3rd International Conference on Ocean Energy, 6 October, Bilbao

A twin unidirectional turbine topology for wave energy
V. Jayashankar1, K. Mala1, J. Jayaraj1, T. Setoguchi2, M.Takao3
1

Department of Electrical Engineering,
Indian Institute of Technology, Madras
I.I.T. Post Office, Chennai 600-036, Tamil Nadu, India.
E-mail: jshankar@ee.iitm.ac.in
2

Department of Mechanical Engineering,
Saga University, Japan.
E-mail: setoguci@me.saga-u.ac.jp
3

Department of Mechanical Engineering,
Matsue National College, Japan.
E-mail: takao@matsue-ct.jp

1.

Abstract

Introduction

There has been substantial research in the use of
the OWC as a principle for extracting energy from
waves [1][2]. Several countries have had demonstration
plants operating for at least some years [3][4][5]. In
such a plant conversion to electrical energy occurs in a
three stage process. The OWC converts variations in
sea surface elevations into pneumatic energy. The
power module which includes a turbine converts
pneumatic energy into mechanical shaft power. An
electrical generator mechanically coupled to the turbine
produce electrical power that can either be exported to
the grid or can form a stand alone plant. It has been
experimentally observed over the years that the
weakest link in the overall efficiency chain from wave
to wire lies in the turbine.
An early implementation [6] of the power module
required the use of mechanical valves for converting
oscillating air flow into unidirectional airflow as
required by the impulse turbine. Subsequently there
was very substantial research on the use of
bidirectional turbines [7] for this application. This was
not without a price as the Well’s turbine could only
operate efficiently over a small range of flow
coefficients before stalling. The linked guide vane
(LGV) impulse turbine [8] overcame this drawback but
contained moving links. The fixed guide vane impulse
turbine (FGV) avoided the use of links but had a lower
efficiency than the LGV turbine [9].
It is clear that an ideal turbine would be one that can
operate with high efficiency over a wide range of flow
coefficients without the use of valves. An ingenious
topology using high efficiency unidirectional turbines
was proposed to meet this requirement. The motivation
for the concept is based on a careful analysis of the
efficiency/ flow coefficient behaviour of the various
turbines discussed so far. This is shown in Fig.1.

The overall efficiency of Oscillating water column
(OWC) based wave energy plants have been
historically constrained by the lack of a good
turbine. The twin unidirectional impulse turbine
topology promises high efficiencies over a broad
range of flow coefficients as needed in wave energy
applications. A laboratory model of this concept is
built and tested in an oscillatory flow rig. The
experimental results validate the concept.
Measurements over a range of flow coefficients
show that the predicted theoretical efficiency is
attainable. Scaling shows that wave energy plants
based on this design are now likely to be caisson
limited and not turbine limited.
Keywords: oscillating water column, impulse turbine,
wave

Nomenclature
OWC = Oscillating Water Column
LGV = Linked Guide Vane
FGV = Fixed Guide Vane
q , Δq = Volumetric flow rate
DP, ∆p = Differential pressure
τ
= torque
ω
= angular velocity
η
= efficiency
Ct
= Torque coefficient
Ca
= Input coefficient
Φ
= Flow coefficient
b
= Blade height
l
= Chord length of rotor blade
Z
= number of blades
ρ
= Air density
va
= Air velocity
= Rotor tip velocity,
ur
rR
= Mean radius
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Figure 1 : Efficiencies of thee different classes of turbines
used in wave energy plants [7][8][9][10]

Figure 2 : The twin unidirectional turbine topology [1]
(Plant with horizontal axis machines: NTS)

It is evident that the unidirectional turbine has the
best performance. The objective is to utilise this turbine
without the use of valves.

