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An impulse turbine with self-pitch-controlled guide vanes has been developed specially for
wave energy conversion by the authors. Based on that work, a large turbine of 1 m diameter
has been fabricated and operated on the west coast of India. In a practical turbine system, the
guide vanes need substantial supports in order to heighten the strength. Such supports affect
the performance of the turbine. In this paper, the etfect of guide vane support geometry on
starting and running characteristics of the turbine was investigated experimentally. Two
types of cross sections of support were studied, that is, circular type and airfoil type. The
effect of support length was also studied.

Keywords." Fluid machinery, Impulse turbine, Guide vane, Natural energy, Ocean energy,
Wave power generator.

INTRODUCTION

The Wells turbine is a self-rectifying air turbine
which is expected to be widely used in wave energy
devices with oscillating water-air column. Several
reports describe the performance of the Wells tur-
bine both at starting and running conditions (Inoue
et al., 1986; Kaneko et al., 1986; Raghunathan
and Tan, 1982; Sarmento et al., 1987; Setoguchi
et al., 1990). According to these results, the Wells
turbine has inherent disadvantages, that is, lower
efficiency, poorer starting and higher noise level
in comparison with conventional turbines.

In order to overcome these weak points, an

impulse turbine with self-pitch-controlled guide
vanes for wave energy conversion has been devel-
oped by Setoguchi et al. (1996). That turbine system
has guide vanes before and behind the rotor so
as to operate efficiently in a reciprocating air flow.
The guide vanes rotate around the pivots by the
aerodynamic moment induced by the reciprocating
air flow. For the turbine, verification on the west
coast of India by NIOT indicates that the effici-
ency is superior to that of the Wells turbine

(Santhakumar et al., 1998). In a practical turbine
system, the guide vane should be equipped with a
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thick support in order to heighten the strength.
However, the effect of guide vane with the support
on the performance has not been clarified so far.
The objective of this paper is to clarify the effect

of guide vane geometry on the performance of the
impulse turbine with self-pitch-controlled guide
vanes. In the experiments, the effects of thickness,
length and cross sectional shape of support on
the starting and running characteristics have been
clarified by the use of turbine test equipment under
sinusoidally reciprocating flow conditions and
steady flow conditions.

EXPERIMENTAL APPARATUS AND
PROCEDURE

Figure shows a schematic view of the impulse
turbine with self-pitch-controlled guide vanes. Its
design objective is that the turbine can be operated
by the reciprocating air flow generated by an

oscillating water column type of wave power
generator. The turbine blades are symmetrical with
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FIGURE Outline of impulse turbine with self-pitch-
controlled guide vanes.

respect to the plane of rotation (zero reaction).
There are two rows of guide vanes which are free to
rotate on either side of the turbine. However, each
pair of opposite vanes are linked together as shown
in Fig. such that they are constrained to rotate

together. When the direction of air flow is shown
by thick arrows in Fig. 1, any pairs of guide vanes
are supposed that the orientation ofthem are shown
by thick lines. When air flows reversibly, the vanes
rotate and take up the orientations shown in
dashed lines by the action of aerodynamic
moments. Mechanical stops ensure that the vanes
rotate between two pre-set angles. The hub under
the vanes is spherical so that the clearance between
the hub and inner edge of the vane is constant.
Depending on the direction of flow, the upstream
vanes are regarded as nozzle setting and the down-
stream vanes as diffuser setting and so the turbine
works efficiently whatever may be the direction
of flow.
The impulse turbine was tested in a test-rig which

was capable of generating reciprocating air flow.
The test-rig consists of a large piston and cylinder,
a settling chamber and a 300-mm-diameter test
section with a bell-mouth entry and exit as shown
in Fig. 2. The details may be found in Setoguchi
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FIGURE 2 Test apparatus.
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et al. (1991). The piston is moved by a computer
controlled servo-motor through three ball screws.
The turbine was placed at the center of the test
section and tested at a constant rotational speed
under steady flow conditions and sinusoidal flow
condition (f-0.1 Hz). The flow rate was measured
by Pitot tube survey. The overall performance was
evaluated from the turbine output power, namely
torque T and rotational speed c and the pneumatic
power input to the turbine, namely the flow rate Q
and total pressure drop between settling chamber
and atmosphere Ap. Tests were performed with Ap
in the range of 200-2500Pa, a up to 370rad/s
and Q up to 0.32m3/s. The Reynolds number
based on blade chord was 6.1 x 104 at maximum
efficiency point. The uncertainty in turbine effi-
ciency was about +2%.

