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SUMMARY
delta-wing blades.

A description is given of a new type of horizontal axis, fixed pitch, wind-turbine employing
Performance data are presented and it is shown that a power coefficient of approxi-

mately 0.4 can be achieved and that maximum torque is generated at zero rotor speed.

NOTATION

CL Lift coefficient based on planform area
Cp Power coeff. = work rate/{%pUi(tz/a)}
CT Torque coeff. = torque/%pUi(ﬁDZ/4)(D/4)
D Overall diameter of rotor

i Surface area of flaps/delta surface area
m Delta surface area/(7D2/4)

Um Blade speed at periphery of rotor

U Wind speed

ul Axial component of welocity at rotor

o Blade incidence angle

NBETZ Betz efficiency = (27/16)Cp

il Power specific tip speed (see section 6)
p Air density

I INTRODUCTION

One way of simplifying wind-turbine-rotor fabrica-
tion is to use flat-plate blade surfaces. It ap-
pears that the most effective form of flat plate
airfoil, over a wide range of incidence angle, is
the sharp-edged delta wing. A disadvantage of del-
ta wings relative to conventional wings is, for a
prescribed lift coefficient, a relatively high drag
coefficient. A horizontal axis wind-turbine incor-
porating delta-wing blades equipped with flap-like
extensions is illustrated diagrammatically in Fig.
I

Recently fairly extensive wind-tunnel testing was
carried out on model delta-wing bladed turbines

Figure 1 Basic arrangement of a delta-wing bladed
wind-turbine rotor
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(Kentfield and Norrie, 1977). This work was aimed
at establishing, at least to a first approximation,
an optimum configuration capable of producing maxi-
mum torque at zero speed and hence particularly
suitable for the direct drive of simple water pumps
etc. It was during the course of this work that the
benefits of flap-like blade extension surfaces, as
depicted in Fig. 1, were demonstrated. The purposes
of the present paper are to report more recently ob-
tained results and to give an indication of the de-
velopment potential of the delta-wing-bladed turbine
(delta-turbine) concept.

2 ROTOR GEOMETRY

The geometry of an individual blade of an eight-
bladed configuration optim!zed during the course of
model tests (Kentfield and Norrie, 1977) is shown,
in a normalized form all dimensions being expressed
as multiples of the rotor diameter D, in Fig. 2 and
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Figure 2 A single blade of an eight bladed rotor
(a) Side view with hub sectioned
(b) Head-on view looking downwind

3. Tigures 2 and 3 are based on the actual engineer-
ing design of a prototype rotor of 3.3 m (130 in)
diameter.

Each blade and integral flap surface of the 3.3 m
(130 in) diameter rotor was made from 1.5 mm (16G)
sheet steel. This component was plug-welded to the
main, or rear, spoke which was located on the



pressure surface of the blade. A combined spoke

fairing and blade stiffener made from 0.75 mm (32G)
sheet steel, was spot welded to the flap and blade
surface and was also plug welded to the main spoke.
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Figure 3 Details of rotor shown in Figure 2
(a) View, towards hub, looking radially on-
to a main spoke
(b) Flat generation of a blade and flap
surface.

The rear spoke was made of thick-walled tubing, the
front spoke was made from mild steel rod. TFor ease
of transportation each spoke was bolted, rather
than welded, to the welded steel hub.

Other methods of construction are, of course, pos—
sible. For example for small rotors plywood can be
used for the blade and flap surfaces. For large
machines the blades can be based on frameworks,
made from structural steel, suitably covered (Kent-
field, 1978).

3 PERFORMANCE

The previously described 3.3 m (130 in) diameter
rotor was aerodynamically tested, using a prony-
brake type dynamometer, in the National Research
Council of Canada 9.2 m x 9.2 m (30 ft x 30 ft) low
speed wind tunnel in Ottawa. These tests served to
confirm the results obtained from the small scale,
394 mm (15.5 in) diameter, model but show that, as
might be expected, the performance of the larger
turbine, which operates at a Reynolds number about
one order of magnitude greater than the model, is
superior. A comparison of the results obtained
from the small scale model and the 3.3 m (130 in)
diameter unit is presented in Fig. 4.

