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The Wells turbine for a wave power generator has hysteretic characteristics in a
reciprocating flow, which results in the inaccurate prediction of performance in a quasi-
steady analysis. In order to clarify the hysteretic characteristics, an experimental investi-
gation has been made by use of a newly devised turbine equipment in which a sinusoidal flow
condition is simulated. The results have shown that hysteresis becomes more pronounced as
solidity and blade thickness become larger, but it is insensitive to the Reynolds number and
blade surface roughness. By means of pressure measurements on the blade surface, it is
found that the hysteresis occurs due to different behavior of wakes between an accelerating
flow and a decelerating flow.

Keywords." Wells turbine, Natural energy, Wave power generator, Fluid machinery, Hysteresis,
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INTRODUCTION

The Wells turbine is a self-rectifying axial flow
turbine suitable for energy conversion from oscil-

lating air flow (Fig. 1). In early investigations, the
model turbine testings of various rotor geometries
were carried out under steady unidirectional, flow
conditions in order to obtain the basic character-
istics of the Wells turbine (Setoguchi et al., 1986).
As a result, it seemed to be possible to predict
the unsteady characteristics of Wells turbine by
computer simulation on the basis of the steady

characteristics. However, it results in inaccurate
prediction of the performance in a quasi-steady
analysis, as the Wells turbine has hysteretic char-
acteristics in an unsteady flow. The phenomenon
like this at low Reynolds number and low frequency
is also ofconsiderable interest in recent year in wind
energy devices and hydrofoil ship propulsion
(McCroskery and Pucci, 1982; Mueller, 1985).

In this paper, in order to clarify the hysteretic
characteristics, an experimental investigation has
been made by use of newly devised equipment in
which a sinusoidal flow condition is simulated.
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FIGURE Wells turbine.

EXPERIMENTAL APPARATUS AND
METHODS

The experimental apparatus used in this study is
shown in Fig. 2. The test rig consists of a 1.4 m dia.
cylinder with a piston disk, a rectangular settling
chamber, and a 0.3 m dia. test section with a bell-
mouth entry and a diffuser exit. The turbine rotor
with hub-to-tip ratio of 0.7 is placed at the center of
the test section which is coupled to a reversible
servomotor-generator through a torque transducer.

In the present study, a sinusoidal air flow was

produced in order to examine the hysteretic char-
acteristics of the Wells turbine. During the test, the
turbine output torque, the air flow rate, the total
pressure drop across the rotor were measured by
keeping the turbine speed constant, and these data
were taken into a micro-computer memory
through transducer and an A/D converter to
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FIGURE 2 Outline of test equipment.

process the data afterward. The uncertainties of
torque and pressure measurements are about 3%,
respectively.

Eleven kinds of rotors with various blade thick-
ness chord ratios, aspect ratios and tip clearance
were used in this work. They are tabulated in
Table I, where and z are chord length and number
of blades, respectively. In the following discussion
the individual rotor will be represented by the
symbol given in the right column of the table.
The pressure distributions along the blade

surface were measured at mid-span through a slip
ring unit shown in Fig. 3 to clarify the cause of the
hysteresis. The measured pressure is corrected
taking account of the centrifugal effect due to
rotor rotation.

EXPERIMENTAL RESULTS AND
DISCUSSIONS

Dominating Factors for the Hysteresis

The Wells turbine rotor indicates hysteresis on the
characteristics in an oscillating flow. Figure 4
shows typical hysteretic characteristics of the total
pressure coefficient (CA) and torque coefficient
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TABLE Specifications of turbine rotor

Airfoil section mm AR rt TC/1 z Symbol

NACA0015 108 0.42 0.57 0.011 5 N15-5’
90 0.5 0.48 0.011 5 N15-5
90 0.5 0.57 0.011 6 N15-6
90 0.5 0.67 0.011 7 N15-7
60 0.75 0.57 0.011 9 N15-9

NACA0018 90 0.5 0.57 0.011 6 N18-6
90 0.5 0.57 0.022 6
90 0.5 0.57 0.033 6

NACA0020 90 0.5 0.48 0.011 5 N20-5
90 0.5 0.57 0.011 6 N20-6
90 0.5 0.67 0.011 7 N20-7
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FIGURE 3 Scheme of pressure measurement on rotating
blade surface.

