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a b s t r a c t

Experiments and several numerical studies were done on a power-take off system of a novel floating
wave energy convertor. The wave energy convertor utilizes the changes in surface elevation of the waves
to cause a column of water to rise and fall periodically in the caisson which creates a bi-directional flow.
A cross flow turbine within the device uses this bi-directional flow to rotate in one direction. A 6 DOF
ocean simulator was used to conduct experiments on the PTO system at a model to prototype scale of
1:3, for no-load conditions and loaded conditions. In the experiment, the parameters like pitching angles
of the device, moment of inertia on the shaft, wave periods and rotational speeds of the turbine were
varied. It was found that for all pitching angles, the device had optimum response at a wave period of 3 s.
A moment of inertia of 0.053 kg m2 was found to be appropriate for all test cases. Peak hydraulic effi-
ciencies between 35% and 45% were obtained for the range of 40e50 RPM for most test cases. Particle
image velocimetry (PIV) tests then done to document and investigate the flow around the turbine and
the inlet and exit nozzles. A commercial CFD software was used to carry out the numerical calculations
and to observe the internal flow. Finally, a floating body simulation was conducted on to calculate the
motion of the device at sea and thus calculate the overall performance of the device.

© 2014 Published by Elsevier Ltd.
1. Introduction

There are a wide variety of methods for extracting wave energy.
Different devices and systems use different techniques for
extracting wave energy and different methods for converting it to
electricity [1]. McCormick [2] has presented some basic concepts
for converting wave energy: heaving and pitching bodies make use
of the surface displacement of water as an energy source, pressure
devices utilize the hydrostatic and dynamic pressure changes
beneath the water waves, surging wave energy converters capture
wave energy as waves enter the surf zone, cavity resonators make
use of the displacement of water in a water column, and particle
motion converters obtain energy from the moving water particles.
Wave energy can be harnessed using one or a combination of these
technologies.
: þ82 51 403 0381.
Wave energy converters (WEC's) can be classified according to
the location they are deployed in, their power-take off mechanisms
and the type of wave energy conversion technology. Higher energy
is generally available in deep water compared to shallow water
where the waves get affected by the sea bed [3,4]. A floating WEC
utilizes the motion of the surfacewaves to generate electricity [5,6].
Mooring systems are required to keep the device at the desired
place and underwater cables are required for transmission of
electricity to the land. The motions of a floating WEC are cyclic and
their response depends on the frequency of the exciting waves. At
wave frequencies corresponding to the natural frequency of the
WEC, motions are more pronounced, and if suitably harvested,
maximum power can be generated [7].

Power conversion or power-take off (PTO) systems are the main
mechanisms that can be implemented to transfer energy from
waves to the WEC, after which it gets converted to mechanical or
electrical energy [8]. There are a large variety of wave energy
conversion devices. The power conversion systems can however, be
generalized into twomain groups [9]: i) direct drive systems and ii)
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buffered systems. In a direct drive system, the PTO is the electrical
generator. The moving part of a WEC is coupled directly to the
moving part of an electrical generator, thus eliminating the need for
intermediate mechanical devices such as turbines and hydraulic
systems [10]. For buffered drive systems, the energy is captured and
is transferred to a medium for temporary storage, after which it
gets transferred to the generator. The storage acts as a buffer be-
tween the PTO stage and the generator in the power regulation
stage [9]. Some of the most common buffered PTO systems are self-
rectifying air turbines, hydraulic PTO systems, and high-pressure
oil-hydraulics [11].

Model testing provides valuable information which can be used
to predict how a prototype would behave under similar conditions
[12]. Some principle benefits gained frommodel tests are validation
of design values, obtain design empirical coefficients that can be
directly applied to the prototype, verify the analytical techniques,
verify offshore operation, and investigate unpredicted and unex-
pected phenomena [12]. The most appropriate scaling used for
model tests of WEC's is the Froude scaling criteria. However, power
representation in Froude scaling is very difficult due to the large
power scaling factor between model and prototype. Offshore WEC
model tests are mostly done at scales of 1:80e1:25 in small to
medium sized wave tanks, and up to 1:10 scale in the largest and
deepest wave tanks. Theses scales are extremely small for a PTO
system to be realistically modeled and developed [13]. For example,
for a scale of 1:10 and for a prototype PTO system of 100 kW, the
model would have a power output of 0.03 kW, which is too small
for a realistic simulation. The PTO mechanism can however be
tested separately at a large model scale or at full scale by means of
hydraulic or electrical actuators that directly drives themoving part
of the PTO mechanism [13].

