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Experimental studies were carried out on the power-take off (PTO) system of a novel floating wave energy converter with a built-in
cross-flow turbine. The pitching motion of the device causes a column of water to rise and fall periodically in a caisson which
creates a bi-directional flow. The cross flow turbine uses this bi-directional flow to rotate in one direction only. The PTO system
was experimented using a 6 DOF ocean simulator at a model to prototype scale of 1:3. The experiments were conducted for varying
pitch angles, moment of inertia on shaft, wave periods, and rotational speeds. It was found that for all pitching angles, the device
had optimum response at a wave period of 3 seconds. A moment of inertia of 0.053 kgm2 was found to be appropriate for all test
cases. Peak hydraulic efficiencies between 35% - 45% were obtained for the range of 40 — 50 rpm for most test cases.

1. Introduction

A floating WEC utilizes the motion of the surface waves to generate
electricity. The motions of a floating WEC are cyclic and there 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
[1].

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
[2]. There are a large variety of wave energy conversion devices. The
power conversion systems can however, be generalized into two main
groups [3]: i) direct drive systems and ii) 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 [4]. 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

between the PTO stage and the generator in the power regulation stage [3].

Some of the most common buffered PTO systems are self-rectifying air
turbines, hydraulic PTO systems, and high-pressure oil-hydraulics [5]
Model testing provides valuable information which can be used to
predict how a prototype would behave under similar conditions [6]. Some
principle benefits gained from model tests are validation of design values,
obtain design empirical coefficients that can be directly applied to the
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prototype, verify the analytical techniques, verify offshore operation, and
investigate unpredicted and unexpected phenomena [7]. 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 1:80 — 1:25 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 modelled and developed [8]. 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 the moving part of the PTO mechanism [8].

The present study focuses on the experimental studies of the PTO
mechanism of a novel floating WEC with dimensions much 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
bidirectional flow. This bidirectional flow drives a unidirectional
crossflow turbine. The hydraulic performance of the Crossflow turbine is
studied at various operating conditions.

2. The novel device
Fig. 1 shows a schematic of the novel device. This device uses the
surface water displacement as an energy source. The pitching motion 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.

Fig. 1. A schematic diagram of the device.

Crossflow turbines are impulse turbines that are used for low head
(<10 m) and medium head (10 — 50 m) applications [9]. In a cross-flow
turbine, the water passes over the blades twice before exiting the turbine,
resulting in a higher momentum transfer [10]. Some advantages and
characteristics of the cross-flow turbine are that a wide range of rotational
speeds can be selected, the turbine diameter does not depend on the flow
rate, satisfactory efficiency levels, and are simple to manufacture.

Several studies have been carried out on crossflow turbines. Choi et al.

[11] did a performance study and assessed the internal flow characteristics
of a Crossflow hydro turbine by varying 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. [12] presented numerical studies on the
effects of front guide nozzle shape on the flow characteristics of an
augmentation channel for a Crossflow 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 first stage
energy conversion efficiencies.

Choi et al. [13] carried out an experimental investigation on the
effects of wave conditions on the performance of a Crossflow turbine 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. [14] and Lee et al. [15] presented numerical and
experimental results on the performance of a Crossflow 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 [39]. Several studies have been carried
out on sloshing of liquids in excited tanks.

Akyildiz and Unal [16] performed an experimental investigation on
the pressure distribution at different locations and 3D effects of liquid
sloshing on a rectangular tank. Mitra et al. [17] 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 motion with 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. [18, 19] studied sloshing as an
absorber for structural control. Kyoung et al. [20] simulated a numerical
nonlinear sloshing problem for impact loading on the tank structure. The
wave impact load on the structure was obtained numerically for a
nonlinear free surface condition and compared with the predictions made
Chen and Chiang [21] presented a 2D
numerical analysis of sea wave induced fully nonlinear sloshing fluid in a

using Morison’s formula.

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.

Wu and Chen [22] presented studies on sloshing waves and resonance
modes of fluid motion in a 3D tank by a time-independent finite
difference method. They studied a range of excitation frequencies with
motions that exhibit multiple degrees of freedom.

The use of the cyclic motion of the partly filled water in a tank like
structure to drive a crossflow turbine to convert wave energy to generate
electricity has never been reported before. This device has advantages
such as the working fluid that drives the turbine is fresh water, therefore,
no corrosion and bio-fouling of the turbine from ocean water. It is
compact and free from aerodynamic noises of high speed turbines, and
can be much easily installed into arrays in a wave farm.

3. Experimental procedure

The PTO system was tested using a Sunsystem 6 DOF ocean
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simulator with a capacity of 5 Tonnes. The maximum angle for pitch in
the system is +10° with a resolution of + 0.1°. The maximum length for
heave in the system is £0.5m with a resolution of +0.1m. The range of
frequencies in the system is 0.1 — 0.5Hz. The experiments were conducted
at a model to prototype scale of 1:3. Fig. 2 shows the geometric details of
the double-hull of the device.

| Powder brake l

2500mm
Fig. 2. Geometric details of the double-hull of the device

Fig. 3 shows the geometric details of the crossflow 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 250 mm, where as the internal diameter is 240 mm. 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. The clearance of the turbine and housing is 20.6 mm.
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Fig. 3. Geometric details of the crossflow turbine and the augmentation channel
(dimensions in mm).

