Technical Paper

Transactions of the Society of
Naval Architects of Korea
Vol. 30, No. 4, November 1993
KO OE M 2 8B X E
A 30 & F 4 % 1993F 11H

Investigation on the Aerodynamic Performance of a Wells Turbine
for Ocean Wave-Energy Absorption

by
Beom Soo Hyun*, Jung Chun Suh* and Pan Mook Lee*

TWHE WREIofylo] B7(ASE Y5HT

¥, M ¥, o) uE*

Abstract

This pape deals with the experimental and theoretical investigations on the aerodynamic
performance of the Wells turbine. The two-dimensional cascade theory is used to estimate
the thrust and torque of turbine, and finally to yield an efficiency of turbine. The turbine
is assumed to rotate with a constant rotational speed in a sinusoidally varying unsteady flow
field. Experimental approach is made in a wave simulator, producing a sinusoidally-
reciprocating air flow corresponding to the wave motion in an Oscillating Water Column
(OWC) chamber. Performance data of turbine measured at various operating conditions are
analyzed and compared to numerical results in order to understand the overall features of a
Wells turbine.
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1. Introduction

A Wells turbine has been widely applied for
ocean-wave energy absorption mainly due to its
simplicity and effectiveness in operation. It
provides a uni-directional torque in a reciprocal
airflow inside a duct without the need for any
other means to control the airflow direction, The
experimental and theoretical investigations are
presented here concerning the aerodynamic per-
formance of the Wells turbine, a self-rectifying
turbine for wave energy absoption,

Studies in this problem have been carried out
by several researchers. The prediction of the per-
formance of a Wells turbine has been made either
using a cascade theory (Gato and Falcao, 1984)
or from aerofoil data and some typical Wells tur-
bine data (Raghunathan et al., 1990). More prac-
tically, many experimental studies have been
made in Japan to apply a Wells turbine to a proto-
type wave power plant. Especially, a research
group at Saga University (Japan) performed a
comparative study among different types and
features of turbines and reported a variety of ex-
perimental results (for example, see Kaneko et
al., 1991). Their study includes the effects of
various factors controlling the performance, the
starting characteristics of a Wells turbine and
some hysteresis effect of the turbine in a
reciprocating flow. More information may be
found in Raghunathan et al. (1991), who made a
good review about a single plane Wells turbine.

The present paper is concentrated on the intro-
duction of experimental program for the
measurements of unsteady flow field as well as
the calculation capability of predicting the per-
formance of a Wells turbine. The effect of inci-
dent wave frequency as well as the effect of sol-
idity on the efficiency of a Wells turbine is
Investigated, Since it is customary to assume the
constant revolution of turbine and consider the
oncoming flow velocity and pressure drop in a
mean sense, the effect of wave frequency has
been neglected so far.
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In order to simulate a reciprocating air flow
created in OWC chamber by the wave motion, a
piston-type test rig is built. A 0.38-m diameter
Wells turbine with six blades housed in a duct is
attached to the test rig and tested to examine its
performance at various operating conditions, Ex-
perimental results show that the effect of wave
frequency on the performance of Wells turbine is
negligible, and turbine efficiency is nearly con-
stant throughout most of operating conditions,

A theoretical investigation using the two-
dimensional cascade theory under quasi-steady
flow assumption is also made to estimate the lift
and drag at each blade section. The turbine is
assumed to rotate steadily in a reciprocating flow
field. The cascade interference effect and
three-dimensional effects near blade tip are taken
into account. The thrust and torque of a rotor are
obtained by integrating the lift and drag at each
section, and then yield an efficiency of the tur-
bine. Result shows that the quasi-steady assump-
tion of flow field is valid in predicting the per-
formance of the turbine in a practical manner,
Both experimental and theoretical results show
good agreements each other, while there exist
some discrepancies attributed to the assumptions
employed in the analysis.

II. Descriptions of the Problem

The operation of a Wells turbine 1is
characterized by the aerodynamics of turbine
blades with a plane symmetry with respect to the
plane normal to the rotor axis. Due to the plane
symmetry, the rotational force of the turbine is
always generated in one intended direction re-
gardless of the direction of the axial oncoming
flow, and used for the operation of the turbine.

The oncoming flow produced by a wave motion
can be expressed as :

ug=(2xA /r)sin(2xt /)
=u, sin(wt) (1)
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provided the oncoming flow is sinusoidal. In Eq.
(1), 4, 1. u, and o, denote the wave amplitude,
period, maximum oncoming flow velocity and
wave frequency, respectively.