The present study focuses on the numerical and experimental
studies of the PTO mechanism of the device: a novel floating WEC
with dimensionsmuch smaller than the prevailing wavelength. The
basic operation of the device is that it undergoes pitching motion
caused by the waves, which in turn causes a column of water to rise
and fall periodically in a caisson to create a bi-directional flow. This
bi-directional flow drives a unidirectional cross flow turbine.
Fig. 1. A schematic diag
2. The wave energy converter (WEC)

Fig. 1 shows a schematic of theWEC. The device uses the surface
water displacement as an energy source. The pitchingmotion of the
device causes a column of water to rise and fall periodically in the
double-hull housed in the caisson, creating a bi-directional flow. A
cross flow turbine uses this bi-directional flow to self-start and to
rotate in one direction only. The working fluid inside the double-
hull is fresh water. The cross flow turbine does not have direct
contact with sea water and is thus free from bio-fouling and is easy
to maintain. A small opening to the atmosphere is provided to
prevent pressure build up in the double-hull due to water motion.
The power conversion system in this device is a buffered system,
since a working fluid uses the wave energy to rotate a turbine,
which then transfers energy to the generator.

Cross flow turbines are impulse turbines that are used for low
head (<10 m) and medium head (10e50 m) applications [14]. In a
cross flow turbine, the water passes over the blades twice before
exiting the turbine, resulting in a higher momentum.

Several studies have been carried out on cross flow turbines.
Pereira and Borges [15] performed an experimental investigation
on the flow inside the nozzle of a cross flow turbine. Pressure
measurements were carried out on the nozzle inside walls for two
configurations, both with and without the presence of the turbine.
The pressure distributions were compared with numerical calcu-
lations. Some tests were also carried out with different number of
blades. Choi et al. [16] did a performance study and assessed the
internal flow characteristics of a cross flow hydro turbine by vary-
ing the shapes of the nozzle and the runner blades. They concluded
that pressure and velocity in the flow passage change with
changing nozzle shape, runner blade angle and number of blades.
Prasad et al. [17] presented numerical studies on the effects of front
guide nozzle shape on the flow characteristics of an augmentation
channel for a cross flow turbine used for wave energy conversion.
Three different guide nozzles were studied. They studied how the
front guide nozzle shape influences the flow downstream in the
augmentation channel, water power in the channel, and the hy-
draulic efficiency.
ram of the device.



Fig. 2. Geometric details of the device.
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Choi et al. [18] carried out an experimental investigation on the
effects of wave conditions on the performance of a cross flow tur-
bine for wave energy conversion in a reciprocating flow. The results
showed that the rotational speeds, turbine differential pressure,
maximum power output and best turbine efficiencies vary a lot
with various wave conditions. Choi et al. [19] and Lee et al. [20]
presented numerical and experimental results on the perfor-
mance of a cross flow turbine used in a reciprocating flow for wave
energy conversion. The internal flow was observed using CFD. A
turbine efficiency of 48.6% was achieved under wave conditions for
a reciprocating flow in a 2D wave channel. They concluded that
large vortex and circulations could consume a lot of the output
power.

The cyclic motion of the partly filled working fluid (fresh water)
in the caisson is being studied by many researchers as a sloshing
phenomenon. Sloshing is the liquid motion in partially filled liquid
tanks due to the frequency of tank oscillation being close to natural
frequency of liquid in water tank. Large sloshing amplitudes are
expected when the frequency of the tank motion is close to the
natural frequency of the liquid inside. The motion of the sloshing
liquid depends on the type of disturbance/excitation causing it [21].
Several studies have been carried out on sloshing of liquids in
excited tanks.

