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Abstract--The wave energy devices currently in operation in the United Kingdom and India and those that 
are to be built in Europe are based on the principle of the oscillating water-air column. In these devices the 
pneumatic energy of the oscillating air column is converted to mechanical energy of rotation by a Wells 
turbine. A monoplane (single plane) Wells turbine can absorb only a certain maximum pneumatic pressure 
amplitude due to tip speed limitations. For wave energy devices which produce large amplitudes of 
pneumatic pressure a biplane Wells turbine with or without guide vanes can be used. The prediction 
methods currently available and parameters controlling the aerodynamic performance of the Wells turbines 
are reviewed. Some novel techniques to improve the performance of Wells turbine are suggested. 
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NOMENCLATURE 

Ab--blade planform area lc 
AR--blade aspect ration 1/c 
c--blade chord length 
C~--lift coefficient L/(1/2pw2e) 
Ca--drag coefficient D/(1/2pw2c) 
Cx--axial force coefficient Fx(1/2pw2c) 
C~-~ircumferentia1L force coefficient Fo/(1/2pw2c) 

D--drag force on the blades 
Dh--turbine hub diameter 
Dr--turbine tip diameter 
F0--force in the circumferential direction 
Fx--force in the axial direction 
f--frequency of air flow 
G--gap between the planes of a biplane turbine 
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g--blade offset 
h--hub to tip ratio Dh/D t 
KE*--normalised kinetic energy (1/2pVZ/Ap) 
L--lift force on blades 
M--Mach number relative to blades w/c 
N--number of blades 
A/~-pressure drop across the rotor 
p*--non-dimensional pressure drop Ap/(pw2D~) 
Po--total pressure 
Q--flow rate 
R--Reynolds number pwc/# 
T---cyclic period 
Tu--turbulence level at inlet to turbine 
U blade circumferential velocity 
u--induced velocity in the direction of circumferen- 

tial velocity 
w--relative velocity 
V,--axial velocity 
V1--total velocity (V~ + 1/02) 1/2 
l/0---component of absolute velocity in direction of 

circumferential velocity 
Wo--power output 
Wr-power input 
a--turbine solidity 2Nc/[gDt(1 + h)] 
p ~ e n s i t y  

oy---angular velocity 
4r---flow ratio V,,/Ut 
t/--aerodynamic efficiency Wo/W~ 
r/b--blade element efficiency 
~--blade incidence flow angle 
]/--angle of absolute velocity 
F---circulation around an aerofoil 
~ x i t  circulation, 7zD t Vo 
O--angle defining relative circumferential position 

of blades in the two planes of a biplane turbine, 
see Fig. 4 

t2--flow rotation 
z--blade thickness ratio 
re--blade clearance at tip 

Subscripts 
1--inlet to plane 1 
2--outlet to plane 1 
3--outlet of plane 2 
IN-single aerofoil 
h--hub 
t -- t ip 

Superscript 
time average 

1. I N T R O D U C T I O N  

Wave energy is an alternative form of energy which is pollutant free and in the near future 
likely to be economically viable. For  countries surrounded by the sea such as the British 
Isles, Japan, India, and Portugal, to mention a few, and remotely situated island communi- 
ties, wave energy conversion is an attractive proposition. The United Kingdom took a lead 
in harnessing wave power about a decade ago through nationally co-ordinated research 
activities at several establishments, one of which was Queen's University, Belfast (QUB). Of 
the several wave energy devices investigated, the devices based on the principle of an 
oscillating water column have been found to be the most practicable for wave energy 
conversion. 157-59) The QUB device now installed at Islay in Scotland (Fig. 1) uses such 
a principle where the hydraulic energy of oscillating wave motion is converted to an 
oscillating air column in a chamber called the device. The energy from this bi-directional air 
flow is converted to mechanical energy of rotation by an air turbine invented by A. A. Wells, 
known as the Wells turbine (24) (Fig. 2). The power conversion chain is illustrated in Fig. 3. 
For  efficient performance of a wave energy system it is essential that the turbine is matched 
with the device for the pressure drop for a wide range of flow rates. The pressure drop across 
a mono plane (single plane) Wells turbine is proportional to the square of the rotor tip 
Mach number and has a limit if transonic flow effects on the blades are to be avoided. 
Therefore for devices which are designed to absorb wave amplitudes (pressures) consider- 
ably larger than that limited by the tip speed of a single plane Wells turbine a multiplane ~27~ 
(Fig. 4) (without guide vanes) or multistage Is) (with guide vanes) Wells turbine can be used. 
The Wells turbine installed in the wave energy device at Islay in Scotland ~.3' 58) is a biplane 
Wells turbine whereas the one installed in the device at Trivandrum in India t23'49~ is 
a monoplane Wells turbine, the designs of which were based on small-scale experiments and 
semi-empirical theories. There are plans to build three new wave power stations in Europe 
with a Wells turbine in the power conversion chain. 

This paper presents the present state of knowledge on this turbine. The prediction 
methods currently available and the variables which affect the aerodynamic performance of 
a Wells turbine are discussed in this paper. The review is divided into eight sections. The 
principle of the Wells turbine is introduced in Section 2. The prediction methods available 
are discussed in Section 3. This section also contain some information on aerofoils in 
cascade of 90 degrees stagger angle. Section 4 describes the various factors controlling the 
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Fig. 1. A schematic diagram of Queen's University of Belfast Wave Energy device at Islay in Scotland. 
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Fig. 2. The Wells air turbine. 

aerodynamic performance of the Wells turbine. The concept of biplane Wells turbine and 
the performance of such a turbine is given in Section 5. The starting performance of a Wells 
turbine is explained in Section 6. Some methods for improving the performance of a Wells 
turbine are outlined in Section 7. Section 8 contains some concluding remarks. 
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A TYPICAL WAVE ENERGY CONVERSION SYSTEM 
(Oscillating water-air column principle) 

I Low frequency, potential hydro energy 
of the waves 

I oov,co I 

C Potential and kinetic energy of air ) 

I Air turbine I 

C Mechanical energy of rotation 

I Generator I 

Fig. 3. The power conversion chain in an oscillating water column wave energy system. 

U p s t r e a m ~ ~  

Op 

¢" 

Fig. 4. The biplane Wells turbine. 

2. T H E  P R I N C I P L E  OF T H E  WELLS T U R B I N E  

In its simplest form the Wells air turbine rotor consists of several symmetrical aerofoil 
blades positioned around a hub with their chord planes normal to the axis of rota- 
tion{24, 26, 30, 60) (Fig. 2). The turbine may have guide vanes on both sides of the rotor36' 54) 
According to the classical aerofoil theory, an aerofoil which is set at an angle of incidence, or, 
in a fluid flow, generates a lift force, L, normal to the free stream. The aerofoil also 
experiences a drag force, D, in the direction of the free stream (relative velocity). These lift 
and drag forces can be resolved into tangential (in the plane of rotation) and axial (normal 
to the plane of rotation) components F0 and Fx respectively. The effects of flow incidence on 
the tangential and axial force coefficients C0 and Cx for a two dimensional aerofoil are 
shown in Fig. 5a, b respectively/3°~ Results shown here are for two dimensional NACA12, 
NACA15, NACA18, NACA21 aerofoils at several Reynolds numbers and are based on 
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Fig. 5. Aerodynamic forces on two dimensional NACA aero[oils. (a) Variation of peripheral force coefficient with 
incidence angle. (b) Variation of axial (normal) force coefficient with incidence angle. 

available wind tunnel data for lift and drag coefficients for such aerofoils. For a Wells 
turbine in a bi-directional airflow the airflow incidence angle changes sign depending on the 
direction. If ~ can be regarded as positive when the airflow is in one direction it is negative 
when the airflow is in the opposite direction. For a symmetrical aerofoil, the direction of 
tangential force Fo is the same for both positive and negative values of cc If such aerofoil 
blades are positioned around an axis of rotation, they will always rotate in a single direction 
regardless of the direction of airflow. Therefore the turbine does not need rectifying valves in 
a bi-directional airflow. It is because of this unique feature that the Wells turbine is well 
suited for wave energy conversion from devices based on the principle of oscillating water 
column. 

The aerodynamic performance of a Wells turbine can be typified (33) by the variation of 
non-dimensioned pressure drop p* and aerodynamic efficiency ~/with flow ratio ~b as shown 
in Fig. 6. The results shown here are for a mono-plane turbine at two values of solidity 
a and also for a bi-plane turbine. For a given rotational speed there is a linear relationship 
between pressure drop and flow rate (Fig. 6a) and this is essential for matching the turbine 
with an oscillating water column wave energy device which also has a similar characteristic. 
The turbine has nearly the same efficiency (Fig. 6b) over a wide range of flow rates. The 
pressure drop produced can be increased by increasing the solidity for a mono-plane 
turbine or by using a bi-plane turbine. At low flow rates (small airflow incidences) the 
component of drag in the chordwise direction is larger than that of the lift and therefore the 
efficiencies are negative. At these incidences the pneumatic power input is dissipated as heat 
and there is no power output. It should be noted that under these conditions the Wells 
turbine unlike conventional turbines does not act as a pump. At large flow rates (large 
incidences) the boundary layer on the blades tend to separate (stall) leading to a drop in 
efficiency. In a bi-directional air flow the Wells turbine can be designed to operate over 
a incidence range ___ Ctma, where ~max is less than ~,, and where 0q is the stall incidence. In 
a bi-directional and random airflow the turbine blades will experience time varying torque 
which can be smoothed by a high inertia flywheel/rotor. It can be shown that for a given 
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Fig. 6. Typical performance curves for a Wells turbine. (a) Pressure drop-flow ratio relationship. (b) Aerodynamic 
efficiency-flow ratio relationship. 

turbine speed if the variation of airflow velocities with time is sinusoidal the power lost due 
to energy dissipation by the turbine at small incidences forms only a small part of a time 
averaged power output. This may not be the case for a turbine in random airflow where the 
turbine blades may experience small incidences over significant periods and the time 
averaged efficiency over a long period of time may be 5 to 10% lower than the peak 
efficiency. 