The duct enclosing the rotor blades and the
hub of the rotor are assumed to have long cylin-
drical walls at r = R, and r = R, in a cylindrical
coordinate system (v, r, #), so that we may con-
sider the domain bounded by the coaxial cylindri-
cal walls. The rotor consists of a number(N) of
symmetrical aerofoil blades of chord c(r), located
radially at the plane of rotation x = (. For a
simple numerical approach, the following
assumptions are made : (i) The oncoming flow is
uniform in space and sinusoidal in time, and has
only an axial velocity component, (ii )The flow
interference effect between different radii is
neglected. (iii) The effect of a gap between the
blade tip and the duct wall is ignored. (iv) The

rotational speed of the rotor is constant.
The flow at each cylindrical streamsurface be-

tween the duct and the hub of the turbine may be
represented by the two- dimensional flow about a
rectilinear cascade of blades in the two-
dimensional plane, as shown in Fig.l. The cas-
cade is supposed to move with constant velocity
Qr along the negative y-direction, where p = rf,
According to the mass conservation of an incom-
pressible flow, the axial velocity u, would in-
crease as the flow passes through the rotational
plane of the rotor x = 0. Averaging the axial on-

Y] 4
Y x 9 {(=g1x)

Fig. 1 Relative oncoming flow at the upstream and
downstream location
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set flow velocities at inlet and at the x = 0 plane,
the oncoming flow velocity vector ¢; upstream of
the rotor, relative to the blades, is given by,

ar=qud+quyj
Ay
A

=Ud

}/2i+ar j ()

where A, is the annular area of upstream section
and A4, the projected area of the rotor blades. Far
downstream, the relative oncoming flow velocity
vector ¢, can be written, for the potential flow
about a cascade of flat plates (Gato & Falcao
1984), as :

Q=qxi+qz)
—qui+{(Qr+2qu tan(%v)}j (3)

Here ¢,, is set to ¢;, by mass conservation re
lation between the inlet and outlet for the
bounded duct flow. From Egs. (2) and (3), the
incidence angle (x) of the relative mean flow to
the blade section is given by

1 2Qq1x

— (4)
(qy+az)

a=tan_

Such a flow would generate a section lift force L
and a section drag force D normal and parallel to
the relative mean flow, respectively.

For the aerodynamic forces at several incidence
angles of the relative flow to the blade section at
a radius r, we may use the appropriate values
from the results of two-dimensional wind-tunnel
tests of an isolated airfoil (Abbott & Doenhoff
1959). The section lift force due to the cascade
interference is given by Durand (1935), based on
the plane potential flow for a flat plate cascade
with a stagger angle of 90-degrees,

C1=~é%—tan(i—§)Clo (5)
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where (; and C,, are the section lift coefficient
for a cascade and for an isolated airfoil, respect-
tvely, Since we have taken the approximation of
a two-dimensional strip sense {with each section
treated as a two-dimensional cascade of an
airfoil}, it is necessary to account for the
three-dimensional effects due to fimite aspect
ratio of the rotor blades on both the section lLift
and drag forces. A simple hypothesis may be that
of an elliptic lift distribution across the radial dis-
tance of the rotor blade (i.e.,across the span of a
wing). Denoting the values corresponding to fi-
nite aspect ratio by the subscript ¢, an  appropri-
ate correction to the lft and to the drag
coefficients could be

. A

Clcmel (6)
L Ch

Cac=Cy+ A {7

where A4 is the aspect ratio of blade {for a rotor
blade of constant chord along the radius, 4 is
2(R ~ Ry /).

Integrating the corresponding section force
components at different radit gives the total
forces acting on the rotor. These forces can be re-
solved into tangential and axial directions to ob-
tain the torque and the axial force :

R
T-=I t(L(r) sin a(r} ~D(r)cos afr))rdr (8)
Rk

Ry
FAijh(L(r) cos a{r)=+D(r) sin al{r) )dr (9)

The magnitude of T and F, will cyclically vary
during a period of the sinusoidal onset flow. The
torque 7" eventually results in the generation of
electric power and the axial force component F,
which has to be balanced mechanically by
bearings, is directly related to pressure drop AP
between far upstream and downstream by the
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principle of momentum conservation (i.e., AP =
FJA). From the pressure drop and the
generated torque, we define the turbine ef-
ficiency #,, in a time-everage sense, by