(Cr) against effective angle of attack (cn) in the
sinusoidal flow. These coefficients are defined as

CA Apo Q/{(1/2)p(vZa + U2R)zblva}, (1)

Cr T/{ (1/2)p(v,2a + U2)zblr }, (2)

c tan-’(v/U). (3)
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FIGURE 4 Hysteretic characteristics of Wells turbine:
(a) total pressure coefficient; (b) torque coefficient.

The angle of attack varies between 0 and its
maximum value in phase with the oscillating flow.
In the course of the cycle, the CA value during
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acceleration of axial velocity (increasing cR) is
lower than that during deceleration (decreasing
cR), and then an anticlockwise hysteretic loop
appears as shown in Fig. 4(a). The CA character-
istics curve for steady flow condition (dashed line)
lies almost in the center of the hysteresis curve. A
size of the hysteretic loop increases significantly
with an increase in solidity. As is evident from
Fig. 4(b), a similar hysteretic loop is also observed
in the torque coefficient except that Cr curve
based on static tests almost coincides with the part
of hysteresis curve for decreasing process in c.
As shown in Fig. 4, the loop on the CA VS.

curve is smoother than that on Cr vs. c one
because of more accurate measurement for pres-
sure. Therefore, the hysteresis of CA characteristics
is discussed in the following description.

Figures 5(a)-(e) show the effects of five param-
eters on the hysteresis, respectively. The hysteresis
becomes more pronounced as blade thickness
chord ratio becomes larger (Fig. 5(a)), but it is
insensitive to the aspect ratio ranging from 0.42 to
0.75 (Fig. 5(b)). Figure 5(c) shows the effect of
Reynolds number Re on the hysteresis. In this case,
the maximum angle of attack depends on Re since
the experiments were carried out by keeping the
axial velocity constant. It seems that the hysteresis
is almost independent of Re. Figure 5(d) shows the
effect of blade surface roughness on it. Generally,
nature of a rough surface is determined by the size,
shape and distribution of roughness elements. In
this work, sand grains with uniform size k were

distributed on the whole blade surface in order to
exclude the effects of the latter two parameters. The
hysteresis is not so sensitive to the relative rough-
ness k/1. The effect of tip clearance TC has a

tendency to reduce the size of the hysteretic loop
with increasing relative tip clearance TC/1 as shown
in Fig. 5(e).

Flow Mechanism of the Hysteresis

The hysteresis of Wells turbine occurs at the angle
of attack far lower than the stall angle in a steady
flow. It occurs also at very low reduced frequency

2 1/2)(fl/(va + U2) which is an order magnitude of
10-4. So, it is clear that the hysteresis on Wells
turbine is dissimilar to the behavior of dynamic
stall (McCroskery and Pucci, 1982). Another cause
to be considered at low Reynolds number and low
angles of incidence may be a laminar separation
bubble on the blade. Namely, the hysteresis may
occur due to the appearance and disappearance of
laminar separation bubble in an oscillating flow
(Mueller, 1985). But, if it is the cause, the hysteretic
loops on CA vs. OgR and Cr vs. c curves shown in
Fig. 4 must rotate in the opposite direction, and it
must be sensitive to Reynolds number and blade
surface roughness against the data in Fig. 5.
Furthermore, it is unlikely to be the three-dimen-
sional effect of flow because it is independent of
aspect ratio in this experiment.

In order to clarify the mechanism of hysteresis,
the measurement ofpressure distribution was made
along the rotating blade surface at the mean radius.
The typical variations of pressure distribution for
three turbine rotors are shown in Fig. 6, where the
solid line and dashed lines are for the increasing
and decreasing process in cR, respectively. Here
the ordinate c) is the pressure coefficient defined by
the following relation:

Cp -(p-pl)/{(1/2)p(v + U2)}. (4)

As is evident from the figure, on the pressure side,
there is not so noticeable difference in the pres-
sure distributions in any case. On the suction side,
however, the negative value of pressure in the
decreasing process in c becomes higher than that
in the increasing one. The difference of the
pressures becomes significant with solidity. This
means that the hysteretic loop on the CA VS.