A blockage correction was applied to the results
presented in Fig. 4 for the larger turbine as the
wind-tunnel employed was of the enclosed working-
section type. The results for the small model were
not corrected for blockage as the model turbine
represented only a 57 blockage in an open-jet wind
tunnel. Tt can be seen from Fig. 4 that the maxi-
mum power coefficient obtained with the larger unit
was 0.37, a value which is approximately 20 to 30%
greater than the maximum power coefficients of

0.28 to 0.31 quoted in the literature as applicable
to American mul ti-bladed wind-turbines commonly
used for water pumping duties (Bragg and Schmidt,
1979; Eldridge, 1975).

Other aspects of delta-turbine performance, for
example maximization of output when driving an ir-
rigation pump and also arrangements for overspeed
control, have been considered previously (Kentfield,
1978; Kentfield, 1979).
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Figure 4 Results of wind-tunnel test of a 3.3 mm
(130 in) diameter delta-turbine

4 INFLUENCE OF REYNOLDS NUMBER

An important by-product of wind-tumnel testing ap-
plied to wind-turbines is the quantification of the
influence of Reynolds number on machine performance.
For the case of the delta-turbine no prior data were
available to serve as a guide to formulating a sat-
isfactory Reynolds number correlation. Information
relating to a Reynolds number effect can be deduced
from Fig. 4 but this merely relates to the two sizes
of machine tested. The problem is further compli-
cated because the wind-tumnel normally available to
the writer only permits tests to be conducted at low
Reynolds numbers.

In an attempt to resolve this matter tests were car-
ried out on a single, flat-plate, sharp-edged delta-
wing at low Reynolds number. The aspect ratio of
the model wing was chosen to be 2.0 as data were
available in the literature (Hoerner and Borst,
1975) for a similar wing operating at a Reynolds
number, based on mean chord,of 3 x 106. The results
of tests conducted by the writer at a Reynolds num-
ber of 9.8 x 104 are compared with those applicable
to a Reynolds number of 3 x 108 in Fig. 5. It can
be seen that the lift curve slope, dCL/da, is in-
creased by approximately 10%. Drag data were not
available for the high Reynolds number case but this
is not viewed as a serious omission for a flat-plate
delta since, to a first approximation ignoring skin
friction, it is easy to show that;drag = 1ift tan a,
hence knowledge of Cj versus a is adequate to allow
the drag to be estimated. It can hence be shown
that the power and torque coefficents are substan-
tially directly proportional to Cr, when all other
parameters are prescribed. The influence of Rey-
nolds number should, therefore, be directly propor-
tional to the variation of Cj with Reynolds number.

Points representing the results displayed in Fig. 5
have been added, as crosses, to Fig. 6 a plot of
maximum power coefficient versus Reynolds number
based on free stream conditions and mean blade chord.
The difference between free-stream and relative
velocity was negligible and was, therefore, ignored
in transposing the results of the single-wing tests
from Fig. 5 to Fig. 6. The cross corresponding to a
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Equation 1 essentially implies that the inflow

Lar Crimax AT 2 velocity defect is directly proportional to the
Y Prop
//,— = product of the blockage, m(l+j), and the square of
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Figure 6 Maximum power coefficient versus Reynolds Upr/ Vo
number

Figure 7 Comparison of predicted and experimental
performances
(a) Without flaps
(b) Flaps lying parallel to rotor disc

Reynolds number of 9.8 x 104 was placed on the
straight line joining the.two turbine based test
points: the second cross for a Reynolds number of
3 x 100 was found to lie on an extension of this
straight line. The lower curve of Fig. 6 indicates
that a power coefficient of about 0.4 should be
achievable with large turbines based on the geome-
try shown in Fig. 2 and 3. A result obtained from
wind-tunriel tests of a small scale "fine-tuned'
version of the turbine contributes the single data
point on the upper curve of Fig. 7 which has been
drawn parallel to the relatively definitive lower
curve.

for slow to medium velocity ratio operating condi-
tions and also it should be possible to obtain an
increase in C, by using a stagger angle greater
than 50° but only by sacrificing the attainment of
maximum torque at zero speed.

S Fine-Adjustment of Rotor Geometry

An experimental "fine-tuning' process was carried
out on the basic blade geometry illustrated in Fig.
2 and 3 in an effort to obtain an improved perfor-
mance without sacrifice of geometric simplicity or
maximum torque at zero rotor speed. The configura-
tion shown in Fig. 8 was finally arrived at after
much experimentation. The main changes are an in-
crease in the aspect ratio of the delta-wing sur-
faces and an increase in flap chord. The latter
change was necessary to maintain maximum torque at
zero speed. The only structural disadvantage is a
slight increase in total blade area relative to the
configuration shown in Fig. 2 and 3 resulting in an
increase of m(1l+j) from 0.55 to 0.60.