Different vane support geometries were tested.
Tests were conducted for different support lengths
L (see Fig. 3(a)). The guide vanes flip between

01= 17 and 02=72.5 as shown in Fig. 3(a)
(01: nozzle setting angle, 02: diffuser setting angle).
The guide vane geometries tested are shown in

(b)

Profile of airfoil NACAO020, NACAO030
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FIGURE 3 Turbine geometry. (a) Turbine configuration,
(b) guide vane geometry, (c) outline of rotor blade.
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Fig. 3(b). The guide vane consists of a straight line
and a circular-arc with a camber angle of 70. The
chord length Ig is 68.5 mm and the gap between
vanes Sg is 30.8 mm giving space-to-chord ratio of
0.45. Four diameters of circular cross section of
support Ds (2.8, 5.5, 8.0 and 10.5 mm) were tested.
Supports having two airfoil sections (NACA0020
and NACA0030) were also tested. The maximum
thickness in both cases is 5.5mm. The vane

thickness is 0.5 mm in all cases.

Figure 3(c) shows the outline of rotor blade. The
detailed information on the rotor used in the
experiments is as follows. The rotor blade profile:
circular-arc for pressure side and ellipse for suction
side, blade inlet (or outlet) angle: 60 outer
diameter 298mm, blade thickness: 30%, blade
chord l: 54 mm, space-to-chord ratio: 0.5, and tip
clearance: mm. Number of blade z is 30. Blade
height b is 44 mm. The rotor hub-to-tip ratio is 0.7.
Sweep angle is 7.5

EXPERIMENTAL RESULTS AND
DISCUSSIONS

Running Characteristics

The effect of guide vane geometry on the running
characteristics under sinusoidally oscillating flow
conditions is evaluated by the relationship between
mean efficiency /and flow coefficient ) defined as:

Tee dt ApQ dt (1)

Va/U ,

where t: time, Va: maximum value of mean axial
velocity Va, UR: circumferential velocity at mean

radius rR.
The effect of the support diameter on mean

efficiency is shown in Fig. 4. The case of sharp edge
(this corresponds to the case without supports) is
denoted by the dotted line for comparison. The
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FIGURE 4 Effect of support diameter on mean efficiency
(circular type).

figure shows that the turbine efficiency is rather
deteriorated by equipping the supports. Further-
more, it is found that the efficiency for the case

with supports decreases with the increase of

Ds/Sg in a whole range of . Now let us consider
the above reasons on the basis of experimental
results obtained under steady flow conditions.
The torque coefficient CT, input coefficient CA

and flow coefficient b of the turbine rotor are

defined as:

2CT- T/{/9(l:a @ uza)blzrR/2}, (3)

2CA --/XpQ/{p(va q- U2R)blzva/2}, (4)- Va/UR, (5)

where p is density of air.
Figure 5 shows the effect of the diameter of

support on turbine characteristics under steady
flow condition. As is evident from Fig. 5(a), the
values of CT for the case with supports for any
Ds/Sg are about the same in comparison with case

of sharp edge, though the value increases slightly
with the increase of Ds/Sg. On the other hand, it
is clear from Fig. 5(b) that CA increases by equipp-
ing the supports, and the value increases with
the increase of Ds/Sg. Therefore, the effect of the
diameter of support shown in Fig. 5 is due to
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FIGURE 5 Effect of support diameter on turbine character-
istics under steady flow condition (circular type). (a) Torque
coefficient, (b) input coefficient.

FIGURE 6 Effect of support length on mean efficiency
(circular type).
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the increase in Ap because the efficiency under
steady flow condition is estimated by

rl- Tco/(ApQ)- CT/(CA). (6)

The reason is considered that the separation
occurs on the support of upstream guide vane,
though, for the support of downstream guide
vane, the shape with radius of curvature is prefer-
able to sharp edge.
For support diameter to vane pitch ratio Ds/Sg
0.18, tests were done for different support lengths

L/H-0.33, 0.67 and 1.0. Figure 6 shows the effect
of the support length on mean efficiency. The
efficiency decreases with the increase of L/H in a

whole range of . This result is because the input
coefficient CA increases with the increase of L/H
(Fig. 7(b)) as the torque coefficient is almost the
same for any L/H (Fig. 7(a)).
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FIGURE 7 Effect of support length on turbine characteris-
tics under steady flow condition (circular type). (a) Torque
coefficient, (b) input coefficient.