Akyildiz and Ünal [21] performed an experimental investigation
on the pressure distribution at different locations and 3D effects of
liquid sloshing on a rectangular tank. Mitra et al. [22] presented
simulation results of a 3D fully coupled analysis of nonlinear
sloshing and ship motion. They investigated the coupling effects of
six degrees of freedom in ship motionwith fluid motion inside a 3D
tank. The sloshing effect was investigated for several factors such as
container parameters, significant wave height, current and wind
velocities, and wave and current effects on the ship. Marsh et al.
[23,24] studied sloshing as an absorber for structural control. They
investigated the use of sloshing absorbers for vibration control for
light resonant structures. Kyoung et al. [25] simulated a numerical
nonlinear sloshing problem for impact loading on the tank struc-
ture. The wave impact load on the structure was obtained numer-
ically for a nonlinear free surface condition and compared with the
predictions made using Morison's formula. Chen and Chiang [26]
presented a 2D numerical analysis of sea wave induced fully
nonlinear sloshing fluid in a rigid floating tank. The interaction
effect between the fully nonlinear sloshing liquid and the floating
tank associated with coupled surge, heave, and pitch motion of the
tank were studied. Bettle et al. [27] carried out six degree of
freedom (DOF) unsteady RANS simulations of emergency subma-
rine rising manoeuvres using the commercial CFD solver ANSYS
CFX. It was found that the simulation results were consistent with
results from other coefficient-based simulations and sea trials.

Wu et al. [28] did a numerical simulation of sloshing waves in a
3D tank based on a finite element method and full nonlinear waves.
Wu and Chen [29] presented studies on sloshing waves and reso-
nance modes of fluid motion in a 3D tank by a time-independent
finite difference method. They studied a range of excitation fre-
quencies with motions that exhibit multiple degrees of freedom.
Frandsen [30] carried out numerical tests of sloshing wave motion
in a 2D tank that was moved horizontally and vertically. Results of
liquid sloshing induced by harmonic excitations are presented for
small to steep non-breaking waves.

A similar device using surface waves to induce an internal flow
has been reported in literature. Fonseca et al. report using water in
a U shaped tube to induce an oscillating airflow in the upper
portion of the device. The power in the oscillating air is then
captured by a Wells turbine [31e33].

However, the current WEC uses a cross flow turbine that is
driven by the flowing water rather than air and produces no noise
compared to high-speed turbines. The device has advantages such
as theworking fluid that drives the turbine is freshwater, therefore,
no corrosion and bio-fouling of the turbine from ocean water. It is
compact and can be much easily installed into arrays in a wave
farm.

3. Experimental and numerical procedures

3.1. Experimental procedure

The PTO systemwas tested using a 6 DOF ocean simulator with a
capacity of 5 Tonnes. The maximum angle for pitch in the system is
±10� with a resolution of ±0.1�, and a maximum length for heave of
±0.5 m. The range of frequencies in the system is 0.1e0.5 Hz. The
experiments were conducted at a model to prototype scale of 1:3.
Fig. 2 shows the geometric details of the device.

Fig. 3 shows the geometric details of the cross flow turbine and
the augmentation channel. For a given flow direction, the
augmentation channel served as a nozzle at the inlet side and as a
diffuser at the exit side. There are a total number of 30 blades used.
The outer diameter of the turbine is 240 mm, whereas the internal
diameter is 154 mm. The cross flow turbine and the nozzle shape
used in the current setup has been previously optimized for bi-
directional flow by Lee et al. [20]. The flow through the turbine is
radial and the water passes over the blades twice before exiting the
turbine. The blades make an angle of 30� to the tangent at the outer
periphery and an angle of 90� to the tangent at the inner periphery.

A General Acoustics UltraLab® ULS sensor, (model USS20130)
with a resolution of 0.36 mm, measuring range of 200e1300 mm,
and a measurement frequency of 200 kHz was mounted on the left
tank to record the change in water level. This change in water level



Fig. 3. Details of the cross flow turbine used in the setup.

