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energy. The OWC plant consists of a chamber where
the water free surface goes up and down as a function
of the waves which arrive at the chamber. When a
wave reaches the chamber, the oscillating water free
surface rises and the air inside the chamber is forced to
go out of the chamber through the turbine. At the
moment in which the wave moves away from the
chamber, the air pressure inside it decreases and the air
comes into the chamber through the turbine. To take
advantage of this bi-directional flow, self-rectifying
turbines are used. The main characteristic of these
turbines is that they have to rotate in the same direction
independently of the flow direction.
Until now, the most common turbine used in OWC
was the Wells turbine [1]. But Setoguchi et al. [2] made
a study of this turbine and found that the Wells turbine
has many drawbacks, such as low efficiency far from
the best efficiency point, stall when the flow rate is too
high, a very high rotation velocity and the long time in
reaching operational velocity. In order to avoid these
problems, many modifications have been proposed,
including guide vanes [3], variable-pitch angle blades
[4], several rotors [5], contra-rotating rotors, using
different chord blades and geometry ratios [6]. One of
the alternatives to the Wells turbine is the impulse
turbine: axial [7] or radial [8].
Reports which compare the Wells and axial impulse
turbines with fixed guide vanes [2] show that impulse
turbines have a better behaviour than the Wells one in
running and starting characteristics under irregular flow
conditions.
The radial impulse turbine, proposed by
McCormick, has lower maximum efficiency but is able
to maintain a high efficiency in a wide range of
operational conditions. An experimental work which
studied the behaviour of the radial impulse turbine [9]
shows that this sort of turbine has a relatively high
mean efficiency and there is no oscillating axial thrust.
Other important benefits of this kind of turbine are its
low cost and high torque. On the other hand, this
turbine causes a great damping on the OWC system.

Abstract
This work deals with the conception, from a
mechanical and electrical point of view, of an impulse
axial turbine for an oscillating water column (OWC)
plant. Air turbines for wave energy conversion have a
special feature to be taken into account: these turbines
are self-rectifying and work with a cyclically
bidirectional air flow alternatively as an inflow/outflow
turbine.
The turbine geometry proposed in the bibliography
has been used. A previously developed numerical CFD
(Computer Fluids Dynamics) model has been used to
improve aerodynamically the internal geometry of the
turbine. With a better efficiency, the impulse turbine is
now attractive for the industry. In order to start the
industrial design, some specifications expected for the
turbines have been underlined. The nominal power will
be 20kW.
To carry out a global mechanical design of the
turbine, the first step was principally to propose a
feasible structure, easy to assemble and guarantee easy
maintenance. The interaction between the turbine and
the generator is an important factor, which has a direct
influence on the global efficiency of the OWC plant.
Therefore, it has been necessary to study both the
dynamic and electrical behaviour in order to control the
turbine operations. Specifically, the evolution of the
power provided by the swell over the time is taken into
account.
Keywords: Wave Energy, OWC, Turbine, Mechanical
Conception.

1. Current status of OWC and air
turbines
OWC is one of the more interesting wave energy
conversion systems. It is capable of transforming wave
energy into pneumatic energy and this into electrical
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cost and the connection to the generator (due to the low
speed), although it could have the advantage of
reducing the rotation speed and, therefore, vibrations
and noise will be reduced. On the other hand, smaller
sizes involve higher rotation speed, which is better for
the generator and the installation. But this is not
advisable from the point of view of vibrations and
noise.

Over the last five years, our group has been
investigating the hydrodynamic behaviour of the radial
impulse turbine. This knowledge has enabled us to
create a new geometric design [10] from an initial
design taken from the bibliography [9]. This new
design considerably improves the efficiency of the
previous geometries [9], [11]. In [10] the optimization
of the turbine design was carried out by means of a
numerical model. This numerical model, previously
validated [12], allowed us to study in depth the flow
through the machine and its sources of energy loss [13;
14]. This new geometry has meant an advance in
turbine performance.
The objective of this paper is to propose a semiindustrial prototype by taking into account mechanical
and electrical aspects. Therefore, this paper shows the
first steps about how a previous configuration,
numerically developed [10], is turning into reality. This
work can be divided into two parts: mechanical and
electrical design. Nevertheless, firstly it is necessary to
determine the size of the turbine. The mechanical
conception about the manufacturing process is shown.
The second part analyzes the performance of the radial
impulse turbine in an electrical system in a stand-alone
mode. This structure, isolated from the grid, allows us
to study the coupling between the turbine and the
generator with more flexibility in the frequency and the
magnitude of the voltage produced. Analyzing the
performance of the turbine-generator system under
non-stationary flow conditions is the aim of the
electrical study

2.