Within this range of operational incidence angles the component of lift force forms 
a significant part of the axial force which explains almost a linear relationship between axial 
force coefficient and flow incidence angle (Fig. 5a). In a bi-directional airflow the axial 
forces will vary with time and will have a directional change every half a cycle. Such 
dynamic axial thrust forces will have to be borne by suitable bearings or can be virtually 
eliminated by splitting the airflow (7~ as shown in Fig. 7. 

3. PREDICTION METHODS 

The methods generally used for the prediction of performance of axial flow machines 
have been used to study the aerodynamic performance of the Wells turbine. These include 
both a radial equilibrium approach and actuator disc theory. <2'9' 19~ In applying these 
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methods to predict the Wells turbine performance the flow in the rotor is divided into 
several annular rings and each ring is treated as a two-dimensional cascade with the blade 
stagger angle 90 °. Since the frequency of oscillating airflow in a wave energy device is 
typically less than 0.1 Hz, the flow through the rotor can be assumed to be quasi-steady. 
Methods for analysing the flow in a cascade of 90 degrees stagger angle, the radial 
equilibrium theory applied to both the stationary guide vanes and the rotor, and the 
concept of actuator disc theory are outlined in the following sections. 

3.1. AEROFOILS IN A TWO DIMENSIONAL CASCADE OF 90 ° STAGGER ANGLE 

The performance of a monoplane (single plane) rotor is affected by mutual aerodynamic 
interference between the blades. The mutual interference is due to velocities induced by the 
blades on each other (inviscid effects) and the wakes produced by the blades (viscous effects). 
This interference is a function of airflow incidence and blades gap to chord ratio (solidity). 
The mutual interference effects for aerofoils in cascade of stagger angle n/2 can be 
understood by replacing the aerofoils by a series of vortex singularities of strength F at 
quarter chord position as shown in Fig. 8a. The induced velocities on an aerofoil, normal to 
the chord line near the leading and trailing edges (v) and parallel to the chord line above the 
upper and below the lower surfaces (u), due to the presence of aerofoils upstream (us) and 
downstream (ds) are shown in this figure. The upwash and downwash effect on the flow 
around an aerofoil due to the neighbouring aerofoil would cause the effective angle of 
incidence to decrease near the leading edge and increase near the trailing edge of the 
aerofoil. This should reduce the relative differences in aerodynamic loading between the 
leading edge and trailing edge. Of more significance, however, is the fact that the circulation 
and lift on the aerofoil are increased as a result of the increase in velocities above and 
decrease below the aerofoil due to the presence of the neighbouring aerofoils. The effect of 
these induced velocities on the pressure distribution for a NACA0012 aerofoil for several 
solidity (chord-to-pitch ratios) can be observed from Fig. 8b. The results shown here are 
predicted values (55) based on a method of singularities (19) also known as Mortenson 
method. Simulation in a wind tunnel of cascade of infinite number of aerofoils at a stagger 
angle of rr/2 is practically impossible. However, the measured pressure distributions (37) on 
an aerofoil in a cascade of such a stagger but with a finite number of blades (Fig. 8c) 
qualitatively support the predictions. 

A simple method of evaluating the interference effects is that based on a potential flow 
analysis of fiat plate aerofoils in a cascade by Weinig. (56) According to his analysis the value 
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of C~ for an aerofoil in a cascade can be corrected for cascade effects by a factor k such that, 

CI = kClo 

where, C~o refers to lift coefficient for an isolated flat plate aerofoil and factor m for a cascade 
of stagger angle of ~/2 is given by 

k = (2t/nc) tan (nc/2t) 

where, c is the chord length and t is the pitch. 
A similar correction could be applied to the lift for aerofoils of finite thickness in 

a cascade. As drag cannot be predicted by the potential flow analysis one has to assume that 
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Fig. 8. Aerodynamics of a monoplane cascade at a stagger angle of n/2. (a) Mutual interference between the 
aerofoils due to bound vortices, us and ds refers to upstream and downstream aerofoils. (b) Effect of solidity on the 
pressure distribution on an aerofoil. (c) Measured Pressure Distributions in a wind tunnel with finite number of 
blades. (d) Calculated values of axial force coefficients from the Wells turbine and wind tunnel tests. (e) Calculated 
values of peripheral force coefficients from the Wells turbine and wind tunnel tests. (f) A comparison of predictions 

with experimental data for axial force coefficients. (g) Prediction for peripheral force coefficients. 

Cd = Cdo. Such a procedure  has been used (3) in the prediction of  the Wells turbine 
performance. 

Another  approach  to evaluate the mutual  interference effects between the aerofoil blades 
is by an analysis where the surface of  aerofoils in a cascade are replaced by singularities (45) 
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as mentioned earlier. This method also being a potential flow method can predict only lift 
and not drag values. The drag can be calculated by a boundary layer analysis using the 
pressure distribution obtained by the potential flow method. Aerofoils in a cascade at an 
incidence have an equivalent incidence ~q that produces approximately same pressure 
distributions on the upper surface as that of an isolated aerofoil at an incidence ~. It is 
suggested (3°'54) that both Co and Cx for an aerofoil in a cascade can be evaluated by 
a simple proportional formula 

prod 

where, Coo and Cxo are measured values, in a wind tunnel, of force coefficients on an isolated 
aerofoil at an equivalent incidence, Cteq. [Cx/C~o]pred is the ratio of the predicted normal 
aerodynamic force on an aerofoil in a cascade to that of an isolated aerofoil at an incidence 
as calculated by the potential flow methods. Such procedures have been used (3°' 52) in 
predicting the performance of the Wells turbine. 

A third approach for the prediction of mutual interference effects on an aerofoil in 
a cascade of stagger angle of n/2 is a semi-empirical approach (37) based on a correlation 
between calculated values of mean aerodynamic force coefficients from Wells turbine tests 
and two-dimensional aerofoil data from wind tunnels. In this approach the axial force Fx 
and the power output Wo for a Wells turbine at a given solidity and Reynolds number can be 
expressed in terms of mean aerodynamic force coefficients for the blades as 

1 2 F, = -~NC~,pw Ab 

1 2A Wo = ~ NCopW bU • 

The pressure drop across the rotor can be expressed in terms of the axial force on the blades 
as: 

Fx = ApA~ 

efficiency can be expressed as, 

q = ~--~ 

Typical results (a 7) for the variation of Cx and Co with mean airflow incidence to the blades 
( tan-  14)) based on Wells turbine tests in an uni-directional air flow are shown in Fig. 8d 

and e respectively. The results shown here are for a turbine with NACA 0021 blade, 
h = 0.62, R = 2.5 x l0 s, and tr = 0.5 and 0.76. Also shown in these figures are the results of 
two-dimensional wind-tunnel tests of isolated aerofoils (tr =0). Both the turbine and 
wind-tunnel results show a linear variation of Cx with ~ (Fig. 8d) for incidences up to stall 
angle. The Co versus ct (Fig. 8e) curves are non-linear and for small angles of incidence the 
values of Co are negative. It is observed from these figures that at any given airflow 
incidence, the aerodynamic forces increased with turbine solidity. 

The normalised values C,,/C,,o and Co~Coo based on the prediction methods (57) and 
experimental data from turbine tests (1°' x 1, 30, 34, s3, ss) plotted against solidity a are shown 
in Fig. 8f. A plot of Co/Coo vs (r based on the method of singularities for lift and drag 
obtained by boundary layer calculations based on pressure distributions predicted by the 
singularity method is shown in Fig. 8g. The two-dimensional aerofoil data at a correspond- 
ing Reynolds number for these calculations were obtained from available wind tunnel 
data.(16, as) Relative to experimental data (Fig. 8e) the predictions based on the method of 
singularities over estimate and that based on the method of Weinig underestimate the axial 
force coefficients. Considering that the data are taken from several experimental rigs, the 
correlation between (C,,/C:,o) and a, within the range of test Reynolds number, is reason- 
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able. This correlation can be expressed as, 

Cx/Cxo = 1/(1 - tr2). 

It is observed from Fig. 8f that the effect of solidity on Co~Coo is similar to that on C,,/C,,o 
both in magnit~,de and trend. These results suggest that the aerodynamic forces on the 
blades increase considerably with solidity and that the aerodynamic efficiency of the blades, 
which is proportional to the ratio of peripheral force to axial force, does not change 
appreciably with solidity. 

3.2. RADIAL EQUILIBRIUM THEORY 

According to radial equilibrium theory (2'9) the flow is assumed to be irrotational, 
axisymmetric and the radial component of velocity ~ is assumed to be negligible every- 
where in the flow field except within the blade rows (Fig. 9) i.e. ~ = 0. It can be shown from 
the momentum equation in radial direction, that for the radial equilibrium to exist the 
pressure force in the radial direction must balance the centripetal acceleration i.e. 

V 2 1 Op 
r p t~r (1) 

A particular case of radial equilibrium is that axial velocity 1I, remains constant in the flow 
field and circulation is constant along the radius which implies that blades shed no vorticity 
and the specific work done on a blade is invariant with radius. 