A General Acoustics UltraLab® ULS sensor, (model USS20130) with
a resolution of 0.36 mm, measuring range of 200 — 1300 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 was used to
calculate the flowrate 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
DWSDO0020R1AA) with a pressure range of 0 — 20kPa and accuracy of
0.075% was used to measure the differential pressure of the turbine.

A SETech torque transducer-RPM type (model YDR — 5KM) 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-Y3) with
a torque rating of 3 Nm was used to control the torque and thus the
rotational speed of the turbine. A flywheel with a mass of 4 kg is attached
to the shaft of the turbine to ensure that there is continuous rotation
throughout a given cycle. All the digital signals from the sensors are
acquired on a Graphtec GL500A data logger (model GL500-UM-852).
The sampling interval of all the data was set to 1ms.

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 — 10° in increments of 2°, and the range of pitching
frequencies tested were between 0.25 — 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 10 — 80 RPM. Repeat tests on a few selected loaded cases give
measurement uncertainties as: Q =+ 1.5 percent, AH =+ 1.0 percent, T =
+ 1.2%. Fig. 4 shows a picture of the device on the ocean simulator.

Fig. 4. Picture of the device on the ocean simulator.



4. Results and discussion

Fig. 5 shows the turbine rotational speed, N, and the flowrate, Q,
of water in the double-hull against the pitching angle, 0, at three different
wave periods, T, for a no-load condition. Initial experiments were
performed 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 6. For a given T
and with increasing 0, the potential energy of the water in the hull
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 hull to the other.
A maximum N of 108.663 RPM was obtained for T=3 s and 6 = 10°.
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Fig. 5. The rotational speed, N, and flowrate, Q, at different pitching angles, 0.

Fig. 6 shows N and Q against varying T, for four different 6, for a no-
load condition. For a given 6, and increasing T, N increases and gets to a
peak at T = 3 s, after which it begins to decrease. For all test cases,
bubbles and circulation were observed only for T = 3 seconds. The
higher N and the chaotic motion of the water at T = 3 s is observed due to
the natural frequency of oscillation being close to the natural frequency of
the device [10, 39].

The flowrate, Q, increased with increasing T for all 6. Sloshing at the
free surface of water in the double-hull was observed at higher angles, but
the chaotic motion (bubbles and circulation) of the water was only
observed for T = 3 s, for all cases.
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Fig. 6. Rotational speed, N, and flowrate, Q, at different wave periods, T.

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 = 3 s since maximum N is
obtained for this period for all cases. Loaded tests were also carried out
for T =2 s (the lowest period) to compare the performance. Figure 7a and
Fig 7b shows the flywheel tests at 40 RPM and 0.33 Hz and 0.25 Hz. For
T = 3 s, efficiency increases with increasing flywheel mass. For T =2 s,
the peak efficiency is observed at 8 kg mass. The efficiency gap is small
forT=3s.
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Fig. 7. Hydraulic efficiency, 1, against flywheel weight for N = 40 RPM
and fora)T=3sb)T=2s

Figure 8a and 8b shows the flywheel tests at 50 RPM and 0.33 Hz
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and 0.25 Hz. For T = 3s, efficiency increases with increasing flywheel
mass. For T = 2s, efficiency reduces after 8 kg flywheel mass. The 8 kg
mass is therefore chosen, to have favourable efficiencies

50RPM , 0.33Hz

60
50
40
- D.
230 A
=
20
—¢— 4 033 80
@ 6 033 50
10 A ——h-—- B 033 &0
O 10 033 80
0 T T T T T T
0 5 10 15 20 25
fly wheel weight [kg]
50RPM, 0.5Hz
60
50
e NN .
S A
40 A e
—
—
ey o @
230 4 @ °
= @
20 |
o
10 4 o 6 05 &0
——m—— § 05 &0
A 10 05 50
0 T ‘ T T T
0 3 10 15 20 25

fly wheel weight [kg]

Fig. 8. Hydraulic efficiency, n, against flywheel weight for N = 50 RPM
and fora) T=3sb)T=2s

Figure 9a and Figure 9b shows the hydraulic efficiency, 1, against N
for T=3sand T =2s, for varying 6. For T =3 s, a maximum n of 45% is
obtained at 6 = 4° and N =30 RPM. For T = 2 s, a maximum 1 of 45% is
obtained at 6 = 10° and N = 50 RPM. The design rotational speed, N, for
this device can be considered to be between 40 — 50 RPM, since for T =
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3s, the range of efficiencies is between 35% to 45%. For all 8 values and
for a given corresponding N, the difference between n for T = 2 s is more
comparedto T=3s.
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Fig. 9. Hydraulic efficiency against N for varying angles a) T=3sb) T
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Fig. 10 shows the results for heaving. It can be seen that the efficiencies
and the power output is almost constant for al heaving ranges. Therefore
it can be said that heaving does not really affect the performance.
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Fig. 10. Performance characteristics at varying heaving range.

5. Conclusions

Experimental studies were carried out on PTO system of a novel floating
wave energy converter with a built-in cross-flow turbine at a scale of 1:3..
Higher performance is achieved at a period of 3 seconds. The design
rotational speed of this device can be considered between 40 — 50 RPM.
A 8 kg flywheel was found to be appropriate for all operating conditions.
Peak hydraulic efficiencies between 35% - 45% were obtained for the
range of 40 — 50 rpm for most test cases
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