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In order to draw a comparison between different types of
WEC rotor systems it is convenient to compile a list of all
the demands of such systems for all installation sites. This
list which does not constitute a valuation, contains the
following demands:

- simplest handling of the plant without special training
of the user

- long operational life (20 to 30 years) with few maintenance
intervals

- resistance of the components against all climatological
conditions such as heat, cold, dryness, atmospheric
humidity, salt air, rain, snow, icing up, rime, lightning
and quicksand

- output at Tow wind velocity

- simplest construction design with easi!yrexchangeable
components (module groups)

- divisibility of the plant with regard to size and weight
for the purpose of transporting the module groups

- low capital and operating costs.

The above demands require exact knowledge of construction
design, as shown in a simple example.

A motor car with a mileage performance of 200,000 km has
had an operation period of approximately 4000 to 5000 hours.
During this time the car was frequently in the workshop and
the driver was permanently present to help with breakdowns.
WEC must be in full action approximately 7,000 hours in a
single year and should run, more or less, unattended.

A WEC consists of the following main components or module
groups:
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rotor (rotor blades, pitch control, wind direction
control, controlling mechanism)

gear unit (cogwheel, single-stage or multistage, chain
drive, tooth belt drive)

generator (direct current-, alternating current-, syn-
chronous- or asynchronous electrical machines)

tower (steel, reinforced concrete, self-supporting or
guyed, divisible or single part)

For a comparative examination we assume that the energy
from the wind will be transformed into electrical energy to
drive a water pump and also offer electricity for other
purposes. The comparison is to be made between four rotor
systems:

free running turbine with horizontal axis (HAC)
shrouded propeller (aerogenerator) (SA)
SAVONIUS rotor (SR)
vertical axis turbine (VAC)

Before starting the comparison, further, fundamental re-
marks must be made. The design of an optimal WEC has to
fulfil three important qualifications:

high velocity ratio (this is the ratio of blade tip veloci-
ty u to wind velocity v, calledA)

high aerodynamic efficiency (according to BETZ (1926) the
free running turbine can only extract 60 per cent from the
energy of the air flow)

minimal expense in material,

At a given wind velocity v the swept area A of the sys-
tem will determine the wind volume per unit of time. There-
by the fraction of the whole energy containing the air flow,
which is changed first into mechanical rotating energy and
then into electricity, is fixed. High velocity ratio re-
duces decisively the expense for the energy transformation.
Of first order for the design of WEC is a radical struc-
tural emaciation. Only then can an optimal economic con-
figuration be obtained.
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The Horizontal Axis Converter (HAC)

Prof. Hiitter of the FWE (Forschungsinstitut Windenergie-
technik) has much experience with this type of wind energy
converter. In the early 1950's Prof. Hiitter developed in the
ALLGAIER-WERKE, Uhingen, Germany, a standard unit with a
pitch-controlled three- and later just two-blade high tip
speed ratio rotor. This high-speed converter, including in
one block rotorhub, gear, generator and an automatic system
to position the rotor perpendicular to the wind direction,
has been adjusted to a tubular tower. High—speed converters
are plants where the ratio of tip speed u to wind velocity v
is higher than 3.5. The speed of the ALLGAIER WEC could be
accurately kept at a constant rate, regardless of wind
velocity, by means of a flyball governor. Provided that a
sufficiently strong wind blew, the generator voltage of 220/
380 volts was so accurately maintained that directly con-
nected bulbs burned without flickering. This speed governor
also reliably limited the wind pressure on the rotating
wheel to the maximum value of 250 kg. (Figures 1, 2 and 3)

Thus the plant was safely protected against storms and
could be left unattended even in heavy storms. The velocity
of the blade tips was higher than during heavy storms.

The tower built with a safety of ten and securely anchored
to the foundation was subjected to minor stress only.

The starting of the ALLGAIER WEC was extremely easy due to
the carefully shaped metal blades with their automatic ad-
justment to highest starting torque when the plant was at a
standstill. The plant operated in very low winds up to
2.5 m/s.