Fig. 4. Picture of the device on the ocean simulator.
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was used to calculate the flow rate of the water (or the working
fluid) in the double-hull at different operating conditions. Two
pressure holes on the sidewalls, before and after the turbine, were
used to measure the pressure drop across the turbine. A Sensys
pressure transducer (model DWSD0020R1AA) with a pressure
range of 0e20 kPa and accuracy of 0.075% was used to measure the
differential pressure of the turbine.

A SETech torque transducer-RPM type (model YDRe 5 KM)with
a capacity of 49.03 Nm and maximum RPM of 6000 was used to
record the torque and rotational speeds. A PORA powder brake
(model PRB-0.6Y3) with rated torque of 6 Nm was used to apply a
load on to the shaft of the turbine during load condition experi-
ments. Similarly, a flywheel with a diameter of 0.213 m with rated
moment of inertia of 10 kg m2 at 1 kg load was used in the
experiment to ensure constant rotation of the turbine shaft during
lower rotational speeds. All the digital signals from the sensors are
acquired on a Graphtec GL500A data logger (model GL500-UM-
852).

Experiments were first carried out without any load on the shaft
to determine the maximum rotational speed for all cases. The
pitching angle was varied from 2 to 10� in increments of 2�, and the
range of pitching frequencies tested were between 0.25 and 0.5 Hz,
while the water level in the double-hull was kept constant at
550 mm. The with-load conditions were tested for a frequency of
0.33 Hz and 0.5 Hz, and a rotational speed range of 10e80 RPM.
Repeated tests on a few selected load cases gave measurement
uncertainties as: mass flow rate (Q) ¼ ±1.5 percent, Water height in
double-hull (DH) ¼ ±1.0 percent and measured torque (T) ¼ ±1.2%.
Fig. 4 shows a picture of the device on the ocean simulator.

Particle image velocimetry (PIV) measurements were per-
formed to study the flow of water in the augmentation channel and
the turbine. Poly vinyl chloride tracer particles, with an average
diameter of 100 mm and a specific gravity of 1.02, were seeded into
the water. A 4 W air-cooled diode-pumped solid state continuous
light sheet with an output of 532 nm was used to illuminate the
particles. The motion of the particles was captured by a high-speed
Photron FASTCAM SA3 camera with a resolution of 0.002 s. Eight
cases of PIV measurements were conducted at four locations, as
shown in Fig. 5. The camera recorded 500 frames per second,



Fig. 5. Schematic of the PIV setup.
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producing 1024 � 768 pixel images. The images captured by the
high-speed camerawere processed using Cactus 3.3 software. Fig. 5
shows a schematic of the PIV setup.

3.2. Numerical procedure

The commercial ANSYS ICEM CFD was used for hexahedral
meshing. The total number of elements and nodes were 406134
and 465708, respectively. The finite volume method based com-
mercial ANSYS CFX (version 13) was used for the numerical cal-
culations. The governing equations for mass and momentum are:

vr

vt
þ V·rv ¼ 0 (1)

vðrvÞ
vtrv

þ V·rv� Vpþ V·t ¼ 0 (2)

The velocity vector is shown as v, the static pressure is repre-
sented by p and the stress tensor, t, is expressed as:
Fig. 6. Computational grid
t ¼ m

��
Vvþ VvT

�
� 2
3
ðVvÞI

�
(3)
where, m is the viscosity, and I is the unit tensor.
Tomodel the fluid flowwithin the rotating turbine, the transient

rotor-stator model was used.
Fig. 6 shows the calculation domain of the double-hull with the

turbine. The dimensions used for CFD analysis are same as the
experimental setup.

A keu Shear-Stress-Transport (SST) turbulence model was used
to study the performance as well as the flow characteristics as
accurately as possible. The turbine rotational speeds were kept
same as the experiment loaded conditions.

Fig. 7 shows the boundary conditions used in the analysis and
Table 1 shows the pre-processing settings in CFX-Pre. The opening
condition is applied to small hole indicated by the arrows. This
condition allows for air in the water tank to escape and not build up
pressure during the simulation and therefore allowing the water
level to rise and fall as expected. A sine wave calculation method
s of the double-hull.