3.2.1. Radial Equilibrium at the Inlet of the Rotor 

Consider a row of stationary guide vanes upstream of a rotor (Fig. 10). If the flow 
through the guide vanes is assumed to be inviscid and irrotational then 

P P01 = P1 + ~(V21 + II21) -- cons tan t  (2) 

~1 ~/xl 
t20t = ~x a-r- = 0 (3) 

and from Eqs (1), (2) and (3) it can be shown that 

tan Pl = ~__1 = klr (4) 
~t 

where, kl is a constant 
and ~1 = const. (5) 

/ / / / / / / / / / / / / / / / / , / / / / / / / / / / / / / / / / / t  
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Ira, 

J///////////// ///////////// 

~ B l o d e  row 

Fig. 9. The concept of radial equilibrium. The blade row represents the turbine. 
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Fig. 10. Velocity triangles for a monoplane rotor with inlet guide vanes. 

Equations (4) or (5) can be used to design inlet guide vanes with radial equilibrium at the 
exit of the guide vanes (inlet of the rotor). 

3.3. THE WELLS TURBINE P ERF O RMA N CE CALCULATIONS 

From the velocity triangle at the inlet of the rotor (Fig. 10) the variation of flow incidence 
to the blades with radius is given by 

cot~i = U / ~ I  - cotfll  (6) 

where U = mr is the blade peripheral velocity of the rotor and the relative velocity ~ and 
circumferential velocity II01 of the airflow is given by 

wl = ~ l / s i n ~ l  

V01 = V~l/tanfll . (7) 

For  inlet flow with no guide vanes fll = rr/2. 
In an annular ring of area 2nr dr the power output from rotor is given by 

dWo = N dFoU (8) 

where 

dFo = 1/2 CTpwE c dr. (9) 

The axial force on the blades in the annulus is N dFx 
where, 

dFx = 1/2Cxpw~c dr (10) 

where C0 and C~ are chordwise and normal force coefficients and are dependent on C~ and 
Ca which in turn are functions of several parameters such as blade chord Reynolds number, 
Mach number, rotor solidity, hub-to-tip ratio and tip clearance. 
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The axial force iis balanced by the pressure force on the rotor resulting in 

Pl -- P2 NCxc 
(1/2)p V 2 - 2nr sin 2 ctx (11) 

If the kinetic energy at the exit of the rotor is considered as a loss (some of the kinetic energy 
can be recovered by the exit guide vanes) the power input to the rotor is 

dW~ = (P01 - Po2)dQ (12) 

where 

The blade element efficiency is 

dQ = V~12nrdr. (13) 

dWo (14) 
~/b - dWi " 

The radially averaged aerodynamic efficiency 

- - f r t i p  A I . I /  / [ ' r t ip  AI.,I/ ( 1 5 )  
/I - -  J r h u b  u r r O / j r h u  b ~ r r  I.  

Equating the torque on the blade element to change in angular momentum results in 

V~tNCoc (16) 
Yl - Y2 - 2 sin 2 

The drag force on the cascade of blades in the annulus and the viscous losses are given by 

dFD = 1/2SCdpw2c dr (17) 

and the energy ,dissipation due to viscous effects on the blades is given by 

dED = dFoWl . (18) 

For  energy balance 

(Pol - Po2)2nrdr V~x = dEo + dWo (19) 

from which the stagnation pressure drop Apo can be expressed as 

Apo - 4 r c ~  ~ + CT(eot~x + cotfll)  (20) 

The kinetic energy of air at the exit of the rotor in the annulus is given by 

dEk = p dQV2/2.  (21) 

The aerodynamic efficiency can also be expressed as 

~ tip A l : l r  
hub ~ " ' 0  (22) 

~ tip ~hub(dWo + dEd + dEk) 

The effect of tip clearance using the methods used in turbomachines t21) and compressibility 
effects using Prandtl-Glauert  rule could be included in the above analysis. ~3°' 31) 

3.4. RADIAL EQUILIBRIUM 

In general different streamlines in the rotor may be subjected to different amounts of 
energy transfer and the total pressure downstream of the rotor 

P 2 Po2 = Po2(r) = P2 + ~(V~2 + V22). (23) 
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With radial equilibrium downstream of the rotor the above equation can be written as 

d (Vx2)2 + ~2 d (rVT2)2 2dP02 
- p drr (24) 

if, P0 = constant 
the above equation reduces to 

d 1 
(V~2) - 4n2r 2 y2 (25) 

from which V~2 = Vx2(r) can be determined. 
For  a case where 

dPo2 
dr 

- 0, and ]12 : constant 

the above equation simplifies to V~2 = constant. 

3.5. ACTUATOR DISC THEORY 

Experiments on axial flow machines have shown that there is a considerable redistribu- 
tion of mass flow in the region outside the blade rows and that radial velocities must exist 
outside this region. This leads to the development of actuator disc theory <2'9) in which 
each blade row is represented by a discontinuity in flow (Fig. 1 l) parameters. Further to the 
assumptions that the flow is steady, and axisymmetric, it is assumed that vorticity every- 
where is small and stagnation pressure is nearly constant. 

Further, the variation of circumferential vorticity t2 0 and velocity I10 is assumed to be 
invariant with axial direction. 

If Ur, UT and ux are small radial, tangential and axial velocity, respectively, and are 
superimposed on the radial equilibrium values and exist only in the neighbourhood of the 
blades such that the total velocities are 

O r ~ -  U r 

vo = Vo + Ur (26) 

Vx = V~ + ux 

where, II0 and V~ are radial equilibrium values (V~ = 0). 
It can be shown with the assumptions mentioned earlier that the velocities upstream and 

+ / / / / / / / / / x / / l g g g /  

J II 

J DI 

J m 

J 

/ / / / / / / / / / / / / / / / ~  

[ 

I i  

" / / / / / / / / / / 1 / / / / / /  ~ / / / / / / / / / / / / / / / .  
~Actuator  disk 

Fig. 11. The concept of actuator disc, the blade row is represented by a discontinuity. 
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downstream of the rotor can be expressed as 

Vxt = V~I + U x l  

vx2 = V~2 + ux2 (27) 

u x ~ = -  u,2 = ( V~2- ~ V~I') e-'X/b 

where, V~I and i~z are the axial velocity based on radial equilibrium and b is the blade 
height. 
At the blade row (disc) itself (x = 0) the above equation simplifies to 

v,i = v~2 = 2 (28) 

With the calculalled values of V~x and V~2 by radial equilibrium theory and velocities v~a and 
v~2 calculated from actuator disc theory the performance calculations can be reworked by 
an interactive procedure. 

3.6. THE GUIDE VANE ANGLES 

The required variation of inlet guide vane angles with radius for radial equilibrium of 
flow at the inlet of the rotor was given in Section 3.2. Methods for calculating the inlet and 
outlet guide vane angles as a function of rotor performance are given below. 

A simple approach to guide vane design is based on inlet and outlet flow angles for 
a potential flow on a fiat plate cascade. For such a cascade as described in Section 3.1, the 
lift coefficient C~L for the cascade can be expressed as 

2t [ ~c'~ 
C, = C,o ~ tan ~ - ~ )  

and 

For a flat plate C~o = 2n sin~. 

Co = Clsin • .  

(29) 

(30) 

Equating the chordwise force on the blades to the change of momentum in that direction 
results in (+) 

cotf l2 = cotflx + 2tan ~ (31) 

where fll and f12 are inlet and outlet flow angles (Fig. 10). For a Wells rotor in an oscillating 
airflow the guide vanes have to be symmetrical such that f12 = n - fix resulting in fit = (n/2) 
x (1 + c/t) whiclh indicates that the guide vane angles are only a function of rotor solidity. 
Such an analysis is not accurate because the drag which is neglected in the analysis 
contributes significantly to chordwise force and should have a considerable effect on the 
guide vane angles. A more accurate method of calculating guide vane angles is to use the 
Eq (16) given in Section 3.3 given by 

71 - 72 = (V~INcCo)/(2 sin 2 ~) 

which takes into consideration the drag coefficient in the calculations. The above equation 
can be expressed as in 

NcCo (32) 
cot/~1 - cot/~2 = 4nr sin 2 ~1 

where at and/Lt are related (from inlet velocity triangle) by 

u (Dr 
c o t ~ l  + cot/~l = ~---~- V~I (33) 
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For a given geometry, speed and flow rate a prescribed distribution of fit as a function of 
r would result in a distribution of cq (equation) which in turn leads to a certain 
Co distribution as a function of r. The required symmetry of guide vanes that f12 = zr - fll 
may be satisfied only for a certain flow rate. The inlet guide vane angles could be prescribed 
such that variation of fll with radius satisfies the condition that Yl = constant or any other 
type of variation with r. 

3.7. COMPARISON OF PREDICTIONS WITH EXPERIMENTS 

The performance of the Wells turbine based on the prediction methods given in Sec- 
tions 3.1-3.6 are discussed in this section. The predictions are also compared with some of 
the experimental results from small-scale Wells turbine test rigs in which the flows were 
unidirectional. 

The aerodynamic performance of a monoplane Wells turbine as based on predictions is 
compared with experiments in Figs 12-16. The experimental results are from unidirectional 
flow test rigs 0.2 m and 0.6 m diameters. Figures 12-13 refer to results of 0.2 m diameter 
turbine whereas Figs 14-16 refer to 0.6 m diameter turbine. 

It should be mentioned that experimental data from small-scale tests are subjected to 
errors typically of the order of ___ 5%. This is largely due to the fact that the bearing and 
friction losses are a significant fraction of the output power and the estimation of these 
losses is subject to uncertainty. Nevertheless there is a reasonable agreement between 
experiments and the prediction based on radial equilibrium for pressure (Fig. 12a), and 
efficiency (Fig. 12b) for a small-scale turbine. 