2. The
topology

twin-unidirectional

turbine

The twin uni-directional turbine topology has been
recently proposed as a power module for use in
Oscillating Water Column (OWC) based wave energy
plants [11]. The configuration of this topology is
illustrated in Fig. 2.
The OWC is assumed to be a bottom standing near
shore caisson with the air column feeding a horizontal
axis power module. The OWC converts the incoming
wave into a bi-directional air flow which is then
impressed on the power module. The power take off
mechanism employs dual uni-directional turbines that
are conjectured to operate out of phase with each other
when subjected to such a bidirectional air flow. The
turbines T1 and T2 are coupled to a common electrical
generator. During intake, air would flow into the OWC
via the turbine T1 (as indicated by the red-arrow in
Fig.2) and during exhaust, air exits the system through
the turbine T2 (as indicated by the green arrow in
Fig.2.) The use of twin uni-directional turbines ensures
that, even without the use of valves, each turbine in
effect works for half a cycle of the incoming wave.
A detailed analysis of the operation of the twin
unidirectional turbine topology, and its influence on the
overall plant performance has already been presented.
It has been demonstrated, through theoretical studies
and simulations, that significant improvement in the
overall efficiency can be achieved with the use of this
proposed topology as a power module in OWC based
wave energy plants [11]. Here we present the results of
the experimental studies conducted using a prototype of
the twin unidirectional turbine topology.

Figure 3 : Laboratory prototype of the twin unidirectional
turbine topology

Figure 4 : Guide vane and rotor profile
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3. Design of a laboratory prototype of the
twin unidirectional turbine topology
A prototype model of the twin-turbine topology was
constructed for experimental validation of the proposed
power module. This model is constructed with two
separate electrical generators instead of the single
generator system originally proposed. A photograph of
this prototype is shown in Fig. 3. The unidirectional
turbines used in the prototype had a diameter of 165
mm. The rotor has 30 blades with 26 guide vanes. The
rotor profile is illustrated in Fig. 4. Each of the two 165
mm unidirectional turbines were coupled integrally to
two 375 W three phase squirrel cage induction motors
operating at 3000 rpm at 50 Hz. The electrical
machines are directly connected to the grid.

Figure 5 : Schematic of the oscillatory flow test rig

4. Experimental setup
To characterise the operation of the proposed
topology, the twin turbine laboratory prototype was
subjected to an oscillatory, bidirectional flow similar to
that observed in an OWC. An experimental facility for
creating this bidirectional flow was established at the
Aerospace Engineering Department in IIT Madras. The
schematic of the oscillatory flow rig is illustrated in
Fig. 5.
An oscillating piston is utilised to establish bidirectional flow which is then available at the adapter
illustrated in Fig. 5.
This piston is driven in a sinusoidal manner by a
crank and connecting rod. The internal diameter of the
piston was 1.25 m giving a cross sectional area of
1.227 m2. Two adapters are used to match the diameter
of the twin turbine prototype for the piston
arrangement. The diameter of the final adapter is 165
mm. The connecting rod is driven by two motors of
different speeds (2890 rpm and 1450 rpm respectively)
coupled in tandem. They are coupled to a 4 speed
gearbox, whose output shaft drives a worm reduction
gear of ratio 1: 40. The oscillating frequency of the
flow is determined by the overall gear ratio. A steel
disc mounted on the output shaft of the gear box acts as
the crank wheel. The disc is provided with a number of
apertures at different eccentric distances to attach the
connecting rod. This allows the variation of the stroke
length of the piston and thus allows the simulation of
different flow velocities at a given oscillating
frequency. It is possible to simulate flow velocities
ranging from 0.404 m3/s to 2.46 m3/s using this test rig.
The laboratory model of the twin turbine topology is
coupled to the oscillatory flow test rig at the adapter as
can be seen from Fig.6.
For experimentation using the twin-turbine
prototype, the drive motors were run at a speed of 1450
rpm and the gear box was put in the first gear to get the
lowest oscillating frequency. The results of the
experiments performed under these conditions are
presented in the following sections. However, tests
were also performed at higher gears.

