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Theoretical predictions and prototype tests investigate
the use of a unique type of wind turbine to extract
high torque at low rotational speeds. The low solidity
ratio combined with large aerofoil area offer
potential for improved efficiency over existing low
speed wind turbines. Results show favourable
efficiencies at tip speed ratios lessthan 0.5. The high
starting and running torque as well as slow rotation
render the machine suitable (without the need for
gearing) for compressing of air for energy storage
systems, water pumping and other high torque
applications. The slow speed and quiet operation
make the turbine suitable for use in or near
residential areas. Control of the aerofoil tails allows
seamless turbine power output control from zero to a
maximum as well as the ability to fully feather the
aerofoilsin storm conditions.

Nomenclature

machines capable of extracting up to 45C4~ 0.45) of the
kinetic energy of the wind passing through theieptarea
and converting it into electrical energy. Theirimpurpose

is generation of electricity. Their design optiatibn has
been driven by financial pressure to make them st c
effective as possiblen terms of power output versus capital
cost. Most large, modern HAWT’'s have three slender
aerofoils which rotate with a tip speed to wind egpeatio

(1) greater than’s Aerofoil slenderness held advantages in
materials savings and increased efficiency withire t
constraints of structural strength and aerodyndiuiter.

The Darrieus rotor, a vertical axis wind turbineAQ¥T)
has also seen commercial use. They have slendefoé®r
and are capable of power coefficiéhtdose to those of
HAWT’s but suffer from poor starting torque andustiural
complications. Both the HAWT and Darrieus turbines
described are high speed, low torque devices wiigh h
and low solidity and are well suited to driving elécal
generators, often directly coupfetbr efficiency reasons.
Little evidence exists of significant research Igein
conducted since the late "l&entury to optimize slow

Roman turning, high torque wind turbines. The Americamiltin

A aerofoil area (1) blade wind turbine optimized by Thomas Perry fortera

C. coefficient of lift pumping is the last record of significant researciihis

Co power coefficient device is a common sight on South African farmshviis

D rotor diameter (m) numerous curved metal blades arranged in an anriotar

F total lift force per aerofoil (N) It is characterized by high rotor solidity (80%c)elatively

H component of lift perpendicular to wind (N) low 2 (1.9), high starting and running torque ancCgof

M moment arm of lift force (m) approximately 0.15 It was never considered efficient

N rotational speed of rotor (rev/min) enough for electricity generation and hence sawle lit

P mechanical power (W) development after PerryMany developing nations have no

r turbine radius (m) grid “feed in policy” for wind turbine operatdts Operators

u wind speed (m/s) therefore can only make use of the electricity ttiay

Vit velocity vector at aerofoil due to rotation of roto generate when it is available and cannot sell ampliss
(m/s) generated. If, however, a viable means of enetgsage

Viot resultant oV, andU (m/s) could be developed then the surplus energy couldaibzed

w work done (J) as and when it was required. Battery stoféagetilized to a

T torque (Nm) limited extent, however, it is an expensive anddcel

Greek symbols

angle of attack (deg)

density of atmospheric air (kgfin

rotor rotation angle (deg)

lift force direction relative to wind direction (dg
tip speed ratio

»@CD’DQ

1. Introduction
During the past three decades horizontal axis wimbines
(HAWT) have evolved dramaticaflyinto highly efficient
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viable option. Storage of surplus wind energy bated is
also possible by pumping water to higher elevatiand
utilizing its energy via hydro turbingst a later date. This
is obviously limited to areas located near suitabigh
ground. Compression of 3iis also a possible means of
energy storage. The wind turbine requirementswater
pumps and compressors are high torque and reatbl@lv
rotation. The American multi-blade wind turbine wie
therefore be mechanically well suited to the tagk tb the
fact that it could be direct coupled without gegrinsses,
however, it is possible that a device with simitarque and
speed outputs could be developed with impro¥gd

2. Basic Theory

Lift based wind turbines (such as the three desdrdibove)
produce lift from the flow of air over their aerd&(which
are of suitable cross sectich)
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@)

From equation 1 it is evident that an increaseotalt
area would produce a proportional increase in fliftce
which would increase torque and ultimately powetpat
(Total area is the product of aerofoil chord lengihan and
number of aerofoils). It would seem logical thathigh
solidity ratio (such as the American multi-bladebine)

F:CL%pUZA

would yield high output@,) however this is not the case.

