an increase in velocity of the fluid compared to the other 3 cases. A



Fig. 12. Streamlines for different front guide nozzle configurations at 50 rpm.

Fig. 13. Streamline for the two upper-wall nozzle shape configurations at 50 rpm.

Fig. 14. Effect of upper-wall nozzle shape on the turbine efficiency. Fig. 15. Effect of nozzle height on turbine efficiency at different rotational speeds.
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Fig. 16. Velocity contour plots for the 75 mm and 130 mm nozzle configurations at 50 rpm.
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higher percentage of pressure energy is being converted into ki-
netic energy of the fluid stream when passing through the 75 mm
nozzle. The streamlines for the nozzle heights of 75 mm and
130 mm at the rotational speed of 50 rpm are shown in Fig. 16. It is
clear from the figure that better flow characteristics are observed
for the 75 mm model. Firstly, the velocity recorded in region F for
the 75 mm model is much higher than that recorded for the
130 mm model. For the 75 mm nozzle, the velocity ranges from 1.5
to 2.0 m/s in region F while for the 130 mm nozzle, it ranged from
1.0 to 1.5 m/s. The higher energy transport recorded for the 75 mm
model in region F ultimately leads to higher energy availability
observed in region G, resulting in more energy transfer to the
turbine blades and hence higher power generation. This higher
energy transfer increases the turbine efficiency as seen in Fig. 15.
The region H, for the 75 mm nozzle shows almost zero flow re-
circulation compared to the 130 mm segment showing greater
re-circulation. As a consequence, a much wider and high energy
density is available on the runner blades, hence an increase in the
power output and the efficiency compared to the 130 mm nozzle
height. It is also interesting to identify a wider fluid column remain
attached to the outer wall of the curved nozzle periphery on the
75 mm setup making the fluid path strike the turbine blades at the
desired entry angle, imparting more torque than the 130 mm
nozzle. However, this reduction in nozzle height caused about 5%
reduction in the flow rate. Any further reduction in the nozzle
height would have increased the resistance to flow and would have
resulted in a significantly lower energy available at the turbine
inlet; hence, it was not reduced further. The 75 mm model was
further optimized.

Two bottom-wall nozzle shape configurations were tested. The
base model had a curved bottom-wall (A1) while the other had a
straight bottom-wall (A2). The streamlines and the velocity vectors
for the two configurations at the turbine rotational speed of 50 rpm
are shown in Fig. 17. It is observed that the re-circulating flow in
region A for the straight bottom-wall model is eliminated. How-
ever; interestingly, better flow characteristics with higher kinetic
energy are observed for the curved bottom-wall model at the blade
inlet region (E). As a result of this, the curved bottom-wall model
performs better than the straight bottom-wall model at the turbine
speed of 50 rpm, as shown in Fig.18. The peak efficiency of 44.07% is
recorded at 50 rpm for the curved bottom-wall model. The curved
(A1) design provides a better path for thewater stream entering the
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curved bottomwall guide from the 75 mm (B4) height front nozzle.
The efficiency of the curved bottom wall model was about 1%
higher than that recorded for the straight bottom-wall model at the
rotational speed of 50 rpm.

After completing the optimization work using steady flow
analysis, it was observed that the optimum performance for all the
best configurations always occurred at a rotational speed of 50 rpm.
The power output and the efficiency of the optimized design are
15.64 W and 44.07% respectively, with an increase of 5.5% in the
efficiency compared to the base model, which is a considerable
improvement. The findings from the above work indicate that the
performance of the turbine at fixed flow conditions can be
improved by optimizing the various components of the augmen-
tation channel which is on both sides of the turbine. Acharya et al.
[29] modified the rear nozzle wall, adjusted the guide vane opening
and changed the number of blades of the reference turbine. The
authors reported that the efficiency increased from 63% to 76% from
their work. The effect of solidity on turbine performance was re-
ported by Totapally and Aziz [30]. The authors highlighted that an
efficiency of 90% could be achieved by just changing the number of
blades from 30 to 35. Chen et al. [31] highlighted that the efficiency
of a cross-flow turbine can be improved by 12.5% by using well
shaped nozzle at the inlet. Adhikari andWood [32] also studied the
influence of nozzle shape on turbine performance. More informa-
tion on geometric modifications to improve the performance of a
cross-flow turbine can be found in references [33e36]. Elbatran
et al. [37] tested a new configuration with bi-directional nozzles
and twin cross-flow turbines and achieved a maximum efficiency
of 52%. Mehr et al. [38] carried out an optimization study of a cross-
flow turbine; they optimized the nozzle geometry and angle of
attack followed by turbine parameters to achieve a high efficiency.
3.2. Wave tank experiments