Figure 6 : Experimental setup showing the twin turbine
prototype, flow test rig and instrumentation

4.1 Instrumentation of the experiment
The following parameters were measured during the
experiments.
a) Speed: The speeds of rotation of both the
induction motors were measured. A Pepperl+Fuchs
universal frequency counter (KFU8-UFC-Ex 1.D) was
configured to measure speeds with an accuracy of
±5 rpm. The 4 -20 mA current output of the meter was
converted to a voltage output using precision resistors
(1% tolerance) and fed to the data acquisition system.
b) Differential Pressure: A Honeywell STD 120
smart two wire differential pressure transmitter was
used to measure the differential pressure across each
turbine. The transmitter had a range of 6 kPa (60
mbar) and the measurement accuracy was 0.075% of
the upper range value. The transmitter also had a 4-20
mA current output which was fed to the data
acquisition system via a precision resistor.
c) Power: The power consumed by the motors was
measured using two digital power meters (Yokogawa
WT230 and Hioki 3184) with an accuracy of 0.1 %.
The power meter was also used to measure the
frequency of the ac supply.
The data acquisition system was based around a
National Instruments DAQ-Pad 6015, multi function
I/O for USB, connected to a laptop computer. All the
voltage signals corresponding to speed, pressure and
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the two motors change in accordance with the
bidirectional airflow. The power consumed under this
condition is considered as the ‘load’ power .The power
generated by the system is then estimated as the
difference between the no-load and load powers.
The experiment was repeated at different flow
velocities by changing the stroke length of the
oscillatory flow test rig. The lowest stroke length of 85
mm corresponds to an air velocity of 11.74 m/s and a
differential pressure of about 770 Pa (7.7 mbar). The
maximum stroke length of 225 mm corresponds to
26.8m/s air velocity and a differential pressure of 4.3
kPa (43 mbar).
A video of the experiment is available at [14].

power were sampled with 16-bit resolution at the rate
of 1 kS/s. The voltage signals corresponding to speed,
pressure and power were in the range of 1 – 5 V and
hence the data acquisition card was also put in the
0 -5 V measurement range for maximum accuracy. All
the measurement channels were configured to operate
in the differential mode, and low pass filtering was
employed to avoid power line interference. The signals
were processed using Lab VIEW software and recorded
into data files.

5.

Experimentation

Experimental studies conducted using the prototype
of the twin-turbine topology involved two phases. In
the first phase, the electrical machines used in the
assembly were characterised by standard test
procedures [12]. In the second phase, the twin-turbine
prototype was subjected to simulated bi-directional
flow and measurements were performed to validate the
conjectured principle of operation of the twin-turbine
topology.

6.

Results

The no-load speeds of the motors were 2933 rpm
and 2935 rpm respectively. The corresponding powers
were 132 W and 125 W. When the twin turbine
prototype was subjected to bidirectional airflow,
fluctuations in power, differential pressures and speeds
were observed in tandem with the oscillating frequency
of the piston in the flow test rig.

4.1 Characterisation of electrical machines
To characterize the electrical machines used in the
assembly, each motor was tested for its no-load and
blocked rotor characteristics. The electrical equivalent
circuit parameters of the motors were established from
these tests in a standard manner [12]. The equivalent
circuit parameters of the motors are listed below.
R1 = 22.04 Ω X1 = 13.89 Ω
R2 = 21.82 Ω X2 = 13.89 Ω
Rm = 5270.4 Ω Xm = 424 Ω
The symbols have their usual meanings [12]
The equivalent circuit parameters of the electrical
generators were measured for use in simulation studies
to predict the expected power generation in the labprototype of the twin turbine topology. A SIMULINK
model of the turbine and generator, described
previously [13], was used to make these predictions.
4.2 Characterisation of the twin-unidirectional
turbine topology using oscillating flow.
To characterise the operation of the twin-turbine
topology prototype, it was subjected to bi-directional
air flow using the oscillatory test flow rig. The
experimental procedure is described below.
Initially the power supply to the two induction
motors (generators) of the twin turbine prototype is
switched ON. The power consumed by the motors are
measured and recorded as the no-load power. During
this calibration, the oscillatory flow rig is not operated.
Here the term ‘load’ is used to refer to the oscillating
flow input to the twin turbine topology. The powers
consumed by the two motors are continuously
monitored.
Now, the oscillatory test flow rig is switched ON to
apply a bidirectional air flow to the twin turbine
prototype. The action of the flow rig causes a pressure
drop to develop across the turbines and the twin turbine
configuration operates in the manner explained in
section 2. The power consumed as well as the speed of