Fig. 7. Boundary conditions for the numerical calculations.

Table 1
CFD boundary conditions.

Turbulence model SST
Phase Air, water free surface
Total time 30 s
Analysis type Transient

Fig. 9. The rotational speed, N, and flow rate, Q, at different pitching angles, q.
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was adopted to simulate the experiment conditions as closely as
possible.

In addition, a large scale model (8 m � 3 m � 3.8 � m) was
modeled as floating body under sea wave conditions common in
Korea. Fig 8 shows the diagram of the boundary conditions of the
floating body simulation. The water depth is 30 m and the moving
mesh simulates waves with a 4.5 s period and 30 m wavelength.
The model is simulated in a large domain with an overall length,
width and height of 210 m � 60 m � 40 m. A 6 degree of freedom
domain is created around the floating model. Two cases of motion
were selected for comparison; one case that allowed only pitching
and another that allowed only pitching and heaving motions. The
motion profile from the pitching only case was then selected for the
numerical performance analysis of the large scale model.

3.3. Mathematical relations

The mathematical relations from equation (1) to equation (6)
were used to calculate the hydraulic efficiency, wave energy con-
verter efficiency and primary efficiency of the wave energy. The
sequential relations with definition of parameters used are as
follows:

Phydraulic ¼
rg

Pn
i¼1jQ j Pn

i¼1jDHj
n2

(4)
Fig. 8. Floating model b
For; DH ¼ DP
rg

(5)

Pshaft ¼ 2pN
Pn

i¼1T
60n

(6)

Primary eff : ¼ Phydraulic
Pwave

(7)

Hydraulic eff : ¼ Pshaft
Phydraulic

(8)

WEC eff : ¼ Pshaft
Pwave

(9)

where, PHydraulic represents the hydraulic power

Pshaft represents the shaft power
Pwave represents the wave energy
N represents the rotation per minute
T represents the torque
DH represents difference in pressure/head
Q represents the mass flow rate
r is the density
g is the acceleration due to gravity

4. Results and discussions

Figs. 9e12 contain the results from experiments. Fig. 9 shows
the turbine rotational speed, N, and the flow rate, Q, of water in the
oundary condition.



Fig. 10. The rotational speed, N, and flow rate, Q, at different wave periods, T.
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double-hull against the pitching angle, q, at three different wave
periods, T, for a no-load condition. Initial experiments were per-
formed without any loads on the shaft to determine the maximum
rotational speeds at various conditions. For a given T, both Q and N
increase with increasing q.

For a given T and with increasing q, the potential energy of the
water in the tank increases due to higher inclination, therefore, the
change in water level is more, and thus Q and N increases. The
potential energy of the water gets converted to kinetic energy as
the water travels from one tank to the other. A maximum N of
108.663 RPMwas obtained for T ¼ 3 s and q ¼ 10�. A minimum N of
0 RPM was obtained for T ¼ 2 s and q ¼ 2�. A maximum Q of
0.086 m3/s was obtained for T ¼ 4 s and q ¼ 10�. A minimum Q of
0.045 m3/s was obtained for T ¼ 2 s and q ¼ 2�.
Fig. 11. Hydraulic efficiency, h, against flywheel weight f
Fig. 10 shows N and Q against varying T and q, for a no-load
condition. For a given q, and increasing T, N increases and gets to
a peak at T ¼ 3 s, after which it begins to decrease.

For all test cases, bubbles and circulationwere observed only for
T¼ 3 s. The higherN and the chaotic motion of thewater at T¼ 3 s is
observed due to the natural frequency of oscillation being close to
the natural frequency of the device [21]. The flow rate, Q, increased
with increasing T for all q. Sloshing at the free surface of water in the
double-hull was observed at higher angles, but the chaotic motion
(bubbles and circulation) of thewater was only observed for T¼ 3 s,
for all cases.