The optimized design, obtained from steady flow analysis, was
then constructed for experimental work in the wave tank shown in
Fig. 7 (a) and for CFD simulations in the NWT shown in Fig. 3. The
experiments were conducted for the parameters given in Table 2. In
addition to this, the experiments were also conducted at the water
depths (h) of 0.7 m, 0.8 m, 1.0 m and 1.1 m. Turbine power and
efficiency were calculated using equations (8)e(13) [27,28]. In the
following equations, Cp, cg andWG are phase velocity, group velocity



Fig. 17. Streamlines and velocity vectors for the two bottom-wall nozzle shapes at the rotational speed of 50 rpm.
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and guide nozzle width respectively.
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Fig. 18. Effect of bottom wall nozzle shape on the turbine's efficiency.

Fig. 19. Turbine power at different wave heights and water depths for a wave period of
2.5 s.

Fig. 20. Turbine efficiency at different wave heights and water depths for a wave
period of 2.25 s.

Fig. 21. Turbine efficiency at a water depth of 1.1 m, a wave height of 0.2 m and for a
wave period of 2.25 s.

Fig. 22. Comparison of turbine's efficiency obtained through CFD and experiments.

Fig. 23. Comparison of computational and experimental water oscillations in the
chamber.
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Fig. 24. Comparison of computational and experimental flow characteristics in the OWC for advancing flow.
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Pt ¼ t� u (12)

ht ¼
Pt

Pwave �WG
(13)

The turbine power output for varying wave heights and water
depths for the wave period of 2.5 s is shown in Fig. 19. The turbine
produces more power as the wave height increases for given water
depths. This is expected since the incoming waves have higher
energy with increasing wave heights and due to the higher input
energy, the turbine produces more power. The next observation
made from Fig. 19 is that the turbine produces more power at the
water depth of 1.1 m compared to 0.8 m. The height of the guide
nozzle at the inlet is approximately 0.8 m and at a water depth of
0.8 m, it is just submerged below the free surface. As the waves
move towards the guide nozzle it was observed that the guide
nozzle was not fully filled with water. This meant that the bulk
movement of water did not impart momentum onto the turbine
effectively. On the other hand, at thewater depth of 1.1 m, the guide
nozzle was always filled with water. The water was funneled to-
wards the turbine effectively and hence imparted more energy to
the turbine blades resulting in the generation of higher turbine
power.

The turbine efficiencies for varying wave heights and water
depths for thewave period of 2.25 s are shown in Fig. 20 against the
rotational speed. Higher efficiencies are recorded for greater water
depths, as expected. The results indicate that the turbine perfor-
mance is highly dependent on the interaction of thewaves with the
rotor. The peak occurs at a wave height of 0.2 m instead of 0.25 m.
The peaks indicate a resonance effect. It was generally observed
that the efficiency increased with increasing wave period.

The maximum efficiency of 48.31% which corresponds to a
turbine power of 13.2 W was recorded at the wave height, wave
period, water depth and turbine rotational speed of 0.2 m, 2.75 s,
1.1 m and 35 rpm respectively, as shown in Fig. 21. It should be
1312
noted that under steady flow conditions, the maximum efficiency
was recorded at 50 rpm, while under the action of waves that
advance and recede, the turbine is likely to rotate at a lower rpm,
which is what is observed in the present experiments. In addition,
there were reflections of the waves to a small extent from the
turbine (the flow that was not entering the blades), which caused
some resistance to the rotation of the turbine and reduced its
rotational speed.
3.3. Validation of computational results

For comparing the computational results with the experimental
results in the present work as well as with previous works, the
chosen wave height, wave period and water depth were 0.15 m,
2.50 s and 0.8 m respectively. The turbine efficiencies obtained
through CFD and experiments at three turbine rotational speeds are
shown in Fig. 22. The CFD code is able to predict the turbine per-
formance with great accuracy. The average difference is around
3.75%. The CFD code slightly under-predicts the performance; a
similar trend was observed by Prasad et al. [12].

The water oscillations in the rear chamber obtained from CFD
and experiments were also compared as shown in Fig. 23. It can be
seen that the trend and the values from CFD and experiments are
similar and CFX is able to capture the oscillations very accurately.
The comparisons shown in Figs. 22 and 23 validate the computa-
tional results with the experimental results and shows that the CFX
results can be reliably used in this work.