Figure 7 : Snapshot of the measured parameters

Figure 8 : Dynamics of the generated power and differential
pressure for the two turbine generators of the prototype
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A snapshot of one typical measurement taken during
the test is shown in Fig.7. The figure shows the
dynamic variations of the speed, differential pressure
and the actual power consumed by the two turbine
generators. The individual powers are measured by
using digital watt meters connected between the ac
supply and the respective motors. During the test, for
the turbine T1 the peak differential pressure observed
was 2.3 kPa (23 mbar), the maximum speed was
3080 rpm and the peak power generated was 424 W.
The corresponding values for the turbine T2 were 3 kPa
(30 mbar), 3100 rpm and 545 W respectively.
Fig. 8 shows the powers generated in each of the
turbines T1 and T2. Consider the turbine T2 which is
meant to work in the exhaust stroke. The turbine
produces a peak power of 525 W during the exhaust
stroke (region A). The corresponding peak differential
pressure is indicated as PA in Fig.9. The apparent phase
shift between the peak of the power waveform and that
of the pressure waveform is due to the delay in
measurement system introduced by the integrator of the
digital power meter.
It can be seen that even though the turbine T2 is
expected to operate only during the exhaust stroke,
there is a very small flow through this turbine even
during the intake stroke. The corresponding braking
power (region B) is less than 3 % of the power during
the exhaust stroke. A similar behaviour is shown by the
turbine T1 except that it produces positive power during
the intake stroke and a very small braking power during
the exhaust stroke. In effect, the topology ensures
substantial unidirectional flow to the appropriate
turbine even without valves. These figures (Fig.7 and
Fig. 8) show that the conjecture of each turbine
working for one half of a cycle is validated.
The peak power generated for various peak values of
differential pressures is illustrated in Fig. 9. This graph
was obtained from experiments performed at different
stroke lengths of the piston in the oscillatory test flow
rig. Higher differential pressures were obtained across
the turbine by using longer strokes in the test flow rig.
It may be noted that all such experiments were done
using the same stroke period of 1.25 s. For each
experiment at a specific stroke length, the peak values
of the differential pressure and the generated power
were noted for both the individual motors from the
measured data files. The set of experiments done
correspond to flow coefficients up to 0.94.
A SIMULINK model [13] was used to estimate the
total expected power generation from the laboratory
prototype of the twin turbine topology. The electrical
generators are modelled based on their equivalent
circuit parameters. The turbine model is based on the
Ca and Ct characteristics described by the following
equations.

Ca =

ΔΡ ∗ q
2

2

ρ (va + u r )blZ va 2

Figure 9 : Relation between the peak differential pressure
and peak electrical power generated in the 165 mm twin
turbine prototype

Figure 10 : Comparison of the measured generated power
with the predicted values, for the 165 mm twin turbine
prototype

Figure 11 : Flow coefficient during the operation of the 165
mm twin turbine prototype

Ct =

Τ
2

2

ρ (v a + u r )blZ r R 2

(2)

A comparison of the experimental results with the
predictions of a simulation model is illustrated in
Fig. 10.
For a peak differential pressure of 2647 Pa, the
simulation predicted 340 W of mechanical power.
Similar differential pressure values were achieved by
performing the experiment at a stroke length of 175
mm and the generated electrical power was measured
to be 336.4 W.

(1)
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We have previously shown that the mechanical
power can be obtained by an explicit measurement of
the torque and speed [5]. Alternatively the torque can
be obtained from the equivalent circuit parameters of
the electrical machine if the electrical power is
measured [13].
In this experiment, the torque is obtained from the
equivalent circuit parameters of the electrical generator.
As can be seen from the plots in Fig. 11, the
measured values of peak power compare closely with
the predicted results. (A slight phase shift is given to
the two plots in Fig. 10 for improved readability).
The twin turbine prototype operates at a flow
coefficient of 0.89 at which the theoretical efficiency is
60.2 % (Fig. 11). The corresponding experimental
efficiency at this flow coefficient is 60 %.
It would be instructive to see the implications of this
result for large wave energy plants. For example,
would it be possible to build a 50 GWh plant with this
concept? We have shown that 31 OWCs with 20 m
width having turbines of 2.6 m diameter can produce
such energy [15].
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