=== (10)

where — denotes the time-everage of a quantity
and @ is the mean flow rate of the axial onset
flow, It is, therefore, important in wells-turbine
design to determine the optimum operating con-
dition toward a generation of maximum output
power and an efficiency by ballancing suitably T
and AP,

M. Experimental Approach

In order to simulate the behavior of the Wells
turbine in a sinusoidally-varying ar flow, a
specially -designed test rig “Wave Simulaor” was
built, which creates sinusoidal waves equivalent
to the ocean regular wave. Experimental appar-
atus used m this study is shown in Fig. 2. The
test rig consists of a 1.5m diameter piston, drum
and settling chamber, Various oscillating flow
conditions can be obtained by controlling the fre-
quency up to maximum 1Hz and the piston
stroke up to maximum 0.5m. A 0.38-m diameter
Wells turbine with six blades housed in a duct is
attached to the test rig and tested to examine its
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Fig. 2 Schematic of experimental system
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Table 1 Principal characteristics of a wells turbine

Ttem | Symbol, Size . Unit
Duct Diameter D 38 om
Length L 80 om
Turbine Radius R 19 om
Rotor Hub Radius Rir 11.4 Poem
Hub Ratio } RifRi | 0.6 [
Weight | Wi | 40 | ke
Turbine Section | i NACA0020 !
Blade No, of Blade } N 6
Solidity s | 06 -
Chord Length C 9.5 om
Span S } 7.6 | om
Sweep Angle L 0 | deg
Tip Clearance | — | 1 | m

performance at various operating condition. The
principal characteristics of turbine is given in
Table 1. The turbine was installed in a duct by
two sets of 5 supporting struts with airfoil shape,
Turbine shaft was connected to torque transducer
using flexible couplings, followed by an electric
generator and a tacho generator,

The static pressure and axial velocity inside a
duct are measured by using the pressure taps at 7
different locations and Pitot tubes at 4 locations
in front of and behind a turbine, Pressure taps
and Pitot tubes are connected to pressure trans-
ducer of Diaphragm-type .nrough a 24 Port
Scanivalve system. An electric generator is used
not only to generate the electricity, but to in-
itially rotate a turbine to a certain self-starting
speed. A tacho generator is attached to a gener-
ator for RPM measurement of a turbine rotor.
Generated power was obtained by measuring the
voltage and current of electricity. On the other
hand, a variable resistor was employed to apply
an electric load to the generator. Analog signals
from each instrument are transmitted to 16 chan-
nel A /D convertor and finally to P /C.

In order to express physical parameters in a
nondimensional form, the following definitions are
usually employed. First, the dimensionless torque
and pressure drop coefficients are introduced :

AUCEA SRR B30% 49 1993F 115
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Cr =2T/ pltdH(rm) 3 Adrm (11)
AC,=24P / pliaHQrm) (12)

Here r,, is radial coordinate of a blade mid-span,
The mean air flow incidence at the turbine inlet,
%; 15 defined by mean axial oncoming velocity and
rotational speed of rotor at a mid-span of blade.

w=tan Yus /(0.8R:2)} (13)

It should be noted that «; is used just for con-
venience, and different from the incidence angle
(a) of the relative flow to the blade section.
Finally, the solidity of the turbine is defined by ¢
= AylA,.

IV. Results and Discussion

Experimental Results and Discussion

Before presenting the measured results, the
basic characteristics of duct flow were tested.
Figure 3 shows the change of pressure drop (AP)
along a duct wall in x-direction, where the sudden
pressure drop across the turbine rotor is clearly
seen, No difference is observed either among
values inside a rotor or outside it. The distri-
bution of axial oncoming velocity u, along the
radial direction is given in Fig. 4, and appears to
be nearly uniform except regions close to the
duct wall boundary.

The purpose of the main experiment is to vali-
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Fig. 3 Pressure drops along a duct wall
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Fig. 4 Axial oncoming velocity distribution

date the quasi-steady (or steady) flow assump-
tion, having been used by Raghunathan et al
(1990), Gato et al (1984) and also by the present
study. Since it is customary to assume the con-
stant revolution of turbine and consider the on-
coming velocity and pressure drop in a mean
sense, the effect of wave frequency on Wells tur-
bine has been neglected so far.