For a given rotor speed the non-dimensional value of p* is proportional to the pressure 
drop Ap and the flow coefficient ~b is proportional to the flow rate Q. Figure 12a shows that 
for a given solidity there exists, except at relatively small flow rates, a linear relationship 
between pressure drop and flow rate. This unique feature of the Wells turbine makes it 
possible to match the turbine with a wave energy device of oscillating water-air  column 
which also has similar pressure drop-flow rate characteristics. This is only to be expected as 
the pressure drop is largely governed by the lift coefficient of the blade. For  incidences less 
than stall angle 0~ is proportional to flow coefficient ~b and CL is proportional to ~t. It is also 
noticeable from Fig. 12a that for a given flow coefficient the pressure drop increases with 
the solidity of the turbine. Therefore a solidity can be selected to match the available 
pressure drop. For  wave energy devices with relatively large pressure amplitudes it may be 
appropriate to use a biplane turbine (see Section 5). The r / -  q~ curves (Fig. 12b) show that 
the efficiency of the turbine increases with ~b up to a certain value after which it decreases 
rapidly due to boundary layer separation on the blades. The peak efficiency of the 0.2 m 
diameter rotor is rather low ( ~ 50%) because of small blade chord Reynolds numbers 
( ~ 2.5 x 105) under which these tests were conducted. It is also noticeable that the efficien- 
cies decrease with the increase in turbine solidity and this is due to an increase in kinetic 
energy losses associated with swirl. A comparison of measured values with predictions of 
pressure drops at several radii (Figs 13 and 14) indicate that the assumption of radial 
equilibrium for pressure is reasonably valid. For  a Wells turbine rotor with small or 
moderate solidity, the effect of solidity on the aerodynamic force coefficients is small (Figs 8f 
and 8g) and for a rotor at constant speed and a blade profile with constant thickness ratio 
along the chord, the normal force coefficient Cx oc 0t 

1 and, sin ~ ~ ct ~ tan ct = __V~ oc - 
o)/" ~" 

and from Eq. (11), Ap oc c 

so that for a rotor with constant chord the pressure drop across the rotor is approximately 
constant with the radius. This may not be the case for a rotor of high solidity or a rotor 
wherein the chord length varies with radius. 
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Fig. 12. Comparison of prediction with experiments for a small scale (0.2 m diameter) Wells turbine. (a) Pressure 
drop. (b) Efficiency--considering with and without tip losses. 

Experiments (3°) and predictions (4) of axial velocities upstream and downstream of the 
rotor (Fig. 14) show that the axial velocities vary with radius and the variation of axial 
velocities in the plane of the rotor is large for a rotor  of high solidity. At high solidity there is 
a significant movement of mass flow form hub to tip and radial equilibrium does not exist. 
The variation of pressure from hub to tip of the rotor is typically about 10%. 

Figures 15 ancl 16 show a comparison of predictions with experiments for pressure drop 
and efficiency respectively for a relatively larger diameter (Dt = 0.6 m) monoplane turbine. 
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Fig. 14. Radial distribution of axial velocity at inlet and outlet of a Wells turbine: Predictions and experiments. 

Figure 15 refers to the turbine without guide vanes and the Fig. 16 refers to the turbine with 
guide vanes. The prediction shown here is based on radial equilibrium theory and actuator 
disc theory. The agreement between predictions and experiments are generally good up to 
stall; differences at the stall are due to the uncertainty of predicting the stall for aerofoils in 
a cascade of 90 ° stagger. The pressure drop-flow rate characteristics (Fig. 15a) for this 
turbine are similar to those of the 0.2 m diameter turbine. The efficiencies (Fig. 15b) are 
higher than for the 0.2 m diameter turbine due to the larger scale (blade Reynolds number). 
There are no significant differences between the prediction methods and experiment for the 
pressure drops and the efficiencies. The actuator disc theory involves a correction to 
absolute airflow velocities based on radial equilibrium theory and for the Wells turbine 
these velocities are a small fraction of the relative airflow velocities and it appears that these 
corrections have only a small effect on the predicted values. 

Predicted values of circulation in a non-dimensional form and at the exit of the rotor  are 
compared with the data based on experiments in Fig. 15c. Although there are differences 
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angles. 

between prediction and experiments, this figure shows that  the circulation at the ro to r  exit is 
virtually invariant  with the radius except near the hub where it is likely that  there is an effect 
on the circulatiton due to the boundary  layer on the hub. The non-dimensional  circulation 
7 + can be shown to be approximately  propor t iona l  to CJo~ for a blade and for a linear 
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CI - g relationship 

7 + ~ dCi/d0~ 

which indicates that the lift curve slope for the blades is approximately invariant with the 
radius. Further, the predictions for y based on actuator disc theory compare more favour- 
ably with experiments than radial equilibrium theory. These results suggest that for a Wells 
turbine with a constant chord blade, the amount of work done by the blades is nearly the 
same at all radii and the exit flow is virtually free from vortex shedding. 

A comparison of predicted and experimental values for the exit flow angle/~2 are shown 
in Fig. 15d. It is seen from this figure that the exit flow contains a significant amount  of swirl 
(f12 ,~ 40°-50°). It can be shown by the prediction methods that the magnitude of swirl 
increases with the increase in solidity. A certain amount of swirl at the exit of the rotor may 
improve the overall aerodynamic efficiency by increasing the pressure recovery in the 
diffuser downstream of the rotor. Large levels of swirl at the exit would lead to high kinetic 
energy losses at the rotor exit which will result in a reduced overall efficiency. 

The effect of introducing guide vanes (6) on the performance of the monoplane turbine can 
be observed from Fig. 16. The linear relationship between pressure drop and flow rate 
(Fig. 16a) is not altered by the introduction of guide vanes. The guide vanes produce slightly 
higher aerodynamic efficiencies (Fig. 16b) but leads to an earlier turbine stall• The reasons 
for this behaviour are discussed in Section 5. 
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(b) ett~ciency; (c) radial distribution of absolute exit flow angles. 
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As regard to the exit flow angles (Fig. 16c) for the rotor with guide vanes discrepancies 
exist between the predictions and experiments. However this figure illustrates that the guide 
vanes result in a smaller swirl at the rotor exit. This swirl can be reduced even further by the 
exit guide vanes. For a Wells turbine in bidirectional airflow the inlet and exit guide vanes 
have to be a mirror image of each other. 

4. PARAMETERS AFFECTING THE PERFORMANCE---MONO PLANE WELLS 
TURBINE 

The aerodynamic performance of the Wells turbine is dependent on the aerodynamic 
force coefficien~Ls which in turn are a function of several parameters ~b, a, h, AR, 
z, zc, T,,f ,  M, and R to mention just some of them (Fig. 17). The performance is also affected 
by the generator characteristics. 

The effect of flow coefficient on the Wells turbine performance has been discussed in 
Section 3. The effects of some of the other parameters on the performance of the Wells 
turbine are discussed in the following sections. 

4.1. THE ROTOR SOLIDITY 

The solidity of the turbine, a, is a measure of blockage to airflow within the turbine. It is 
also a measure of the mutual interference between the blades and is an important design 
variable. Results based on the experimental da ta"  t, 13,14, 24, 26, 27, 37, 38, 51, 52, 54) for the 
average cyclic efficiency ~/normalised with respect to the corresponding two dimensional 
single aerofoil efficiency t/o (Fig. 18) indicates that at small values of solidity the effect of 
solidity is small but significant reductions in efficiency occurs for a > 0.5. The reduction in 
efficiency for a Wells turbine at high solidity is due to increased kinetic energy losses at the 
exit associated with the swirl. In addition there could be significant three dimensional effects 
near the hub where, at high solidity, the blades are close to each other and may interact with 
the boundary leLyer on the hub. These interactions may lead to boundary layer separation 
on the surface of the hub and also on the blade surfaces near the hub. These effects are 
compounded by the fact that the blades near the hub are always at a larger incidence that at 
the tip. 

FACTORS CONTROLLING THE DESIGN 
PERFORMANCE OF WELLS TURBINE 

Performance 

• Power output 

• Efficiency 

• Flow rate P 

Fig. 17. Factors controlling the design and performance of the Wells turbine. 
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Fig. 18. Effect of solidity on etficiency: experimental data based on several references. 

It was shown earlier that increase in tr also increases the pressure drop p* (Fig. 6a). For 
a wave energy device with a large available pressure drop a high solidity turbine with 
a reduction in efficiency can be used. An alternative to this would be to use a biplane 
turbine; a two stage turbine without guide vanes. A low solidity turbine, however, does not 
have the ability to self start which is discussed in Section 6. 