curve becomes larger with an increase in solidity
because the axial force coefficient (total pressure
coefficient) is proportional to the area of pressure
distribution on Cp-X/1 plane. These results suggest
that the wake from an upstream blade interacts
with a downstream blade and the effect of inter-

action becomes more pronounced as solidity and
blade thickness become larger. The hysteresis can
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FIGURE 5 Effect of geometrical factors on hysteresis: (a) blade thickness; (b) aspect ratio; (c) Reynolds number; (d) surface
roughness; (e) tip clearance.
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FIGURE 6 Pressure distributions along blade surface: (--) increasing process in cR; (---) decreasing process; (a) N15-5;
(b) N15-6; (c) N15-7.

be appeared if the effects of wake behavior on
turbine characteristics may different between an

accelerating process and a decelerating process
in CR.

It is necessary to make sure the relation between
the hysteresis and the wake behavior on the suction
side of turbine blade. In order to reduce the effect
of wake from the upstream blade in the region on
small tan-1 (Va/UR), the experiment was made
using the special turbine rotor with setting angle
of 6. Figure 7 shows the CA VS. CR curves for two
setting angles, that is, 7- 0 (Wells turbine) and 6.
A size of the hysteresis loop becomes smaller

slightly in the case 7 6 compared with that of

3’ 0. This is due to the fact that the deflection
angle in the case of 3’ 6 becomes smaller, and the
wake departs from the suction side of blade. A
similar phenomenon was appeared in the effect of
tip clearance on the hysteresis as shown in Fig. 5(e).
The interaction effect between the wake and the
downstream blade weakens with an increase in tip
clearance because the deflection angle becomes
smaller due to decreasing circulation around blade
near the tip.

So far, the flow visualization of unsteady flow
field has been carried out in the two-dimensional



HYSTERESIS ON WELLS TURBINE 23

Re 2.4 105
N20-6

0 10 15

tan- (v. U)

FIGURE 7 Hysteretic characteristics of turbine with setting
angle.

an increasing process and a decreasing process in a.

This is also coincident with Fig. 7.

CONCLUSIONS

The experimental investigations have been con-

ducted to examine the hysteretic characteristics of
the Wells turbine. The main conclusions are sum-

marized as follows.

(1) The hysteretic characteristics of the Wells
turbine is mainly sensitive to the solidity and
blade thickness, and less sensitive to the
aspect ratio, Reynolds number and blade
surface roughness.

(2) The hysteresis occurs due to the different
behavior of wakes between an increasing
process and a decreasing process in angle of
attack.

cascade tunnel to clarify the wake behavior near
the suction surface of blade (Kaneko et al., 1987).
In Kaneko et al. (1987), three blades with
NACA0015 profile and aspect ratio of 2.08 were

set with stagger angle of 90 in the tunnel, and the AR
visualization technique adopted was paraffin mist b
method. According to Kaneko et al. (1987), the CA
blade is surrounded by the wake up to a value of Cp
a- 8, and then the wake departs from the suction Cr
surface of blade between a-8 and 10 in the f
increasing process in a, the wake approaches to the f
suction surface between a- 8 and 6. In this way, k
the wake near the suction surface in the accel-
erating process in a is delayed to depart from it p
even in the case of small reduced frequency. This Q
results in the reduction in Cp on the suction surface r

of the hysteresis shown in Figs. 4 and 5. Further- Re
more, it was shown that there exists no different Res
behavior of wake between an increasing process
and a decreasing process in a for lower solidity. T
This tendency coincides with the results of Fig. 4. TC
In addition to these result, the flow pattern of wake U
behavior from blade with setting angle of 6, which Va
corresponds to Fig. 7 was shown. It was found that x
there exists no difference ofwake behavior between z

NOMENCLATURE

aspect ratio
span of blade
total pressure coefficient defined by Eq. (1)
pressure coefficient defined by Eq. (4)
torque coefficient defined by Eq. (2)
frequency of wave motion
reduced frequency (=fl/Va)
sand grain size
chord length
pressure
flow rate
radius
Reynolds number (= Utl/u)
Reynolds number (=
time
torque generated by rotor
tip clearance
circumferential speed of rotor
axial velocity
distance measured from leading edge
number of blades
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c angle of attack
Ap0 total pressure drop between

chamber and atmosphere
/ setting angle
u kinetic viscosity
p density of air
cr solidity
c angular velocity

Subscripts

inlet
R mid span

tip

settling
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