The automatic shifting of the wheel was achieved by means
of a small side governor wheel which, through its high gear
ratio with single-step back gearing and self-locking, amply-
dimensioned worm, could turn the entire head smoothly and
gradually into the wind, In this manner the use of vanes
mounted on long arms, causing the wheel to swing and vibrate
when subjected to gusty winds, was eliminated. Therefore a
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Figure 1 ALLGAIER wind energy con-
verter WE 10, System Dr. Figure 2 ALLGAIER 3-blade wind

Hitter. Composite blades energy converter



Figure 3 ALLGAIER wind energy converter
WE 10/6KW power unit
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much longer service life of the plant was assured.

The ALLGAIER WEC generated a three-phase current of 220/
380 volts and was equipped with a 3, 6 or 8 kW synchronous
generator. Full output of the generator was obtained in a
moderate breeze at wind velocity 6 to 7.5 m/s. The ALLGAIER
WEC could be termed a low-wind converter. This is very im-
portant for all installation sites.

For water supply the water was stored in elevated tanks or
in underground reservoirs. Depending on wind conditions and
total conveying height, and provided that the total amount
of energy produced was used for this purpose, the following
water quantities were available:

Total Conveying Water Depth Quantity Supplied

Height under Ground Level | cub. metres cub. metres
per day per hour

5 1 800 - 1000 33 - 63

10 5 400 - 700 16 - 29
20 1§ 200 - 350 8.5 - 14,5
40 32 100 - 150 4 - 7.5

60 50 60 - 120| 2.5 - 5

Figure 4: Water quantfities available with an ALLGAIER WEC

The total energy of the ALLGAIER WEC amounted to 12,000 to
20,000 kWh per year. A service life of at least 20 years was
guaranteed; with the exception of two o0il changes a year the
plant required no further maintenance.

Some technical data on this WEC:

Diameter of wheel . , . . . . ., ., . . 10 metres

Surface area of wheel . . ., . . . . 4 78 sq. metres

Area of each blade . . . . . + + « + 1.3 sq. metres

Standard height of tower . , . . . . 8.4 metres
(higher towers on request)

Height of platform above ground . 7.2 metres

Standard speed of wheel . . & W E 5. 100 rpm

Speed of generator . ., . . . . . . | 1500 rpm

Power of generator ., , . . . . . . « 7.5 kva = 6 kw

Figure 5: Technical data on the ALLGAIER WEC
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Units of this type have been produced in small quantities
and delivered mainly for the energy supply of farms in 12
countries of four continents in the world. (Figures 6, 7
and 8) (1)

For the comparison of the different rotor systems we
chose a WEC of this conventional type. All the experiences
made in two decades are taken into account. The comparative
converter has a horizontal axis and a pitch-controlled two-
blade high-speed rotor. [t uses a generator with 1500 rpm,
which means that a gear unit with a gear ratio of 1:15 must
be connected to the rotor shaft, because the rotor shaft
has, regardless of all wind velocities, a constant rate of
revolutions equal to 100.

The technical data on this two-blade rotor are:

rotor diameter D 11.28 m
HAC 2 2
swept area A“ac 0.785 Duac 100.0 lz
area of each blade r.‘h‘c 1.6 m
2
area of blade Ilntefial rHAc!o.ozs DHAC 3,2 m
depth of profile tyuac 0,25 m
ratio DHAC/"HAC 45
output at 5.6 m/s wind velocity 3.3 KW
output at 7.7 m/s wind velocity(and more) 6.0 KW
power coefficient CpmaxHAC 0.48
at tip speed ratio A . .ac 14 5
area number Py, .= Auuce oo une 48 m
comparison number V,..= Awamm.ch"”c 6.72
rotor rpm, constant 100

rotor tip velocity 60,0 m/s

51

Figure 6 ALLGAIER/HOTTER 6 KW standard unit
on Becker's farm, Gungams,
Southwest Africa, 1951
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Figure 7 ALLGAIER/HOTTER wind energy con-
verter, Africa

Figure 8 ALLGAIER/HOTTER WE 10 Installation
for waterpumping, India 1960
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The power coefficient-characteristic is shown in Figure 9.