The reason for this was determined by Albert Bet2926
and is well explained by quoting Gipe“We must strike a
balance between a rotor that completely stops ihd and
one that allows the wind to pass through unimpeddgitz
demonstrated mathematically that the optimum wastred
when the rotor reduced the wind speed by one thiy.

fitted with a tail as shown in figure 2, which wdulign the
aerofoil with the local relative airflow (RAF) autatically.
To ensure that the aerofoil tails had a stableoris}
tendency once deflected they were hinged at 20 heif
chord length (measured from the leading edge).agmnefoil
tails were controlled by a linkage connected to aanc
follower. The cam follower ran on a cam fixed te ttadial
arms of the wind turbine. The shape of the cam suach
that when viewed from above the aerofoil tails weigde to
deflect clockwise in relation to the main aerofaithe front
semi-circle of rotation and anticlockwise in refatito the
main aerofoil in the rear semi-circle of rotationt was
found that deflection of the aerofoil tails to apgmately

10 in relation to the main aerofoils caused the main

aerofoils to deflect to a similar but opposite @nigl relation

conserving two thirds of the wind’'s momentum aftefo the relative airflow (RAF).

force when at
positive angle

passing through the rotor an optimal quantity af thind
passed through the aerofoils rather than beingeckefl
around them. A rotor disc of high solidity woulduse
most of the wind to pass around it and little egexguld be
extracted from the wind by the aerofoils. Betzauaded by

using a linear momentum theory that the maximum ggow Wwind

that could be extracted by a HAWT was 16/27 of tttel

wind powef. The basis of the wind turbine described in th
remainder of this paper is based on one which has t

combination of large aerofoil area (due to a laohperd
length) and low rotor solidity ratio. This is pdslel due to
the fact that the aerofoils face primarily into tind. An
increase in aerofoil chord length results in liftherease in
solidity ratio. This combination is not possiblethviany
other wind turbines known to be in existence and thee
potential of higher power coefficients in compansto
other lowZ wind turbines.

3. Principle of Operation

Figure 1 shows the test wind turbine, consistingttote
untwisted symmetrical section aerofoils mountedivally
120° apart on radial arms connected to a centadt.sfThe
aerofoils provided equal lift force in the positivend
negative direction due to their symmetrical crosstisn.
The aerofoils were freely pivoted on bearings atheaf
their spanwise ends, positioned at ¥ chord lengéagured
from the leading edge).
controlling force on the symmetrical aerofoils wabube

least if hinged at ¥ chord lendth The aerofoils were each V. =

Figure 1. Test wind turbine
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force when at
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Figure 2: Aerofoil forces

4. Calculations
The test wind turbine had the following specifioas:

Q Aerofoil span 1300 mm
U Aerofoil chord length 400 mm
U Turbine radius 840 mm

At an assumed wind speed of 16 m/s and with0.478 the
rotational speed would be 89.94 rev/min where:
60v

N=——

D )

The peripheral velocity of the aerofoils due toatimn

This position was chosen &ould be 7.65 m/s where:

rot 3)
Figure 3 shows the method used to determine thdtaes
velocity of the RAF over the aerofoil as well ae thirection
and magnitude of the lift force.V, was replaced with
velocity components\, andV,) which were summed with
U to determineV;. Equation 1 was used to calculate the
lift force. The lift force was resolved into compmonts.
Torque was calculated using the product of theftifce
component in the direction and the effective moment arm :

H = F cos@0- ¢) 4)
H =F cos@0+ ¢) ()

The Torque produced would be the horizontal compioofethe
lift force multiplied by the effective moment arm

T =Hrsiné

for the front half

for the rear half

(6)
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y Equations 2-6 were used to calculate the valuéshile 1.
L.
) Angular speed 86.94 | rev/min
N " r 0.84 m
REAR HALF ]
u=16mis \ Vio .6 m/s
Vtot=20.9mis Y 16 m/s
\ Y 0.5
a 10 deg
Vy Vit | RAF | Aerofoil | Torque
HEde 1Y Viot Vit .
I ['1\ O | ycomp | ecomp | total dir angle Nm
1848 0 8 0 24 | 24 0 10 0
| F=15093N 15| 7 2 23 | 23| s 15 41
30 4 23 | 23| 10 20 75
45 5 5 21 | 22| 14 24 97
"y 60 4 7 20 | 21| 18 28 104
75 2 7 18 | 19| 22 32 98
M= 0.7275m tail Pa\'ﬂ"e' to 90 0 8 16 18 26 36 82
105 | -2 7 14 | 16 | 28 38 82
120 | -4 7 12 | 14| 29 39 42
135| 5 5 11 | 12| 27 37 26
1 \ 150 | -7 4 9 | 10| 22 32 14
/N ¥ 165 | -7 2 o | of 13 23 6
180 | -8 0 8 0 10
Figure 3: Dire_c_tion of RAF and forces at 60° turbine 1095 | -7 2 9 9 | .13 23 6
position 210 | 7 -4 9 | 10| 22 -32 14
The orientation of the aerofoils during a full réwon 225 | o5 = 11 12 | -7 =1 20
when running at 87 rev/min and 16 m/s wind speedlavo |-229] -4 all 12 | 14 -29 -39 =2
be as depicted in figure 4. This was determineihgus [ 255 | -2 7 14 | 16 | -28 -38 62
table 1. 270 0 -8 16 18 | -26 -36 82
285 2 7 18 | 19| 22 -32 98
300 4 7 20 | 21| -18 -28 104
315 5 -5 21 | 22| -14 -24 97
330 7 -4 23 | 23| -10 -20 75
345 7 -2 23 | 23 -5 -15 41
360 8 0 24 | 24 0 -10 0

Table 1: RAF velocity and aerofoil orientation

Plotting torque values yielded a symmetrical gragh

FRONT HALF shown in figure 5.