4.2. THE HUB-TO-TIP RATIO 

The effect of hub-to-tip ratio h based on several works (+, 13.26, 51) is shown in Fig. 19. 
Although the experimental data is taken from tests conducted at a fixed tip solidity of 
o t = 0 . 4 ,  the aspect ratio, AR was not kept constant during the tests and therefore the results 
shown here have the combined effect of h and AR. The hub-to-tip ratio is an important 
parameter that for a fixed solidity and flow rate Q, the average axial airflow velocity V~ in 
the turbine annulus is a function of h given by 

O 
Vx = riD2/4( 1 _ h2 ) , 

and the flow ratio at the tip (/St is given by ~bt = Vx/Ut. 
The effect of hub-to-tip ratio on the turbine efficiency is rather complex. The hub-to-tip 

ratio has an effect on: (1) the airflow incidence at the hub (2); the leakage losses at the tip; 
and (3) the relative interference effects at the hub. For a turbine operating at a certain speed, 
the incidence at the hub is larger than the incidence at the tip and increases with a decrease 
in hub-to-tip ratio. Therefore it should be expected that a decrease in the hub-to-tip ratio 
should promote an earlier turbine stall and lead to a decrease in the aerodynamic efficiency. 
For a given tip clearance the hub-to-tip ratio determines the ratio of the tip clearance to 
blade height. A decrease in h reduces the ratio of tip clearance to blade height which should 
reduce the tip leakage losses and therefore improve the aerodynamic efficiency. On the 
other hand a decrease in the leakage of airflow around the tips produces a reduction in the 
so called relief effects (reduced spanwise flow near the tips) which can advance the stall on 
the blades. The aerodynamic efficiency is also subjected to the interference effects produced 
by the hub boundary layer. A decrease in h would reduce these interference effects and 
increase the efficiency. The results shown here, admittedly based on small-scale tests, 
suggest that the tip clearance and the hub interference have the dominating effect on the 
efficiency. Values of h ~ 0.6 are recommended for design. 
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4.3. THE ASPECT RATIO 

The aspect r~,tio, AR, influences the turbine efficiency and flow ratio at which the turbine 
stalls as seen from Fig. 20. The data shown here is from experiments conducted at a fixed 
hub-to-tip ratio and where the variation in the aspect ratio was obtained by varying the 
chord length. Therefore there is a certain influence of Reynolds number on this data. The 
primary effect of reducing the aspect ratio is to increase the efficiencies by postponement of 
stall, this is associated with the 'relief effect' obtained on the blades due to relatively 
increased mass flow through the tip. It has been observed {2°'49'sll that the tip vortices 
become stronger as the aspect ratio is decreased. It has also been observed that the effect of 
aspect ratio be~romes larger with the increase in tip clearance. AR = 0.5 could be a recom- 
mended value for turbine design. 

4.4. THE TIP CLEARANCE 

The Wells turbine is very sensitive to tip clearance to when compared to a conventional 
turbine. The effect of tip clearance on the turbine performance ~13' 41, 55~ is shown in Fig. 21. 
Decrease in tip clearance advances the stall but increases the cyclic efficiency as a result of 



358 S. Raghunathan 

reduced leakage losses. On the other hand a turbine with a relatively large tip clearance 
could operate over a much wider range of flow rate without stalling. In this respect there are 
no significant advantages to be obtained for tc > 0.02. Therefore values of a tip clearance 
ratio tc < 0.02 are recommended. 

4.5. A E R O F O I L  T H I C K N E S S  RATIO 

Figure 22 shows the effect of thickness ratio t on the turbine efficiency. (13' 14, 29,41, 51, 52) 
The effect of thickness ratio on the aerodynamic performance of aerofoil blades cannot be 
separated from the effect of the Reynolds number. The results shown in Fig. 22 are based on 
small-scale tests and therefore should be viewed with caution. These results indicate NACA 
aerofoil profiles of 20% thickness are most suited for the best performance. Thick aerofoil 
blades are also suitable for self starting characteristics of the turbine. 
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4.6. THE BLADES OFF-SET 

359 

Most of the investigations on Wells turbine were conducted with rotors consisting of 
aerofoil blades of rectangular plan form. If it is assumed that the radial component of 
velocities in the rotor is negligible the velocity vector relative to the rotor would be in the 
circumferential plane and therefore normal to a radial line from the axis of rotation. For 
a blade of rectangular plan form, the leading or the trailing edge or both edges can be along 
lines which are not radial and this leads to sweep effects as illustrated in Fig. 23. If the 
leading edge of ~Lhe blade is positioned along a radial line (Fig. 23a) it has no sweep but the 
trailing edge is subjected to a large sweep angle 2. At this condition the mid chord line of the 
blade is off-set at a ratio g/c = 0.5. The sweep angles at the leading and the trailing edges 
depend on this off-set and as g/c is decreased the sweep angles at the leading and trailing 
edges increase and decrease respectively (Figs 23a, 23b and 23c). For an a value of g/c = 0 
both edges have equal values of 2 (Fig. 23c). It should be noted that for a given g/c the sweep 
angles are also related to the blade aspect ratio. Flow visualisation on a rotor with blades of 
several planforms (52) (Fig. 23d) indicate a large effect of the blade sweep on the boundary 
layer separation on the blades. These results show that reducing the sweep angle at the 
leading edge of the blades reduce flow separation. One way to reduce sweep effects at the 
leading edge of blades of rectangular plan form is to reduce the off-set. °9) Figure 33 shows 
a large effect of g/c on both the aerodynamic efficiencies and the stall incidence for a Wells 
turbine. Although these findings are based on small-scale tests (low Reynolds number), 
where the boundary layer separation on the blades are sensitive to Reynolds number, it 
does point to the fact that sweep is an important factor in designing a Wells turbine. Based 
on the above re:suits a value of g/c = 0.15 for the blades is recommended for the design. 

4.7. THE INLET TURBULENCE 

Turbomachines are sensitive to inlet flow conditions such as distortion of velocity profile 
and turbulence levels. Increase in turbulence levels can alter boundary-layer development 
by advancing transition of the boundary layer, and delaying stall. The performance of 
turbomachines can be improved by increasing the turbulence level at the inlet up to 3%. 

Fig. 23a, b. 
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Fig. 23. The effect blade sweep on the performance of the Wells turbine. (a) The mid chord line offset by g/c = 0.5, 
leading edge has no sweep. Trailing edge has a large forward sweep angle. (b) The mid chord line offset by 
g/c = 0.15, the leading edge has a small backward sweep, trailing edge has larger forward sweep angle. (c) The mid 
chord line has no offset. The leading edge (backward) and trailing edge (forward) have equal sweep angles. (d) Flow 
visuaiisation on the Wells turbine blades with different sweep angles. (e) The effect of blade offset on efficiencies and 

stall. 

Experimental results (aa'3a'41) (Fig. 24) indicates that the performance of the Wells turbine 
improves with an increase in turbulence but a significant increase in turbulence levels is 
required to produce any appreciable improvement in performance. It could be said that the 
Wells turbine is less sensitive to inlet turbulence compared to conventional turbomachines 
and this is due to the fact that absolute velocity at inlet relative to which turbulence levels 
are based is only a fraction of the rotor velocity. 
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Fig. 24. The effect of free stream turbulence on aerodynamics efficiencies. The turbulence levels Tu are with respect 
to the relative velocity of the rotor. 

,$.8. THE EFFECT OF BI-DIRECTIONAL AIRFLOW 

It is generally assumed that the airflow frequency in a wave energy device is so small 
( <  1 Hz) that dynamic effects are negligible. All the results shown above are based on 
predictions based on quasi-steady assumptions or experiments conducted in uni-directional 
airflow test rigs. Calculated values of mean aerodynamic force coefficients on the blades, 
based on experiments on a Wells turbine in an oscillating airflow (17' 28, 34) are shown in 
Fig. 25a. It is clear from this figure that the turbine blades experience a hysteresis effect. The 
hysteresis effects are caused by asymmetry in the boundary-layer development on the blade 
surfaces and oscillating motion of the wake t3¢) the extent of which can be appreciable at low 
Reynolds numl:k:rs. The hysteresis effects also increase with the increase in the turbine 
solidity. These effects can be smaller on large-scale turbines where the boundary layer on 
the blades is essentially turbulent and relatively thinner. The effect of non-dimensional 
frequency f *  on cyclic efficiency (14'2s) (average efficiency over a cycle) on a small-scale 
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Fig. 25. The dynamic effects due to bidirectional airflow. (a) Hysterisis effects on axial force coefficients. (b) Effect 
of nondimensional frequency on efficiency. (c) Effect of frequency of airflow on pressure drop. (d) Dynamic lift 

forces on NACA 0012 aerofoil: predictions and experiments. 

tu rb ine  can be observed from Fig. 25b. The normalised cyclic efficiency decreases with the 
increase in f* .  The performance of a turb ine  in s inusoidal  flow is better than  that  in 

a r a n d o m  air flow where the turb ine  may experience small angles of incidence over long 
periods as discussed earlier. This is highlighted when the results from a device at sea are 
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discussed in Section 5.2. In a sinusoidal airflow the effect of airflow frequency on the root 
mean square values of pressure drop is small (Fig. 25c). 

Although a Wells turbine can be designed to operate within a certain range of _ • where 
< ~q, there would be instances of sea states when for a given speed the turbine will operate 

in a deep stall regime. Here the turbine blades will experience large unsteady forces as 
shown by the computed values of lift (44) for a range of incidence including stall for an 
isolated aerofoil (Fig. 25d). Under the conditions where the lift is unsteady the turbine 
blades will be subjected to buffeting which will reduce the life span of blades. 

4.9. CRITICAL SPEED 

The critical Mach number for an aerofoil is defined as the free stream Mach number for 
which the maximum local Mach number reaches unity. For  free stream Mach numbers 
greater than the critical Mach number the flow over the aerofoil becomes transonic leading 
to shock wave formation and the associated transonic effects which can include significant 
increases in drag and buffeting. The former will result in reduction in aerodynamic efficiency 
and the latter reduced life of the blades. In the case of a Wells turbine the velocity which 
determines the critical Mach number is the relative velocity between the blades and the 
airflow which is primarily a function of rotational speed. Therefore if the transonic effects 
have to be avoided the Mach number based on the turbine tip speed has to be less than the 
critical. CompwLed values of critical speed for NACA0012 aerofoil in isolation and in 
a cascade of 90 ° :~tagger (57) are shown in Fig. 26. The calculations were based on the method 
of singularities in conjunction with the Prandtl-Glauert  rule for the effect of Mach number. 
The figure show,; that the critical Mach number is decreased considerably by the increase in 
solidity and increase in airflow incidence. It should be noted that the simple definition of 
critical Math  number given above leads to a pessimistic assessment of the adverse effects of 
the increasing incidence on the drag and buffet characteristics and so, Fig. 26 and the 
conclusions below present a very conservative picture. 