Mean efficiencies for full-length airfoil shaped
supports are shown in Fig. 8 together with the
data of circular cross section support, where the
maximum thickness of airfoil type support is
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FIGURE 8 Effect of support shape on mean efficiency.

5.5 mm that is the same as diameter of circular type
support. From the figure, it is found that the
efficiency for the case with airfoil type is higher
than that for the case of circular type. This is
because CA of the case with airfoil type is lower in
comparison with that of circular type as shown in

Fig. 9(b). Moreover, for the case with airfoil type,
the efficiency for NACA0020 (thickness-to-chord
ratio: 20%) is higher than that of NACA0030. This
is because that torque coefficient is slightly better
with more streamlining of the support as indicated
by Fig. 9(a). However, the efficiency for the case

with airfoil type is inferior to that for the case of
sharp edge shown in Fig. 4.

Starting Characteristics

The starting characteristics of the turbine are

evaluated by the variation of rotational speed from
the rest point. Figure 10 shows a comparison of
starting characteristics under sinusoidal flow condi-
tion without any load on the turbine. The results are
given in the form of dimensionless angular velocity
co* versus dimensionless time t*. Here, S, X and XL
denote dimensionless frequency, dimensionless
moment of inertia of the rotor and dimensionless
loading torque, respectively (lnoue et al., 1986).

Figure 10(a) shows the effect of the support
diameter on starting characteristics. The case of
sharp edge is denoted by the dotted line for
comparison. It is clear that the rotational speed
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FIGURE 9 Effect of support shape on turbine character-
istics under steady flow condition. (a) Torque coefficient,
(b) input coefficient.

for the case with support is slightly lower than
the case without support although the starting
characteristics does not depend on the diameter of
support. This is because the flow coefficient at

loading-free condition (i.e., CT=0) for the case

with support is larger than for the case of sharp edge
as shown in Fig. 5(a). The effect of the support
length on the starting characteristics is shown in

Fig. 10(b). The rotational speed decreases with the
increase of L/H. Figure 10(c) shows the effect of the
support shape on the starting characteristics. The
figure shows that the rotational speed for the case

with circular type is lower than for the case with
airfoil type. This means that the use of circular

type support is advantageous from a viewpoint
of low rotating speed operation in comparison
with that of airfoil type support.
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FIGURE 10 Starting characteristics. (a) Effect of support
diameter, (b) effect of support length, (c) effect of support
shape.

CONCLUSIONS

The experimental studies have been carried out to

clarify the effect of guide vane support geometry on
the performance of impulse turbine with self-pitch-
controlled guide vane. The conclusions obtained
are summarized as follows.

(1) The presence of support causes the deteriora-

tion in turbine efficiency. This is due to the
increase of input coefficient caused by
support.

(2) The turbine efficiency over a wider range of
flow coefficient decreases with the increase of
both the thickness Ds/Sg and the length L/H
of the support.

(3) The running characteristics of the case with
airfoil type is superior to that with circular type.

(4) The use of circular type support is advanta-
geous from a viewpoint of low rotating speed
operation in comparison with that of airfoil

type support.

NOMENCLATURE

b rotor blade height

CA input coefficient

CT torque coefficient

Ds diameter of circular cross section
of support

f frequency of wave
H guide vane height
I moment of inertia of rotor

chord length of rotor blade

lg chord length of guide vane

L support length
Q flow rate

rr mean radius
S dimensionless frequency =frR/Va
Sg guide vane space

time
t* dimensionless time tf
T output torque
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z

01
02
P

loading torque
circumferential velocity of rotor
mean axial velocity
maximum value of Va
dimensionless moment of inertia
of rotor I/(TrprR)

dimensionless loading
torque TL/(rpr V)
number of rotor blades
total pressure drop between settling
chamber and atmosphere

turbine efficiency
mean efficiency
nozzle setting angle of guide vane
diffuser setting angle of guide vane
density of air
flow coefficient
angular velocity
dimensionless angular velocity a/f
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