The results of the no-load condition tests were used to design
the loaded condition tests. The N values of the turbine at different
operating conditions were used to decide the N values of the
Powder Brake. The load condition tests were focussed on T ¼ 3 s
since maximum N is obtained for this period for all cases. All wave
energy converters will give optimum performance at some
particular frequency. Loaded tests were also carried out for T ¼ 2 s
(the lowest period) to compare the hydraulic efficiencies. Based on
previous experience with cross flow turbines for wave energy
conversion, a design RPM of 40 and 50 was chosen.

Fig.11 shows results for 40 and 50 RPM. For T¼ 3 s, the hydraulic
efficiency generally increases with increasing inertia on the shaft
for both rotational speeds. However, peak efficiencies for both
rotational speeds reaches a peak and then decreases for T ¼ 2 s.
Also, the efficiency gap for different angles for T ¼ 3 s is small
compared to T¼ 2 s. Thus, a moment of inertia of 0.053 kgm2 (8 kg)
was selected for further testing since it will give favorable effi-
ciencies at al operating conditions.

Fig. 12 shows the hydraulic efficiency, h, against N for T¼ 3 s and
T ¼ 2 s, for varying q and for inertia of 0.0053 kg m2. For T ¼ 3 s, the
peak h for q ¼ 4�, 6�, and 8� are obtained at N ¼ 40 RPM, and at
or N ¼ 40 and 50 RPM and for T ¼ 3 s and T ¼ 2 s.



Fig. 12. Hydraulic efficiency, h, against N for a) T ¼ 3 s b) T ¼ 2 s.

Fig. 13. CFD analysis results & comparison of hydraulic efficiency and hydraulic power at pitching angle of 6� and turbine rotational speed of 40 RPM between numerical models
and experimental results.
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N ¼ 45 RPM for q ¼ 10� (Powder break tension limited N to a
minimum of 45 RPM for q ¼ 10�). For T ¼ 2 s, the peak h for q ¼ 6�,
8�, and 10� are obtained at N ¼ 50 RPM, and at N ¼ 30 RPM for
q ¼ 4�. For a corresponding value of N, the h for T ¼ 3 s is higher for
all q compared to T¼ 2 s. The design rotational speed of 40e50 RPM
gives a region of high efficiencies for all pitching angles. For all q
values and for a given corresponding N, the difference between h

for T ¼ 2 s is more compared to T ¼ 3 s.
Fig. 14. Flow from right to left tank, fo
Fig. 13 shows the comparison between experimental results and
the CFD calculations of 5 cases at q ¼ 6� and T ¼ 3 s for various
rotational speeds. The peak efficiency point for the CFD calculations
occurs at 50 RPM whereas it occurs at 40 RPM for the experiment
results. The calculated hydraulic and shaft power is in good
agreement with the experimental results. Due to this, CFD analysis
may be used to predict the characteristics at full scale. The differ-
ences may be attributed to the fact that in CFD calculations, the
r T ¼ 3 s, q ¼ 6, and N ¼ 40 RPM.
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RPM of the rotor is constant whereas in the experiment, the rotor
does not rotate continuously at one RPM, thus the power output as
well as the efficiencies will vary.

Fig 14 shows CFD results of the internal flow as the water in the
double-hull moves from the right to the left tank, for T¼ 3 s, q ¼ 6�,
N ¼ 40 RPM and for time-steps of 191, 213, and 222. At time-step of
191, the flow is just changing direction, thus the water velocity in
the turbine section is very low (almost zero). The water passes over
the blades twice before exiting the turbine, thus increasing
Fig. 15. PIV vectors and CFD vectors for T ¼ 3 s, q ¼ 6, and N ¼ 40 RPM, a) PIV Velocity vector
from the left to the right, c) PIV Velocity vector e Fluid flow moves from the right to the l
momentum. Circulation occurs in the right and left orifice as the
flow develops (time-step 213). At time-step 222, the flow is fully
developed in the right orifice just before next direction change. This
is the position where maximum water impacts the blades, thus
most energy extracted. Similar flow is observed for flow from left to
right tank. The nozzling effect increases the water velocity at the
turbine inlet.

Fig 15 shows particle image velocimetry (PIV) and CFD results.
The velocity vectors are shown for T ¼ 3 s, q ¼ 6�, and N ¼ 40 RPM.
e Fluid flowmoves from the left to the right, b) CFD Velocity vector e Fluid flowmoves
eft, d) CFD Velocity vector e Fluid flow moves from the right to the left.