Typically for a Mono plane Wells turbine operating at a solidity of 0.3 incidence range of 
_ 8 °, the tip Mach number has to be less than 0.4. The incidence and the Mach number at 

the hub are larger and smaller respectively, and it is important to ensure that the blades at 
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Fig. 26. Critical mach numbers for the Wells turbine blades with NACA 0012 profile, ~ = 0 refers to a two 
dimensional aerofoil. 



364 s. Raghunathan 

the hub are also operating at sub critical Mach number. It should also be borne in mind that 
the critical Mach numbers decrease with increase in aerofoil thickness ratio. 

4.10. THE SCALE EFFECTS 

The scale effect (al' 41) on the turbine's maximum efficiency ~max is shown in Fig. 27. The 
figure includes experimental data from several turbine tests, predictions for a Wells turbine 
with NACA 0018 aerofoil blades (solid line) and predictions based on a scaling law for 
turbines in general (22) (dotted line) is given by 

- _ _  l ~_._____~2 A + B  . 
l - rlt \ R 1 ]  

Here the experimental data is adjusted for a constant solidity of O" t = 0.67 which will have 
self-starting characteristics for a Wells turbine (Section 8). It should be noted that the 
experimental results (a, 6) are obtained from Wells turbine tests with guide vanes which affect 
the turbine's performance. The predictions are given for a turbine with NACA 0018 blades 
only because the data for NACA 0021 aerofoils over a wide range of Reynolds number are 
not available. When predicting using the scale law by the above equation, values of A and 
B are assumed to be 0.4 and 0.6, respectively, and the bench mark (rh, R1) for scaling was the 
QUB results with NACA 0021 aerofoil blades. It can be observed that there is a scatter in 
data at low Reynolds numbers. The discrepancy between the predictions and experimental 
data and the scatter of the experimental data to very low Reynolds numbers (R < 105) could 
be due to the following reasons. At low Reynolds number (small-scale) tests the friction in 
the bearings and windage losses form a significant part of the total power measured and the 
calculation of aerodynamic efficiency is subjected to considerable errors. The prediction 
method based on the above equation is based on the assumption that the boundary-layer 
on the blades is essentially turbulent which is unlikely at low Reynolds numbers. The 
predictions show that for a turbine with o t = 0.67, the maximum aerodynamic efficiency 
?']max for a large-scale Wells turbine (R > 106) can be typically 70% and much higher for 
a low solidity turbine (Fig. 18). As shown later the average efficiency of Wells turbine in 
random airflow encountered in a device at sea is typically about 60% (see Section 5). 
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Fig. 27. Scale effects on the aerodynamic efficiency of high solidity, monoplane Wells turbine. 
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5. THE BI-PLANE WELLS TURBINE 

365 

The pressure drop across a single plane Wells turbine is proportional to the square of the 
tip speed which has to be limited if transonic effects are to be avoided. For wave energy 
devices which produce significantly larger pressure drops than the limit for a single plane 
turbine a multip]ane t27' 32, 42) turbine (Fig. 4) can be used. Such a concept avoids the use of 
guide vanes and, therefore the turbine would require less maintenance and repairs. The 
present state of knowledge on such a turbine is discussed below. 

5.1. MUTUAL INTERFERENCE BETWEEN THE PLANES 

In addition to the effects on the performance of a single plane rotor discussed above, the 
performance of a biplane rotor is subjected to additional aerodynamic interference effects 
between the planes of blades. These interferences are due to: (1) induced velocities by 
circulation on one plane on the other; (2) the wake produced by the blades in the upstream 
plane; and (3) the deflection of airflow produced by the upstream plane. These would effect 
both the lift (circulation) and drag produced on the blades. 

(a) 

downstream plane (ds) 

w 

upstream plane ('us) 

Plane 2 

Plane 1 

C 

u 

(b) 

Free stream velocity 

. . . . .  

The viscous flow effects 

Fig. 28. Aerodynavxics of a biplane cascade at a stagger angle of ~/2. (a) Mutual aerodynamics interference 
between the planes due to bound vortices. The dotted line refers to pressure distribution due to induced velocities. 

The solid line refers to pressure distribution without interference effects. (b) Wake interference effects. 
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The mutual interference between the rows of blades exists in even inviscid flow due to the 
effect of the induced velocities of the blades in one plane onto the blades in the other plane 
as shown in Fig. 28a. The induced velocities (u) due to circulation on the upstream plane (71) 
will lead to increased velocities on the surfaces of the blades in the downstream plane. But 
the increase in velocities on the upper surface of the blades should be smaller than that on 
the lower surface. Increase in the velocities and the corresponding decrease in pressures on 
the upper (suction) surface should lead to an advancement of stall and the relative increase 
in velocities on the lower (pressure) surface should lead to a decrease in lift for the blades in 
the downstream plane. The induced velocities due to circulation on the blades in the 
downstream plane (72) lead to a decrease in the velocities on the surfaces of the blades in the 
upstream plane, with the decrease on the suction surface being greater than that on the 
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pressure surface: This should result in the postponement of stall and decrease of lift for the 
blades in the upstream plane. 

The viscous effects are associated with the wake of the blades from the upstream rotor 
interfering with the flow on the blades in the downstream plane as shown in Fig. 28b. The 
deterioration of the performance of the downstream rotor due to this effect would be 
reflected by an increase in drag on the blades in that plane. 

The magnitude of the above effects depends on the solidity in a plane, the gap to chord 
ratio between the planes (G/c) and the stagger between planes (Fig. 4). A simple model for 
evaluating the mutual aerodynamic interference effects between the blades in a biplane 
turbine is an infinite cascade of flat plates in a biplane configuration with vortex (F) located 
at 1/4c and the boundary condition that the normal component of velocity to the surface is 
zero at 3/4c for each of the flat plates. (4s) Typical results based on this analysis for the 
variation in lift coefficient with solidity and gap to chord ratio, for an incidence angle of 10 
degrees, and for plane 1 (upstream) and plane 2 (downstream) are shown in Fig. 29. The lift 
coefficients are normalised (Ci/C~o) with respect to the corresponding value for an isolated 
flat plate. It can be observed from this figure that (1) for a given G/c, lift increases with a as 
was the case for a mono plane cascade (Fig. 8d), (2) for a given G/c and a, lift produced by 
the upstream plane (Fig. 29a) is smaller than that produced by the downstream plane 
(Fig. 29b), and (13) for a given a, the mutual interference between the blades decrease very 
rapidly with the increase in G/c. For G/c > 2 the mutual interference between the planes are 
negligible. In fact small-scale experiments on a biplane Wells turbine has shown (27'32) 
(Fig. 30) that the aerodynamic efficiency of the turbine is very nearly equal to that of 
a monoplane turbine if the gap between the planes is greater than the blades chord length. 
This means that for G/c > 1 a hi-plane rotor would behave like two monoplane turbines 
and each plane of blades can be analysed independently. In such a case the primary factor 
controlling the flow on the downstream rotor would be the deflection of airflow produced 
by the upstream rotor. 

The effect of flow deflections on a biplane (without guide vanes) turbine performance can 
b¢ seen from the airflow velocity triangles shown in Fig. 31a. It can be observed from this 
figure that for a biplane rotor without guide vanes the downstream rotor would experience 
smaller angles of incidence and larger relative velocities than the upstream rotor. The 
implications of ~Lhese on the performance of a second rotor follow. 

The aerodynamic efficiency of blades is proportional to the ratio of force coefficients 
Co/Cx and this ratio, for incidences less than stall angle, increases with incidence angle. For 
a given incidence for the upstream rotor the downstream rotor blades are at an incidence 
lower than that of the upstream and therefore will operate at a lower efficiency. For a given 
turbine speed the downstream should stall at a larger flow rate than that required for the 
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Fig. 30. Effect of chord-to-gap ratio on the aerodynamic efficiency of a biplane Wells turbine. 
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upstream rotor. Further, the kinetic energy losses due to swirl at the exit of a biplane rotor  is 
considerably larger than that at the exit of a monoplane rotor  which is detrimental to the 
overall efficiency of the turbine. Since it is the airflow velocity relative to the rotor  which 
limits the turbine speed (to avoid transonic effects) the speed limit for a biplane turbine is 
controlled by the maximum relative velocity of the downstream rotor. This would mean 
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that for a given flow rate a biplane turbine has to operate at a lower speed than that of 
a monoplane turbine. The effective airflow incidence to the upstream rotor can be reduced 
and correspondingly the airflow incidence to the downstream rotor increased by pre-setting 
the blades at an incidence to the plane of rotation. (18) Such a configuration can increase the 
turbine efficiency as shown in Fig. 3lb. 