Figure 1. The relationship between the size of the turbine
rotor and rotational velocity (W=20 kW, φ=1.2)

3. Mechanical design
One problem referred to in many papers is the
oscillatory bi−directional axial thrust which appears on
the bearings in axial turbines but which does not appear
in radial turbines. Nevertheless, to obtain a balanced
stress-distribution on the structure (mainly on the
bearings), a vertical configuration has been adopted.
The global configuration is shown in Figure 2. With
this configuration, all the weight is transmitted
vertically to the floor through the peripheral elements.
The turbine has a rotor and a stator, which is
composed of two rows of guide vanes: Inner Guide
Vanes and Outer Guide Vanes. The guide vanes are
joined to a disk by pivots which are fixed from the
opposite side to the disk. The rotor has a row of fixed
blades which are screwed to the hub. Both vanes and
blades are fixed by two pivots to prevent any possible
misalignment during performance. The geometry
profiles of both vanes and blades are shown in [10].
The rotor is fixed to the shaft by means of a cone.
With this first design, the weight of the turbine was
estimated approximately. Indeed, because of
environmental requirements, the structure has to resist
corrosion, wind, vibrations, overload, etc. As a
consequence, metals like stainless steel or aluminium
have been chosen for the construction. The estimated
weight of the rotor and the stator manufactured in
aluminium or stainless steel is approximately 500 kg
and 900 kg, respectively. It is a considerable weight to
be supported by the structure.
One of the main problems is the transmission of the
weight of the moving parts: the rotor, gearbox and
generator. These parts are placed in the upper part and
are covered by an external case. This outer case
supports the generator weight and isolates the moving
parts from the environment.

Mechanical conception

This turbine has been conceived on a large scale,
with low-cost manufacturing which is easy to use and
maintain and with a long life. As this turbine will be
placed on the coast, it should also be able to resist harsh
environmental conditions such as corrosion, humidity,
etc.
The turbine operating conditions were previously
imposed: the nominal power is 20kW. To guarantee
that the turbine works as long as possible in high
efficiencies, this nominal power should be reached at a
higher flow rate than the optimal one. Therefore, the
nominal power will be obtained at a flow rate
coefficient (φ) of 1.2.
From a dimensionless analysis, the following can be
obtained:

(

Wturbine = CT ⋅ ρ ⋅ Ω 3 ⋅ h ⋅ rR4 ϕ 2 + 1

)

where W is the power extracted by the turbine, CT is
the torque dimensionless coefficient, ρ the density, h is
the blade height, Ω the rotation speed and rR is the
mean radii of the turbine. From this expression we can
extract a relation between the size and the rotation
speed (for a given nominal power and flow rate
coefficient), as seen in Figure 1. A rotation speed of
around 50 rd/s and a rR of 0.48 m is a balanced
situation. Greater sizes will be a problem from the point
of view of installation (great weight), manufacturing
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The weight which is held by the upper external case
is supported by the outer guide vanes which are fixed to
the upper case by various pivots, Figure 2b. All the
weight is transmitted to the floor by the lower case.

4.

Dynamic conception

The main problems of turbines for OWC devices are
their operating conditions, as mentioned before: the bidirectional and variable flow rate.
Self-rectifying turbines is a possible solution for
bidirectional flows. Once the first problem is solved,
the problem of the flow rate variability is faced. A
variable flow rate means that the torque is also variable.
However, the rotation speed of the turbine should be as
constant as possible to guarantee the correct
performance of the generator. An inertia wheel, which
allows us to maintain the rotation speed in a desired
range when the flow rate is close to zero, can be used to
solve the variability of the flow rate. Nevertheless, it
should be carefully designed because an inertia wheel
can harm the self−starting process of the turbine.
Should it be necessary, it would be possible to use the
generator as a motor during the start-up.
Another important point is the variability of the sea
conditions. To guarantee the high efficiency of the
OWC plant, it is necessary to adapt the damping made
by the turbine. This can be achieved by modifying the
rotation speed of the ensemble.
Determining the electrical performance of the
turbine-generator ensemble is the first point to be
carried out. This is done by stationary simulations at a
constant flow rate. Next, the coupling turbine-generator
is analyzed under a non−stationary flow rate. In this
work, the turbine is connected to an isolated electrical
system, without grid connection. This specification
allows us to analyze the performance with more
flexibility in the frequency and the voltage magnitude
of the electricity produced.

a)

b)

4.1. Electrical System
An electrical system converts the mechanical energy
in the shaft into electrical energy. In this application,
electrical energy is dissipated on a load. In
consequence, the electrical system is isolated and the
frequency and voltage magnitude can be variable.
These specifications imply greater degrees of
freedom in the turbine-generator control system,
allowing a wide range of working speeds. In this way,
the rigidity that grid connection involves (for instance,
strict frequency and voltage connection) is avoided.
In this paper, the electrical machine used is a
synchronous generator of 20 kVA rated power.
Generator rated power agrees with the power extracted
from the turbine at the flow coefficient, corresponding
to the maximum efficiency. On the other hand, this
kind of electrical machine allows more control over the
power take-off of the electrical system in an isolated
grid. The main generator specifications are shown in
Table 1.

c)
Figure 2. General view of the turbine: a) cross section, b)
stator, c) side view of rotor

The rotor is composed of a disk where the blades are
mounted and a cone which is used to guide the flow.
The rotor is fixed to the shaft through the cone, which
is connected with the generator. All the weight of the
rotor rests on a bearing which is connected to the
external upper case by four ribs. The second bearing is
used to ensure the alignment of the rotor and the stator.
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In order to adapt the turbine rotation speed to the
generator a gearbox is used.

