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in 1975 by I.A. Babintsev [3]; since the turbine is
required to be insensitive to flow direction, there are
two rows of guide vanes, placed symmetrically on both
sides of the rotor. Several versions of both types of
turbines (Wells and impulse) have been proposed and
tested. Reviews can be found in [4-6] for self-rectifying
air turbines, in [7,8] for the Wells turbine and in [9] for
the impulse turbine. The impulse turbine, due to its
smaller blade speed, is less constrained by Mach
number effects and centrifugal stresses than the Wells
turbine, which may be an important advantage in very
energetic wave climates.
The operating flow range of a Wells turbine is
known to be relatively narrow: for increasing flow rate,
the efficiency drops sharply when stalling at rotor
blades occurs [10]. Peak efficiency under laboratory
conditions was found to reach about 70%.
The main problem with the impulse turbine lies in
the large aerodynamic losses due to excessive
incidence flow angle at the entry to the second row of
guide vanes (this is a result of the required symmetry of
the guide vane rows with respect to each other).
Although the operational flow range of the impulse
turbine is wider compared with the Wells turbine, its
peak efficiency hardly exceeds about 50%. To reduce
these losses, guide vanes of variable geometry have
been proposed [11] (see also [9]). This may be made by
active control [12,13] or passive control; in the latter
case, the vanes may pivot under the action of the
aerodynamic moments acting on them, and occupy one
of two pre-set angular positions, depending on whether
the air is flowing inwards or outwards. Guide vane
control was found to increase the peak aerodynamic
performance of the turbine up to about 60-65%.
However, the increased mechanical complexity, with
the resulting reliability and maintenance problems, has
hindered its utilization in OWC prototypes. Another
proposed way of reducing the aerodynamic loss is to
radially and axially offset the guide vanes with respect
to the rotor blades in order to reduce the kinetic energy
at the entrance to the second guide vane row [14,15]
(this results in an axially and radially bulky machine).
One such turbine, commercially named HydroAir,
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1. Introduction
The (floating or fixed structure) oscillating-watercolumn (OWC) device, equipped with air turbine(s), is
the most extensively studied (with the largest number
of prototypes) wave energy converter type [1], and is
possibly the most reliable. Practically all OWC
prototypes (except small navigation buoys powered by
sea waves) have been equipped with self-rectifying air
turbines, capable of operating with bi-directional
reversing air flows. Almost all proposed and tested
self-rectifying air turbines are axial-flow machines of
two basic types: the Wells turbine and the impulse
turbine.
The Wells turbine, invented in 1976 by Alan A.
Wells [2], equipped most OWC prototypes deployed
into the sea. The most popular alternative to the Wells
turbine is the self-rectifying impulse turbine, patented
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equipped the 1:3rd-scale floating OWC prototype
Oceanlinx Mk3 briefly tested off Port Kembla,
Australia, in 2010.
A combination of two one-directional axial-flow
impulse turbines (without rectifying valves) has been
proposed and studied recently [16,17]. The reported
efficiency is higher than for the fixed geometry selfrectifying impulse turbine, but this is achieved at the
cost of extra ducts and turbine duplication.
Self-rectifying radial-flow turbines (radial versions
of the impulse turbine, with a pair of guide vane rows
on each radial side of the rotor) have been proposed
and studied [18,19]. The flow through the rotor and
guide vanes is either centripetal or centrifugal
depending on the direction of the reversing OWC
motion. As for the axial-flow turbine counterpart, the
large losses at the second guide vane row persist.
An alternative type of radial-flow turbine is
described in [20]. The rotor is designed for unidirectional inward flow. There is a double set of guide
vanes (named “floating nozzle”), positioned around the
external periphery of the rotor, that may slide axially
and in this way rectify the reciprocating air flow
induced by the OWC motion. Results from model
testing are given in [20].
This paper presents the results from model testing
of a new self-rectifying impulse air turbine [21,22],
named here biradial turbine, that substantially differs
from previous conceptions. The (large) losses at the
entrance to the second guide vane row (typical of selfrectifying impulse turbines) are highly reduced or
totally avoided. Unlike HydroAir, the turbine is very
compact axially. Unlike the pitch-controlled guide vane
impulse turbine, it is mechanically simple and reliable.
Unlike the Wells turbine, it shares with other impulse
turbines the adequacy to convert the energy of
(relatively) large air pressure oscillations that occur in
energetic sea states.

motion is not to rectify the air flow admitted to the
rotor; indeed the flow through the rotor is truly bidirectional. The axial motion should be controlled in
such a way that it is completed in a short period of
time, whenever the direction of the flow is reversed.
The axial translational motion of the guide vane set can
be produced by hydraulic, pneumatic, electrical or
other action.

Figure 1: The biradial turbine, with the axially movable
guide vanes in two different positions for different directions
of the flow through the turbine.