The effects on flow velocities of introducing guide vanes for a biplane rotor designed for 
certain maximum flow rate and the same turbine tip speed are illustrated in Fig. 31a. The 
velocity triangles shown here are for a rotor with symmetrical inlet and outlet guide vanes 
with absolute w,~locities between the planes axial. With guide vanes designed in this way the 
downstream rol:or (plane 2) would behave like a monoplane rotor with the swirl taken out 
by the outlet gufide vanes and therefore would have relatively high aerodynamic efficiency. 
In addition to this the inlet guide vanes would produce relatively greater flow incidence to 
the upstream retor (plane 1). This has the effect of increasing the aerodynamic efficiency but 
advancing the stall on the blades in that plane. The reduced relative velocities will produce 
a relatively lower pressure drop and therefore lead to a mismatch between the turbine and 
the device. A solution to these problems would be to operate the turbine at relatively larger 
speeds to compensate for the above effects. Figure 32b illustrates the effect of increase in 
turbine speed of a rotor with guide vanes to a level where the relative velocity of airflow is 
the same as that for a biplane rotor without guide vanes. It can be observed from Fig. 32 
that a biplane Wells turbine running at a relatively larger speed can operate at the same stall 
angle and produce the same pressure drop as that of a biplane turbine without guide vanes. 
It also has the advantage of reduced kinetic energy losses at the exit. 

5.2. THE PERFORMANCE OF A BIPLANE WELLS TURBINE 

Although there are some experimental data available from the Islay biplane Wells turbine 
tests there are no data available for a medium- or large-scale turbine under controlled 
conditions. The: understanding of the performance of biplane Wells turbine described in the 
following sections are primarily based on small-scale experiments, available data from the 
Islay turbine and predictions342) In predicting the performance of a biplane Wells turbine it 
is assumed that the gap-to-chord ratio between the planes is sufficiently large that the 
primary factor controlling the performance of the downstream plane is the deflection of air 
produced by the upstream plane. It is assumed that the radial equilibrium for pressure exists 
for both planes and the blade elements stalls at an incidence of 15 ° . 

The results of the prediction for pressure drop p* and efficiency r/ are compared for 
a small-scale b:iplane Wells turbine in Fig. 33. The comparison shown here is for a Wells 
turbine 0.2 m in diameter running at 5000 rpm. The turbine had 4 blades, (NACA 0021 
profile) in each row and at a solidity of 0.5 per plane. The pressure drop shown (Fig. 33a) is 
the average pressure drop per plane and the efficiency (Fig. 33b) is the total rotor aero- 
dynamic efficiency. It is observed from these figures that the agreement between prediction 
and experiments is good considering errors involved in small-scale measurements. 

The Islay Wells turbine has the following specifications: tip diameter D t = 1.2 m, hub- 
to-tip ratio h --: 0.62, blade profile NACA 0012, blade chord c = 0.4 m, number of blades 
per plane N = 4, speed n = 1500 rpm, Gap to chord ratio G/c ~ 1.0. Predictions for this 
turbine are giw;n in Figs 34 and 35. Predictions are compared with the Islay tests in Fig. 36. 

Figure 34a shows the variation of efficiency ~/with flow rate ~b for planes 1 and 2. It is 
observed that plane 1 produces a much higher peak efficiency (80%) but stalls earlier when 
compared with the results of plane 2 which has a peak efficiency of 60%, consistent with 
earlier discussions on biplane turbine without guide vanes. The variation of non-dimen- 
sional pressure: drop p* with ~b for the two planes are shown in Fig. 34b. The p* - tk 
relationships are linear for both the planes but plane 2 produces about a 50% higher 
pressure drop than plane 1. This is due to the occurrence of larger relative velocities and 
Mach number,; for the blades in plane 2. 

The variations with radius of circulation ~ normalised with respect to the value at the 
turbine mean radius are shown in Fig. 34c. The variation of circulation with radius at the 
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exit of plane 1 iCS small, within _ 5%, indicating that the vortex shedding of the blades is 
negligible and tlhe work done is virtually invariant with the radius for the blades in plane 1. 
The variation of 7 with radius for plane 2 is somewhat larger ( +__ 15%) and therefore the 
blades in plane 2 do produce a certain amount of vortex shedding which may be detrimental 
to the overall efficiency of the turbine. Figure 34d shows the variation of non-dimensional 
total energy drop P* with radius for the two planes. The variation of P* with radius is 
negligible for plane 1 which isnot the case for plane 2 where it appears that more work is 
done at the tip l:han at the hub. The variations of kinetic energy of airflow KE* with radius 
normalised with respect to the pressure drop (Ap) for the two planes are shown in Fig. 34e. 
The kinetic energy of the airflow at the exit of plane 2 is approximately 35% of the pressure 
drop across that plane. The kinetic energy losses due to swirl are larger at the hub than at 
the tip. Without the guide vanes this exit kinetic energy loss represents an appreciable part 
of the overall energy losses in the turbine. The significant amount of swirl produced can also 
be inferred from Fig. 34f which shows the variation of exit flow angle with radius for planes 
1 and 3. The flow appears to leave the second plane at small angles of between 15 and 20 ° to 
the plane of rotation. 

The effect of adding guide vanes to the same turbine as above but running at a higher 
speed of 2000 q~m (due to reasons given earlier) is shown in Fig. 35. At a speed of 2000 rpm 
the rotor with the guide vanes produced approximately same average flow rate and pressure 
drop as the rotor running at 1500 rpm without guide vanes. In predicting the performance 
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of the rotor with guide vanes, the angle of the guide vane at the inlet fll was set at 35 ° at the 
hub and variation of fll with radius was such that the inlet flow was swirl free. Figure 35a 
shows that guide vanes can significantly improve the efficiency of a biplane turbine. The 
reasons for this improvement have been discussed earlier. With the guide vanes plane 1 
appears to stall at a relatively lower value of t~ = 0.11, But it should be noted that the 
turbine is rotating at a higher speed and the flow rate at which the stall occurs is the same 
for both turbines, with and without guide vanes. The linear pressure drop-flow rate 
behaviour of the turbine is preserved with guide vanes as s ~ n  from Fig. 35b. Plane 2 still 
produces a larger pressure drop when compared to plane 1. The values of p* appear to be 
lower than that of the biplane without guide vanes because of the relatively higher speed of 
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operation. As mentioned earlier the speeds chosen are such that the turbine with and 
without guide vanes produces the same average pressure drop. 

The overall energy drop P* is the same for both plane 1 and plane 2 as can be seen from 
Fig. 35d. The result of the introduction of guide vanes is also to produce relatively lower 
kinetic energy losses (KE*) at the exit of rotor 2 (Fig. 35e). As a fraction of the pressure drop 
the kinetic energy of flow is only 15% compared to 35% for a biplane turbine without guide 
vanes. A part of this kinetic energy can be recovered by the exit guide vanes. The flow angles 
with radius at the entry to the inlet guide vanes (Pl), exit of plane 1 (f12) and entry to exit 
guide vanes ~a) for the biplane rotor with guide vanes are shown in Fig. 35f. The inlet guide 
vane angle was set at 35 ° at hub and varies with radius. For a Wells turbine the exit guide 
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Fig. 34. Prediction of the performance of a medium scale bi-plane Wells turbine without guide vanes D, = 1.2 m. 
n = 1500rpm. (a) Efficiency; (b) pressure drop; (c) radial distribution of circulation at exit planes ~b = 0.14; 
(d) radial distribution of total pressure drop at exit planes ~b = 0.14; (e) radial distribution of kinetic energy at exit 

planes $ = 0.14; (f) Radial distribution of flow angles at exit planes ¢# = 0.14. 

vanes have to be a mirror image of the inlet guide vanes. The figure shows that this is only 
approximately fulfilled for the conditions chosen. The exit and inlet guide vane angles arc 
within 15 ° of each other. It should be mentioned that setting guide vanes with:larger 
deflections of airflow, at the inlet and outlet may lead to large guide vane losses. In order to 
minimise the guide vane losses a symmetrical guide vane system can be designed with 
smaller deflections at the inlet and outlet with intermeMiate guide vanes set between plane 
1 and plane 2. 



1] % 
lOO (a) 

80 

60 

,*0 

20  

0 ~ 
0 0.02 

Wave energy conversion 

* cp oo~P 
, oO° 

0 
,o 
o 

I I I I I 

0.04 0.06 0.08 0.1 0.12 

PLANE 1 

PLANE 2 
@ 

I 

0.14. 

375 

p~ 
0.2  (b) 

0.15 

0.1 

0.05 

0 

~c~ 

I I 

0.05 O, I 

Fig. 35a, b. 

I 

0.15 0.2 

PLANE 1 
* 

PLANE 2 
O 

A comparison of predictions based on the quasi-steady assumptions with experimental 
data from the device at Islay in Scotland is shown in Fig. 36. Details of this turbine 
generator section (43'59) is shown in Fig. 1. In this device one would expect the airflow 
velocities to vary randomly with time, Details of the experiments and the analysis tech- 
niques are given in Ref. 59. The predictions here are for inlet velocities sampled at 0.2 s 
intervals. Although the trend of predicted values with time for the pressure drop (Fig. 36a), 
efficiency, (Fig. 36b), and power output (Fig. 36c) agree favourably with the experimental 
results there are some significant differences. The predicted values underestimate the 
pressure drops and overestimate the efficiencies and power output. There are many reasons 
for these discrepancies. These include the inadequate modelling of the onset of boundary 
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layer separation on the blades and behaviour of flow once it is separated, three dimensional 
boundary layer effects and errors associated with measurements in a bidirectional and 
random airflows to mention some of them. Further to these, the flow at the entry to the 
turbine was measured to be far from uniform due to inadequate entry length for the turbine 
(Fig. 1). The flow distortion at the inlet was also caused by the butterfly valve in the inlet 
duct. Therefore the predictions could be regarded as only first order accurate. 