The effect of
investigated by varying the flow condition,but

flow unsteadiness was
keeping the oncoming flow velocity constant. As
the oncoming velocity u, in a sinusoidally-varying
wave is expressed in Eq. (1), it is straightforward
to reduce its mean value of u,; = 44/r, so that the
combination of piston stroke and frequency yield-
ing the same values of u, can be used to investi-
gate the effect of wave frequency.

Shown in Fig. 5 is the typical example of
measured data. Indices a) - f) represent the tur-
bine RPM,axial oncoming velocity, pressure drop
(AP), torque, voltage and current. From this fig-
ure, the velocity and pressure drop show a
sinusoidally varying inflow condition well, Here,
it is mentioned that the measured velocity is
meaningful for a half period only. It is observed
that while the turbine RPM, torque, violtage and
current are nearly constant at a reciprocating
flow, the voltage oscillates slightly with a half
period of inflow. The rotational speed of turbine
rotor is nearly constant in a sinusoidally varying
velocity and pressure fields, implying the effect
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Fig. 5 Typical example of measured data(4 = 40cm,
wy = 0.333H:, Electric Loading =2533 oln)

of flow unsteadiness to be negligible. The turbine
efficiency, torque coefficienct and pressure drop
Coefficient defined by Egs. (10) through (12) are
shown in Figs. 6 through 8 for five different wave
frequencies tested, where the measured time
series data are precessed in a mean sense. All the
coefficients are plotted against the mean angle of
attack at 0.8R,. It is clearly seen that the effect
of the variation of wave frequency is negligible
both for the drop
coefficients, whose values are linearly increasing

pressure and torque
with an angle of attack. Subsequently, the tur-
bine efficiency is shown to be nearly constant
over all the operating region of turbine, the trend
being consistent with results of other references.
(For example, see Raghunathan et al, 1991) It is
therefore concluded that the Wells turbine can
operate in a stable manner at wave conditions
usually occurring in ocean environment, provided
it is in a self-starting condition. Generally, the
turbine employed in this study vyields its ef-
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Fig. 6 Comparisons of pressure drop coefficients
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Fig. 8 Comparisons of turbine efficiency

ficiency of 35% independent of the flow angle of
attack as well as the wave frequency,

Numerical Resuits

Figures 6 through 8 show typical variation of
Cy, ACp and g, with a flow coefficient «, While
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the results shown here are for the turbine for the
model tests described in section i, the exper-
imental values of C,;, and C, for calculation were
taken from Abbott & Doenhoff (1959) for an
NACA 65, — 0021 at Reynolds number of 3.0 X
10° since the corresponding data for an NACA
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0020 are not available, [t is observed that the
value of z corresponding to the maximum -ef-
ficiency equals about 10°. It is found that the
semi-empirical results of the theoretical analysis
have a good correlation with the measured
values. There exist, however, some discrepancies
between them which may be attributed to the
assumptions mentioned earlier and the different
blade shape applied. The solidity effects on the
turbine performance are shown in Figs. 9to 11. It
was made by varying the number of the blades as
N = 3. 4, 5, 6, keeping the other parameters of
the blades and the operating conditions un-
changed. [t is observed that the pressure drop
increases and the efficiency decreases with N in
the most range of % chosen. However, the value
of % (about 10°) corresponding to the maximum
efficiency does not change much with the solidity
of the turbine.

V. Conclusions

Theoretical investigation by wusing a two-
dimensional cascade theory was made to estimate
the lift and drag at each blade section of a Wells
turbine. The turbine was assumed to rotate stead-
ily in a sinusoidally-reciprocating flow field. Con-
sidering the cascade interference effect and the
three-dimensional effects on turbine, it was found
that the results of the theoretical analysis have a
good correlation with the measured values, It was
also shown that the value of «; corresponding to
the maximum efficiency appears to be about 10°
and does not change much with the solidity of
the turbine. Experimental approach was made in
a newly-built wave simulator, producing a
reciprocating air flow. The effect of the variation
of wave frequency was found to be negligible
both for the pressure drop and torque
coefficients, whose values are linearly increasing
with an angle of attack. Subsequently, the tur-
bine efficiency is shown to be nearly constant
over all the operating region of turbine. It is

qdF, YA, olw5

concluded that the Wells turbine can operate in a
stable manner at wave conditions usually occur-
ring in ocean environment, provided it is in a
self-starting condition, Generally, the turbine
employed in this study yield its efficiency of 35%

independent of the flow angle of attack as well as
the wave frequency.
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