Control over the generator is made through the
electrical load and the field excitation. Figure 3 shows
the torque-speed features of the synchronous generator
at different electrical load connected and a field current
of 25 A. This field current corresponds to nominal
power and nominal speed.

Value
Feature
Rated Power
20 kVA
Voltage
415 V
Frequency
60 Hz
Speed
1800 rpm
Stator resistance
0.577 Ω
Xd
19.23 Ω
Xq
9.95 Ω
Xl
1.29 Ω
Coeff. of inertia
1.39 kg.m2
Pole pairs
2
Table 1. Generator characteristics.

4.2. System model
Figure 4 shows the connection scheme used in the
simulations. The model has been developed in MatlabSimulink software.
A first module allows us set up the flow across the
turbine. The second one is the turbine module that
determines its torque (Tt) through the speed and the air
flow rate. This module solves the dynamical equation
of the turbine-generator ensemble:

Tt − Tg = J ⋅

dΩ
dt

where Tt y Tg are torques developed by the turbine
and electrical system, respectively, J is the inertia of
the rotor, and Ω is the shaft speed. The last module has
the electrical system model, which calculates the
generator torque in accordance with the rotation speed
and the electrical load connected.
A specific air flow in the turbine needs values of
electrical load and synchronous generator excitation to
work in a stable manner. If the electrical system is not
adjusted, the mechanical energy from the flow is not
extracted, but it is converted into kinetic energy. It
leads to an unstable performance characterized by a
rising speed.

Figure 3. Torque-speed at different load values.

Figure 4. Simulink model of the system.
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simulation results obtained while turbine flow rate has a
maximum value of Qmax = 7.4 m3/s with a period of 5 s.
In Figure 8, it can be noted that the turbine power
sometimes takes instantaneous values of 20 kW and at
other times the turbine power is zero. However, in
Figure 9 it can be observed that the generator supplies a
non zero oscillating power due to the system inertia.

4.3. Constant air flow tests
These tests allow us to evaluate the performance of
the turbine while air flow is constant. The aim is to
obtain, for a specific flow rate, different operation
points of the turbine-generator system. These operation
points allow us to determine the turbine torque-speed
curve. The final equilibrium stage of the turbinegenerator system is defined by the equilibrium between
the torque and the joint speed.
To develop simulations supposing a constant flow
rate, each work point is obtained by modifying the
electrical load and the field excitation on the
synchronous generator.
Figure 5 and Figure 6 show the turbine torque-speed
and shaft power-speed curves obtained at constant flow
rates of 2 m3/s, 5 m3/s and 7.4 m3/s.

Figure 7. Turbine speed obtained at Qmax = 7.4 m3/s

Figure 5. Turbine torque-speed curve.

Figure 8. Turbine power obtained at Qmax = 7.4 m3/s

Figure 6. Turbine shaft power-speed curve

4.4. Variable air flow tests
In this section, simulations obtained while the flow
rate varies sinusoidally are shown:

Q(t) = Qmax sin(ω t )
where Qmax is the amplitude of
simulations, the electrical system
an excitation field of 25 A and
95 Ω. Figure 7, Figure 8 and

Figure 9. Electric power obtained at Qmax = 7.4 m3/s.

the flow rate. During
is kept constant with
a load resistance of
Figure 9 show the
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turbine with constant and variable chord rotors.
Renewable Energy. 29, pp. 201-219.

5. Conclusions
This work shows the first steps towards developing a
turbine prototype for an OWC plant. The work is
focused on the mechanical conception and the electrical
performance of the system.
Obtaining a resistant and compact design has been
the target of the mechanical study. A vertical
configuration has been adopted to obtain a balanced
distribution of the mechanical loads. It reduces the
mechanical requirements of the bearings, which could
be a problem from the maintenance point of view. It has
been necessary to design a system to guarantee the
alignment of the rotor and the stator. A solution for the
rotor support is shown where the outer guide vanes have
been used to bear the rotor and generator weight.
Numerical simulations in Simulink have been carried
out to analyze the electrical performance of the turbinegenerator ensemble. The ensemble has been analyzed
under sinusoidal flow conditions with a stable model
developed in steady conditions.
The results show that the variability of the rotation
speed and the power extracted are less than 10%. This is
caused by the inertia of the system which compensates
for the lack of energy on the blades when there is no air
flow through the turbine.
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Characteristic area at rR
T

(

)

1 2
ρ vR + uR2 AR rR
2

Torque coefficient
Blade height
Flow rate
Mean radius
Output mechanical torque
Circumferential velocity at rR
Mean radial velocity
Air density
Flow coefficient
Flow coefficient amplitude; Q= Qmax
sin (2πt/T)
Rotational speed