6. THE STARTING P E R F O R M A N C E  OF A WELLS TURBINE 

In a wave energy system an important design consideration is the self starting capabilities 
of the turbine. The phenomenon encountered with the Wells turbine, where the turbine 
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accelerates up to a certain speed which is much lower than the running speed for the best 
performance, can be termed crawling t24) and this can be explained by the observation of 
a typical variation of tangential force coefficient C0 with incidence c( for a symmetrical 
aerofoilt3S, 36) fo]" an incidence range :( = 0-90 ° as shown in Fig. 37a. Four distinct regimes 
for Co are noticeable. When the turbine starts from rest, the value of ~ is 90 °. At this 
incidence Co is positive and the turbine starts rotating. If it is assumed that the axial velocity 
at the inlet is constant with radius, then, the incidence angle should decrease as the rotor 
speed increases. The value of Co is positive in regime IV enabling the rotor to keep on 
rotating. The operating regime for the turbine is about a point A close to the stall angle in 
the regime II and in order to move into regime II, the rotor has to pass through regime III 
where the force coefficients are negative. The inability of the rotor to pass through III results 
in the crawling phenomenon. The mean aerodynamic torque coefficient calculated from 
turbine tests (lz' 17,24.,25,52) in a unidirectional flow are shown in Fig. 37b. It is observed 
from this figure that crawling can be virtually eliminated at high rotor solidity where regime 
III becomes insignificant. The reduction in the negative region with an increase in solidity 
has also been confirmed by cascade tests. (35) 

The hub-to-tip ratio also plays an important part in the ability of the turbine to avoid 
crawling. As mentioned earlier for a given turbine speed, the incidence at the hub is 
relatively larger than that at the tip. The relative difference of the incidence angles increases 
with the decrease in the hub-to-tip ratio. Therefore it is conceivable that during the starting 
of the turbine re:~t the blade sections near the hub could be in a regime say IV generating 
a positive torque while the blade sections near the tip are in the regime III with negative 
torque and the blades could be generating a net positive torque. The effects of hub-to-tip 
ratio h and solidity at on the ability to run up to operational speed are shown in Fig. 37c. 
The closed symbols indicate conditions for self starting. It is clear that low values of h and 
high values of tr are needed for self starting. The simulation studies on the Wells turbine (12) 
also confirm these findings. Figure 37d shows the variation of speed 09 normalised with 
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respect to operat ional  speed (41) as a funct ion of the n u m b e r  of cycles from start ing for 
a turb ine  in an oscillating airflow. It  can be observed that  for a high solidity of a = 0.67 the 
turb ine  runs up to full speed within 20 cycles. The turb ine  with a = 0.57 has only a crawling 
speed which is only a fraction of the required operat ional  speed. 
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7. SOME CONCEPTS TO IMPROVE THE PERFORMANCE OF WELLS TURBINE 

The Wells turbine, a l though well suited to energy conversion of the wave energy devices 
based on the principle of  an oscillating water column, has inherent limitations in its 
performance range with regard to flow rate. For  a given turbine speed, at low flow rates 
(small incidences) the turbine absorbs power whereas the max imum flow rate is limited by 
the onset of  stall. In a wave energy device at sea the flow rates do vary over a very wide 
range such that  the turbine may  be operat ing at either small incidence angles or  very large 
incidences over significant periods. The former leads to a considerable reduct ion in the 
overall t ime-averaged efficiency while the latter would mean that  the device would no t  be 
able to convert  all the power available from the wave mot ion  and also, the life span of the 
blades would be reduced. In  the absence of  guide vanes the exit kinetic losses could be 
considerable particularly for a turbine of  high solidity. The turbine can experience hub stall 
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and has tip speed limitations. There could be several ways by which these problems can be 
alleviated. These include: (1) variable speed; (2) variable blade incidence by having a mov- 
able flap (39) or variable pitch (movable blades); <5'47'5°) (3) movable guide vanes; (4) 
by-pass; {47) (5) contra-rotating rotors; ~1' 45) (6) active or passive control of boundary layer 
on the blades; ~44~ (7) boundary layer control on the hub and (8) blade sweep. 

The variable speed turbo generator can be designed either as a variable speed device 
within a cycle with the mean speed varying from cycle to cycle depending on the wave 
amplitudes or as a variable speed machine where the speed is fixed for a group of waves of 
similar amplitude and speed varying from one group to another. 

The movable flap arrangement could consist of a trailing or leading edge flap whose 
incidence is varied within a cycle with the extent of variation depending on the amplitude of 
waves. The advantage of a flap can be observed from results of small-scale experiments ~39) in 
a uni-directional airflow where a series of tests were made with fixed flap angles (Fig. 38). 
The primary effect of a leading edge flap is to increase the operating range for flow rates 
with a small reduction in the peak efficiency. At small flap angles (5 °) the trailing edge of the 
flap is very close to the leading edge of the blade with negligible mass flow in the gap 
between the flap and the blade. The effective geometry is not a streamlined shape and the 
flap has a detrimental effect on the turbine efficiency. The flap is effective for a flap angle of 
typically 20 degrees. Similar beneficial effects can be achieved with trailing edge flaps. 

The concept of variable pitch is illustrated in Fig. 39. The aerofoil blades in a rotor 
are in a fixed position as long as the incidence angle is less than that required for stall, i.e. 
V~ < U sin ~s. If the airflow incidence exceeds this angle, as would be the case with large 
amplitude waves, i.e., V~ > U sin ~s, the aerofoil is pitched in phase with the flow at angle 
~, such that the incidence angle for the blades are always less than stall angle. Figure 40 
shows calculations for a monoplane Wells turbine <47} for which the angle between the 
aerofoil chord line and the plane of rotation is increased in phase with the air flow velocities 
such that the airflow incidence at the hub always remains at 18 °, which was assumed as the 
stall angle for the blades, and the maximum allowable pitch angle ~k is also 18 °. It is seen 
from this figure that the aerodynamic efficiency of the turbine can remain high for a wide 
range of flow ratios and therefore the turbine has a high productivity. A similar advantage 
can be achieved with a pitching trailing edge flap or pitching guide vanes. 

Another method by which the incidence angle to the blades can be controlled is by 
bypassing the airflow when the incidence exceeds the stall angle (Fig. 41). A comparison of 
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the by-pass concept with a variable pitch turbine, (47) for efficiencies (Fig. 42), shows that 
there are no appreciable differences between the two methods. It can be shown that for 
given sea conditions both produce approximately the same power output. 

A high solidity mono plane or a biplane Wells turbine is a simple configuration but has 
large kinetic energy losses due to swirl at the exit. A concept which can virtually eliminate 
the exit losses associated with the swirl is the contra-rotating Wells turbine (Fig. 43) where 
the down stream rotor rotates in opposite to direction that of the upstream rotor. The 
directions of rotation are reversed when the flow direction is reversed. 

Predictions(i, 45) for such a rotor (Fig. 44) indicates that there is considerable improve- 
ment in the overall efficiency when compared to a biplane rotor. 

Passive control methods have been suggested for transonic flows but such a method is 
also applicable to low speed flows. Figure 45 based on computation (44) on a single aerofoil 
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shows that passive boundary layer control with a porous surface and a cavity eliminates 
unsteady separ~.tion on an aerofoil at large incidences and produces a stable lift. This 
concept could be used in conjunction with the concepts based on a moving aerofoil to 
enhance the performance range and life span of the Wells turbine. 

All these methods are, at present time, at a conceptual stage and need detailed experi- 
mental investigz.tions on a large-scale Wells turbine with regards to both improvement in 
performance and cost effectiveness. 

8. C O N C L U D I N G  REMARKS 

Wave energy devices which are currently operational and the ones to be built in Europe 
and elsewhere ttse the concept of an oscillating water-air column for energy conversion. 
A key element in such energy conversion systems is the Wells turbine which rotates in 
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a single direction in a bidirectional airflow. The aerodynamic performance of the Wells 
turbine is reviewed here. The Wells turbine has a linear pressure drop-flow rate character- 
istics which is well suited for wave energy conversion from an oscillating water column. The 
current prediction methods for the performance of a Wells turbine need aerodynamic data 
on aerofoils in a cascade of 90 ° stagger angle. The data available on such a cascade are 
based on either potential flow methods or semiempirical theory which, although only 
accurate to first order, agrees favourably with small-scale experiments. There are discrepan- 
cies between predictions and experiments conducted on a large-scale Wells turbine in 
a wave energy device at sea and this is largely due to experimental errors and scale effects 
which are not fully understood. The way forward for improving the predictions is to exploit 
CFD techniques. 

Of the several parameters which affect the performance of Wells turbine the most 
important one appears to be the turbine blade solidity. It is possible to select a suitable 
solidity to match the turbine with a device for the pressure drop. A large solidity is needed 
for the turbine to be self starting. Self starting may not be an important factor in design and 
a large solidity is detrimental to the performance a solidity of less than 0.5 is recommended 
for design. The pressure drop on a mono plane Wells turbine is limited by the tip speed if the 
transonic flow effects are to be avoided. For  wave energy devices which are designed for 
significantly large pressure amplitudes a multiplane turbine with or without guide vanes can 
be used. A multiplane turbine without guide vanes is less efficient than the one with guide 
vanes but is relatively simple to design and easy to maintain and repair. The performance of 
a biplane Wells turbine is dependent on the gap between the planes. A gap-to-chord ratio 
between the planes of 1.0 is recommended for the design biplane Wells turbine in order to 
achieve high efficiencies in a limited space. 

The performance of a constant speed fixed blade Wells turbine can operate over a certain 
range of flow rates (sea states) and is limited by the onset of stall on the turbine blades,. For  
sea states where significantly large axial velocities are produced in the chamber the turbine 
will experience buffeting which will reduce the life span of blades. A variable pitch turbine or 
a turbine with a bypass with some form of boundary layer control on the blades/hub can 
not only alleviate this problem but would also enable the turbine to generate power under 
a wide range of sea states. 
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