Fig. 16. Side elevation of the floating body model simulation.

Fig. 18. Internal flow model results of coupled analysis.
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Fig. 15a shows the PIV velocity vectors for flow of water from right
to left tank. The velocity of water is highest when it impacts the
blades, and then begins to reduce further downstream. Circulation
is observed at the exit of the turbine. This circulating flow pushes
the exiting water from the turbine towards the wall, thus the water
velocity in that region is higher. The flow pattern is similar to those
shown by CFD results in Fig. 15b,c shows the PIV velocity vectors for
flow of water from left to right tank. A similar vortex is shown in the
CFD velocity vectors shown in Fig. 15d, with the circulation forming
near the region shown the PIV results as well.

Fig. 16 shows an elevation view of the wave and floating body
model. Fig. 17 shows the change in motion of the floating body in
radian as the floating body simulation progresses. The two cases i.e.
pitching (rise and falling motion around the x-axis shown in Fig. 16)
and pitching with heaving (up and down translational motion in
the z-axis as seen in Fig. 16), follow a similar trend of motion but a
difference occurs near the peaks of the motions. There is approxi-
mately a 7% difference between the two cases because pitching is a
1 DOF motion while pitching with heaving is 2 DOF motion. Here,
case with only pitching can be considered as the ideal condition,
while in the realistic condition both pitching and heaving occurs
which is hard to simulate in the laboratory.

As there is little difference between the two cases, the motion
profile of the pitching only simulation was determined to be the
sufficient for further numerical analysis.

Fig. 18 shows the results of the larger scale model undergoing
the same profile motion as the pitching only case and the perfor-
mance characteristics are summarized in Table 2. The parameters
used in Fig. 18 are mass flow rate (Q), pressure at the turbine front
(pres.1) and pressure behind the turbine (pres.2) where the front of
the turbine is considered on the left side of the turbine in Fig.15 and
the back on the right. The calculations of these values are computed
between the range of 10e25 s from Fig. 17. The primary efficiency is
Fig. 17. DOF according to the change in the radian of the floating body.
defined as the efficiency of converting the incoming wave power to
the surface displacement of the water in the model and the hy-
draulic efficiency is defined as the efficiency to convert the surface
displacement to mechanical energy by the turbine. The WEC effi-
ciency is the overall efficiency of the current device. From the CFD
analysis, the primary, hydraulic and WEC efficiency were 34.5%,
57.1% and 19.7% respectively. The incoming wave power was
calculated to be 10.1 kW and the shaft power was calculated to be
about 1.9 kW.

5. Conclusions

Numerical and experimental studies were carried out on the
power-take off (PTO) system of a novel floating wave energy con-
verter with a built-in cross flow turbine at a scale of 1:3. The
pitching motion of this novel WEC causes a column of water to rise
and fall periodically in a caisson to create a bi-directional flow,
which in turn drives a unidirectional cross flow turbine. Higher
performance of the turbine is achieved at a period of 3 s, at a design
rotational speed between 40 and 50 RPM. A 0.053 kgm2moment of
inertia was found to be appropriate for all operating conditions.
Peak hydraulic efficiencies between 35% and 45% were obtained for
the range of 40e50 RPM for most test cases. CFD simulations
showed good agreement with experimental results, thus the cur-
rent CFDmethodology can be used to predict the large scale device.
The flow patterns observed with CFD and PIV were also similar.
Table 2
WEC large scale performance characteristics using the linear wave theory and the
calculated results.

Shaft power
[kw]

Wave
energy [kw]

Hydraulic
eff. [%]

Primary
eff. [%]

WEC eff [%]
(overall eff)

1.9 10.1 57.1 34.5 19.7
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Also a floating body numerical analysis was performed on a full
scale model to find the pitching profile of model in sea conditions.
The performance characteristics of the model was the analyzed and
found that the primary, hydraulic and WEC efficiency were 34.5%,
57.1% and 19.7% respectively.
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