The efficiencies achieved in the presentwork are comparedwith
similar past works and the comparison is presented in Table 3. The
efficiency recorded in the present study using a vertically config-
ured augmentation channel compares well with its horizontal
counterparts. The findings of the present work show that the
vertically configured augmentation channel, which is more
compact and occupies less space, can be used for wave energy
extraction. Moreover, such a configuration can be used to extract



Table 3
Efficiency comparison between present work and similar past works.

Reference Maximum Efficiency (%) Comments

Prasad et al. [12] 55 Horizontally configured augmentation channel (fixed OWC)
Prasad et al. [13] 44.73 Horizontally configured augmentation channel (fixed OWC)
Choi et al. [14] 48.6 Horizontally configured augmentation channel (fixed OWC)
Kim et al. [16] 35e45 Horizontally configured augmentation channel (floating OWC)
Present work 48.31 Vertically configured augmentation channel (fixed OWC)
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wave energy efficienctly at locations where the waves come pre-
dominantly from one direction.

Apart from comparing the turbine efficiencies and rear chamber
water oscillations, the flow characteristics observed from CFD and
PIV were also compared. The advancing flow into the augmentation
channel is shown in Fig. 24. The blades receive the energy from the
incoming flow at stage 1. The acceleration of the flow on the upper
surface (suction) and the deceleration on the lower surface (higher
pressure) of the blades results in part of the power generation due
to the pressure difference on the two sides of the blades (clearly
visible in Fig. 16). The water can be seen to accelerate as it exits the
first stage blades and flows across towards the second stage blades.
The water flowing out of the blade passage at stage 1 still possesses
energy; the flow accelerates due to the convergent passages from
the inlet to the outlet of the blades and again imparts energy to the
blades at stage 2. The flow that passes through the blades at stage 1
and later through the blades at stage 2 is known as the cross-flow.
The accelerated flow does not enter the blades at stage 2 tangen-
tially. It strikes the blades at an angle and due to the resulting
impulse, a force is exerted on the stage 2 blades. Thewater transfers
some of its momentum to the blades [12,39]. The re-circulating
flow in regions K and L had been also captured accurately by the
CFD code. The vortex flow is generally attributed to the sharp cor-
ners present in the model. The retreating flow from the augmen-
tation channel is shown in Fig. 25. The flow patterns observed in
regions M, N and P are again accurately captured by CFD. Overall,
the comparison of the flow characteristics from CFD and PIV shows
very similar behavior. It can be observed from the results and the
Fig. 25. Comparison of computational and experimenta
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above discussion that the cross-flow turbine is the most appro-
priate turbine in this case since it rotates in the same direction
irrespective of the direction of water flow and responds quickly to
changes in the flow conditions at the same time avoiding any sig-
nificant losses.

4. Conclusions

In the present work, the geometry of the augmentation channel,
placed in a vertical orientation, was first optimized numerically
using steady flow analysis. The optimized model had a curved
bottomwall nozzle shape, curved upper-wall nozzle shape, 75 mm
nozzle height and 45� front guide angle. The base model was
numerically optimized using commercial CFD code ANSYS-CFX. The
efficiency of the optimized model was 44.07% compared to the
efficiency of 38.58% for the base model indicating an improvement
in performance. These findings indicate that the performance of the
turbine at fixed flow conditions can be improved by optimizing the
various components of the augmentation channel which is on both
sides of the turbine. The optimized model was then constructed for
experimental work to be conducted in the wave channel and also
simulated in NWT. Themaximum efficiency was 48.31% obtained at
a wave period of 2.75 s, a mean water depth of 1.1 m, and a wave
height of 0.2 m at a turbine rotational speed of 35 rpm. The ideal
operating range of the turbine was between 30 rpm and 40 rpm
under the influence of waves’ bi-directional flow. The optimized
model when tested for waves using NWT and experimental con-
ditions for bi-directional flow, the turbine efficiency boosted
l flow characteristics in the OWC for receding flow.
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approximately by 4% which also proves that the novel vertical
augmentation channel design is strongly suitable for bi-directional
flows. It was observed from the results that the cross-flow turbine
is the most appropriate turbine in this case since it ensures smooth
entry of the flow to the turbine avoiding any significant losses. The
efficiency increased with increasing wave period. PIV measure-
ments were made to study the flow characteristics and also to
compare the CFD results. The CFD code was able to predict the
turbine performance accurately with an average deviation of 3.75%.
In addition, the flow characteristics observed using CFD were
similar to those observed experimentally using PIV. The optimized
configuration can be used to efficiently harness wave energy.
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