Torque (Nm)

REAR HALF s 8

0 15 30 45 60.0 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360

Rotation angle (degrees)

Figure 5: Torque output from main shaft

The work done by the wind turbine was calculatethgis
equation 7.

Figure 4: Aerofoil orientation
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W=T®@ @)

The area of the graph in figure 6 was equal tontbek done
per half revolution.

104.1

AREA = 170.434

Torque (Nm)

Rotation (radians)

Figure 6: Torque graph area (half revolution)

W = (170.434)2

W =340.86J

At 86.94 rev/min (1.449 rev/s): $

P=493.9W ;%

This would be the theoretical power produced by on ° - = ‘./

aerofoil, neglecting aerofoil drag losses as wall veake
effects between aerofoils. Due to the low solidifythe
device and the lowt the method used should provide
reasonable approximation of power output. The ulaic
tions assume that sufficient resisting torque waslied to
the output shaft to maintain the chosen speed.

5. Test Results

The test wind turbine shown in figure 1 was tesbsd
mounting it on a moving vehicle and driving the ofh at
various speeds thereby simulating various wind dped he
tests were conducted during low ambient wind caolit
thereby simulating the reduced turbulence thattthbine

would experience when mounted on a high mast. T

lowest part of the turbine was positioned at a ledd 2.3 m
above the vehicle to ensure that little or no agnadic
interference occurred between the vehicle and uhgirte.
The test setup allowed data to be logged for perdoice
over a wide range of wind speeds in a relativelyrishpace
of time. Tests were conducted with three diffenesistive
loads applied to the generator. Figures 7,8 adidf@ay the
measured data. Electrical power output was obdaing
using the product of the voltage and amperage mgadi

recorded. Wind speed and rotor speed were alsoded.
A logging interval of 2 s was used throughout.

Electrical power output / wind speed - half electrical load - o.0osx2e
R®=0.8459
160
140 1
120
£ 100 1 21
G 80
: H
x 60 T
. ps .
40 > -
*
20
0 = T T T
4 6 8 10 12 14 16
wind speed (m/s)

Figure 8: Power output at 12.7 Q electrical load

49191

Electrical power output / wind speed - 3/4 electrical load Y R?=0.4917

250

6 8 10 12 14 16 18

wind speed (m/s)

Figure 9: Power output at 6.35 Q electrical load

Figure 10 shows the electrical power output plotted
against.. The maximum electrical powémnutput of 164W
was achieved dt= 0.478.
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Figure 10: Tip speed ratio (A) plotted against power

The combined efficiency of the mechanical gearind a
the electrical generator was determined by removhey

Electrical power output / wind speed - low electrical load y=01920¢%%° turbine from the main shaft and replacing it witdram. A '
R = 0704 cord was wrapped around the drum and a steadyotensi
120 applied by means of a calibrated spring balancehe T
100 applied torque was determined using the produthefope
g 80 = £ tension and the effective drum radius. The efficie
5 60 ! P obtained under conditions which closely matchedlité W
S 4 — — maximum condition was 20 %. Correcting the oufpaver
20 . = to obtain the actual power in the main shaft:
0 | | 164
6 8 10 12 14 16 18 Pyatt =——=
wind speed (m/s) 0.2
Figure 7: Power output at 25.4 Q electrical load Pear =820V
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6. Conclusion
The maximum power coefficielitachieved during testing
ina 16 m/s wind was:

_ Pt 8
C,= (8)
wind
_ Pman
CeEt
3
—pU°.A
2
_ 820
C, = 1
5 (1.208(16%)(2.1849)
C, =01517
06
Test wind
turbine .
Ideal efficiency for propeller-
0.5 type windmills (Betz limit)
o
O 04r High-speedtwo-blade type
-
5 American multiblade type
&
E 03|
o
= Savonius rotor \ Darrieus rotor
3
o 02
0.1 Dutch four-arm type
| 1 1 L L L J
0 1 2 3 4 5 6 7
Tip speed ratio A

Figure 11: Power coefficients / 4

The power coefficients of various types of windbines are
shown in figure 11 as well as that of the test winbine.
The performance obtained was very similar to theeAoan
multi-blade type but at a lowel. The potential exists to

improve the G over that obtained by means of further

experimentation and research, particularly withardgo the
optimum aerofoil aspect ratio.
arrangement of a compressed air energy storagensyst
which should be ideally suited to the wind turbdescribed
in this research.

VAWT

Variable
d}snlacement Electrical
air motor generator

Variable
displacement
air compressor

control unit
power on

D -~ demand

UNDERGROUND
AIR

RECEIVER

Figure 12: Compressed air energy storage system
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