2. The biradial turbine
The proposed turbine is an alternative to the selfrectifying axial-flow impulse turbine. The turbine is
symmetrical with respect to a plane perpendicular to its
axis of rotation, and is a radial-flow machine at both
inlet and outlet, Figs 1 and 2. The rotor is surrounded
by a pair of axisymmetric ducts, each duct being
formed by a pair of parallel discs. The flow in the rotor
is bounded by a shroud, Fig. 2. There are two rows of
guide vanes rigidly connected to each other, as shown
in Fig. 1. These guide vane rows may be removed
from, or inserted into, the flow space by axially
displacing the whole guide vane set, so that the
downstream guide vanes are prevented from
obstructing the flow coming out of the rotor (see Fig.
1). The radial distance between the rotor and the guide
vanes is preferentially small, as shown in Fig. 1. This
arrangement shares with the radial-flow turbine
described in [20] the sliding guide vane concept.
However here the role of the guide vane translational

Figure 2: Perspective representation of the rotor.

In an alternative configuration (see [21,22]), the two
sets of guide vanes are not movable, and are radially
offset from the rotor to reduce the stalling losses at the
second row of guide vanes. This configuration is not
considered here.
Aerodynamic design procedures as well as results
from numerical modelling of the biradial turbine can be
found in [22].
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edge was 274 mm and the radial gap between rotor and
guide vanes was 30 mm.
A photograph of the turbine and experimental
facility is shown in Fig. 5.

3. Test facility
The turbine was tested in unidirectional flow at the
blow-down rig of Instituto Superior Técnico that had
been used before to model-test a variety of Wells
turbines and axial-flow self-rectifying impulse turbines
and is described in [23]. The pressure drop across the
turbine was provided by a centrifugal fan and was
operated by a variable speed controller which was
connected to the fan motor. The induced air flow was
directed through the turbine and then into a plenum
chamber. The chamber contains a honeycomb lattice,
which facilitates flow straightening prior to air entering
a calibrated flow nozzle situated between the plenum
chamber and the exhaust outlet. The plenum chamber
and the nozzle were designed according to the Air
Moving and Conditioning Association (AMCA) 210/67
standard. The 0.67 m-long nozzle contracts from 0.8 m
to 0.4 m, and the plenum chamber measured 2m in
length, 1.72 m in height and 1.78 m in width; this was
enlarged to 2.95 m height and 2.95 m width for the
tests with 2.55 m-diameter inlet/outlet ducts, see below.
The turbine was connected, via a Datum Electronics
torque meter, to a motor-generator, which controlled
the speed using a stepless variable speed controller.
During operation, the motor-generator switched to
either mode in order to maintain the chosen test speed.
The volume flow rate was determined by measuring
the pressure drop in a precalibrated nozzle section,
which was situated after the chamber. The turbine
rotational speed was measured by a photo-electric
speed pick-up. The recorded data included speed,
torque and pressure.

Figure 3: The rotor of the tested turbine.

Figure 4: Guide vane geometry.

4. Turbine model tested
The geometrical design of the rotor was performed
according to the procedure described in detail in [22].
The rotor was fabricated of syntherized nylon (see Fig.
3). Its diameter was 488 mm and the entrance/exit
width was 53.7 mm. The 7 blades were of constant
thickness (equal to 3.7 mm), rounded at their
inlet/outlet edges, and their inlet/outlet angle (with the
circumferential direction) was   40 . The radial gap
between the rotor and the casing was about 1 mm. Two
ball bearings on each side of the rotor supported the
turbine shaft.
The inlet duct and the outlet duct (diffuser) of the
turbine were formed by two pairs of transparent flat
discs, whose outer edges were rounded. The vaneless
diffuser (exit duct) was located inside the plenum
chamber. Tests were performed for two values of the
outer diameter of the inlet/outlet ducts: 1.50 m and
2.55 m.
The 23 aerofoil-shaped guide vanes, enclosed in the
inlet duct, were made of aluminum. They were
designed as described in detail in [22] (see Fig. 4). The
distance from the turbine axis to the vanes’ trailing

Figure 5: Experimental setup, showing the electrical
generator, the horizontal-axis turbine and the plenum
chamber. The turbine guide vanes can be seen inside the
transparent-walled inlet duct. The diffuser is located inside
the plenum chamber. Here the inlet/outlet duct outer radius is
1.50 m.

5. Results
Experimental results are plotted, in dimensionless
form, in Figs 6-8, together with results from the
computational fluid dynamics (CFD) code FLUENT
that solves the three-dimensional Reynolds-averaged
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Navier-Stokes equations with a k   SST turbulence
model. Details of the computations can be found in
[22]. In Figs 6-8, three types of curves from CFD are
shown: (i) for a full-sized turbine with a 11-bladed
rotor, duct-to-rotor radius ratio Rduct Rrotor  5 , and a