5 DEVELOPMENT POTENTIAL

An attempt was made to establish the development
potential of delta-turbines using both theoretical
analysis and experiment.

5. Potential Based on Performance Predictions

Assessments of performance potential were made
utilizing a single-blade based performance predic-
tion procedure described elsewhere (Kentfield and
Norrie, 1977) extended to include an inflow-factor
effect to account for reduction of the free-stream
velocity from U, to U, close to the rotor due to
the rotor. The inflow factor employed, which was
of a semi-empirical nature, took the form:

The corresponding improvements in performance are
displayed in Fig. 9. Presumably the advanced con-
figuration can be expected to respond to changes of
Reynolds number as implied by the upper curve of

Iu all + ) U \2,-1 Fig. 6. This in turn suggests that a power coeffi-
T P.+—Eaﬁgiﬁ%f(iﬁ9 ] (1) cient of 0.4 should be achievable in steady winds of
© o about 7 ms—l (15 mile h™l) with a rotor of about
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Figure 8 Advanced, or refined, rotor geometry

ADVANCED CONFIGURATION ( SEE FIG, 81
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Figure 9 Comparison of performances of original and
advanced versions of model rotors

6 m (20 ft) diameter.
6 COMPARISON WITH OTHER TURBINES

A comparison of the performance of delta-turbines
with common types of wind-turbine on the power coef-
ficient versus velocity ratio plane is available
(Kentfield and Norrie, 1977). An alternative com—
parison on a basis suggested by Bragg and Schmidt
(Bragg and Schmidt, 1979) is presented in Fig. 10.
Here the abscissa is also velocity ratio but

the ordinate is a parameter termed the power speci-
fic speed (II). When Il is referred to the turbine
rotor speed Bragg and Schmidt showed that

I = Cp(UQ/Um)z. The merit of this method of per-
formance comparison relates to the selection of a
turbine based on a desired tip-speed ratio Um/Uw.
For a prescribed value of U /Um the preferred ma-
chine is that which approaches most closely the
dotted curve representing the ideal propeller tur-
bine performance. The chain-dotted line corres-
ponds to a power coefficient of 0.1. A band repre-
sentative of the performance of delta-turbines has
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Figure 10 Wind-turbine performance comparison

been added to the Bragg and Schmidt chart.

7 CONCLUSIONS

A wind-turbine design, identified as a delta-turbine
has been described which has been shown to perform
relatively well, is easy to construct and is par-
ticularly suitable for tasks such as driving irri-
gation pumps, etc.

8 ACKNOWLEDGEMENTS

The writer wishes to acknowledge the financial as-
sistance of the Alberta Department of Energy and
Natural Resources and also the free use of the
National Research Council of Canada 9.2 m x 9.2 m
(30 ft x 30 ft) low speed wind-tunnel.

9 REFERENCES

BRAGG, G.M. and SCHMIDT, W.L. (1979). Performance
matching and optimization of wind powered water
pumping systems. Energy Conversion, Vol. 19, pp.
33-39.

ELDRIDGE, F.R. (1975). Wind machines. National
Science Foundation. Report prepared for Research
for National Needs (RANN).

HOERNER, S.F. and BORST, H.V. (1975). Fluid-dyna-

mic 1lift. Hoerner Fluid Dynamics, Brick Town, #.J.,
U.5.A.

KENTFIELD, J.A.C. and NORRIE, D.H. (1978). An axial-
flow wind-turbine with delta-wing blades. Hemis-—

phere Publishing Corp., Proceedings, lst Miami In-

ternational Conference on Alternative Energy Sources,
Vol. 4, pp. 1615-1645.

KENTFIELD, J.A.C. (1978). A delta-wing bladed, hor-
izontal axis, wind-turbine for driving an irrigation
Pump. Proc. lst Brasillian Energy Congress, Rio de
Janerio, Vol. C, pp. 980-993.

KENTFIELD, J.A.C. (1979). The characteristics of
two, simple, automatic speed-control devices for
horizontal axis wind-turbines. Presented at 2nd
Miami International Conference on Alternative Energy

Sources, Miami, Florida.

430