about 0.09 are shown due to lack of convergence in the
numerical computations for very small flow rates.
The experimental results show that the increase in
the ratio Rduct Rrotor from 3.1 to 5.2 results in a
(small) rise in efficiency for the larger flow rates
(  0.25) and the very small ones (  0.08) ;
indeed, in these situations the exit swirl from the rotor
is relatively large and the advantage of a diffuser with
larger radius becomes more marked. In the intermediate
range, the smaller ratio Rduct Rrotor  3.1 appears as
slightly more advantageous, which may be partly
explained by the reduction in wall friction losses at
both ducts. The not insignificant scatter in experimental
points may be explained by the wide range of rotational
speeds (300 to 900 rpm) at which the tests were run.
The measured efficiencies fall below the CFD results
for   0.3 (but not for greater  ) , and reach a peak
about 0.78 at   0.09 , whereas the theoretically
predicted efficiency peak (about 0.81) occurs at
  0.11.
We note that the surface finish of the rotor innerchannels was relatively rough, as a consequence of the
fabrication process (syntherized nylon). This roughness
is likely to have negatively affected the turbine
aerodynamic efficiency and partly explain the lower
measured efficiency compared with predicted results.

2
Reynolds number Re  Rrotor
  2.02 106 ; (ii) for
the geometry of
the tested turbine, with

Rduct Rrotor  5.2 and Re  2 105 (rotational speed
500 rpm); (iii) for the geometry of the tested turbine,
with Rduct Rrotor  3.1 and the same Reynolds
number.
The plotted experimental results concern the two
inlet/outlet duct diameters 2.55 m and 1.5 m, with a
range of rotational speeds between 300 and 900 rpm
(Re between 1.2 105 and 3.6 105 ). The mechanical
losses (due to bearing friction and aerodynamic friction
on the rotor outer walls) were measured separately and
the corresponding values were added to the torque T
measured by the torque meter; this means that the
efficiency computed from the experimental results is in
fact an inner aerodynamic efficiency.
The dimensionless quantities plotted in Figs 6-8 are
defined as follows:
Q

(flow coefficient),
 D3
p
(pressure head coefficient),

 2 D2
T
P


(power coefficient),
2 5
 D
  3 D5
0,85
P

(efficiency).
Q p
0,8
Here, Q is volume flow rate, p is pressure head
0,75
(difference between atmospheric pressure and pressure
in the plenum chamber
0,7 at turbine exit), D  2Rrotor is
rotor diameter,  is air density,  is rotational speed
0,65
in radians per unitη time, T is torque and P  T is
0,6
power output. It should
be noted that the efficiency is
defined here as total-to-static
efficiency.
0,55
In Fig. 6, the CFD results show that the predicted
0,5
efficiency of the model-sized
turbine is significantly
lower than the full-sized one, by about 2 to 10%, the
0,45
larger differences being
for the larger values of the
 . It should be noted, however,
flow rate coefficient 0,4
0,1
0,2
that the rotor geometry0 of the full-sized
turbine
was0,3
φ
subject to a subsequent optimization and its number
of
blades increased from 7 to 11. The CFD computations
also predict that the effect of increasing the inlet/outlet
duct ratio Rduct Rrotor from 3.1 to 5.2 results in an
improvement in efficiency of about 1%, which
indicates that the corresponding extra cost and larger
radial size of the turbine would probably not be
justified by the small increase in efficiency. It should
be pointed out that no CFD results for  less than
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Figure 6: Dimensionless plot of efficiency versus flow rate.
The curves represent CFD results; the symbols represent
experimental
results.
0,4

Figure 7 shows that the pressure-versus-flow-rate
relationship exhibited by the biradial turbine, unlike the
Wells turbine, is far from linear (it is more nearly
quadratic), a characteristic shared with self-rectifying
axial-flow turbines of impulse type (see [6]).
Figure 8 shows that the power output of the biradial
turbine increases with flow rate, even for very large
values of  . This does not happen with the Wells
turbine, where the power output and the efficiency drop
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sharply when the flow rate exceeds the limit of stallfree conditions at the rotor blades (see [6]).

experimental development effort. The fact that the
guide vanes can be axially displaced so that they do not
obstruct the exit flow from the rotor, as happens with
conventional turbines in general, may rise the
expectation that significantly higher efficiencies than
revealed by this investigation can possibly be attained,
closer to what is achievable in conventional highefficiency radial flow turbines, like the Francis turbine
and gas turbines.
This is a very compact turbine, especially along the
Experimental (ducts radius - 2.55m)
axial
direction, which may be an essential advantage in
Experimental (ducts radius - 1.5m)
some
applications. Its own configurations allows one or
CFD (ducts radius - 2.55m)
a pair of flywheels to be mounted on the turbine shaft,
CFD (ducts radius - 1.5m)
with
a diameter that may exceed the diameter of the
CFD - Full-size turbine
rotor itself; this may be an important advantage, taking
into account that energy storage capacity may be a
desirable feature in the design and specification of the
electrical equipment.
Finally, in addition to the sliding guide vane set, a
stop (or control) valve can be fitted close to one of the
rotor apertures by simply axially sliding a cylindrical
vane coaxial with the rotor. This may be used as a stop
valve, or as a control valve to control the turbine flow
as investigated in [24].
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Figure 7: Dimensionless plot of pressure head versus flow
rate. The curves represent CFD results; the symbols represent
experimental results.
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