Cp.Betz
1 HORIZONTAL AXIS CONVERTER

[ 4 s 12 1% 20
A=ujv

Figure 9: CP - characteristic for a horizontal axis wind
energy converter

The plant is designed in such a manner, that the single
module groups such as rotor, gear unit, generator, and
automatic control unit, are easily separable and inter-
changeable. The single pieces of the tower are dimensioned
so that no one has to handle parts which are too long or too
heavy. This is of utmost importance for assembling, mainte-
nance and transportation. The rotor blades are manufactured
in glass-fibre reinforced plastics (GRP), thus guaranteeing
a virtually unlimited fatigue life. Each rotor blade of
5.64 m length weighs 20 kg and costs, in mass production,
approximately DM 800. This price was investigated by sail-
plane producers and is an empirical value. The price for
the gear unit (1,500/100) is DM 1,800 and for the 6 kW gen-
erator DM 3,760. The tower of the WEC, built of reinforced
concrete, is about 10 m high, weighs 2500 kg, and resists a
horizontal load of 1000 kg acting on the top. Production at
the installation site is possible. In mass production the
cost is DM 1,100 per unit. If we use a steel tube as a tow-
er with the same loading, the weight is only 550 kg, but the
price scales up to DM 1,500. With this rough calculation of
costs, a horizontal axis converter could be mass-produced
for between DM 15,000 and 18,000. The specific price per kW
would be, therefore, approximately DM 2,500 to 3,000.
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Shrouded Propeller (Aerogenerator) (SA)

(Figure 10: Artist's impression of a shrouded propeller)

An idea which is continually appearing is to encase tur-
bines with a large tube to extract from the airflow a higher
performance per unit area of the rotor. (2) The equation
found by BETZ explains the performance of a free-running
turbine in terms of the axial momentum loss of the airflow.
Radial forces are neglected, an assumption which is per-
mitted for the free-running turbine. The shroud profile
produces an additional circulation around the shroud, in-
ducing a supplementary velocity in the rotating area. These
vortices also cause a higher flow rate.

If we choose the right airfoil section for the shroud, we
can extract more than twice as much energy from the airflow
as from a free-running turbine. Certainly these profiles are
sensitive to flow separation. Detailed examinations in this
field of research were made by Ozer IGRA in March 1975. (3)
In these experimental tests the rotor was simulated by a
sieve. The simple shroud with an airfoil NACA 4412 had a
rotor diameter of 64 per cent of the maximal diameter and
its length was 1,449 times the diameter. The maximum power
coefficient, related to the throat of the shroud, reached
the value of 1,156.
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The equivalent data for the shroud propeller, built of
the same area of material as the HAC (3.2 mz). are:

diameter of shroud Do 0,84 m
diameter of throat DSAnl.n 0,54 m
length of shroud ISA 1,22 -2
swept area of rotor Asmm 0,23 n2
swept area of shroud ASMux 0,55 lll2
area of shroud material F, 3,2 m
output at 5,6 m/s vlnd’lalocl:y 0,027 KW
output at 7,7 m/s ¥ 0,072 KW
output at 10,0 m/s - 0,157 KW
powerfoefficient ComaxsA  Psamin’ 1,156
powerkoefficient Comarhe AsAmax) 0,48

at tip speed ratio lnleA 10,7 :
area number P., = Asat CpmaxSA 0,27 m
comparison number Vg, = M“SA- ComaxsaA 5,14
rotor rpm 2122,0

at rotor tip velocity maximum’ 60,0 m/s

If we want the same output at 5.6 m/s wind velocity as we
obtain from the HAC, the data for a shrouded propeller are:

diameter of shroud Dg, .. 9,38 m
diameter of throat DSMin 6,00 m
length of shroud lsA ::.:l: mz
» m
swept area of rotor lSAInin o mz
swept area of shroud Asmnx .1 %
area of shroud material Fsa 400,77 m
0,64
ratio Dgynyn/Psamax .
output at 5,6 m/s windbelocity 3,3 KW
output at 7,7 m/s windbelocity 8,8 KW
output at 10,0 m/s » 19,3 KW
powercoefficient coo. o0 (Agan. oy 1.:56
powercoefficient CpmaxSA Do e ) 0‘. 8
10,7
at tip speed ratic A_. o) #
rotor rpm 191,0
at rotor tip velocity maximum 60,0 m/s

52

This large shroud would have a surface of material of
400 mz. not including the rotor blades and mounting vanes
for the shroud itself. If we assume that the shroud struc-
ture weighs 8 kglm2 and costs per -Z DM 10, this tube will
cost with a calculated length of 13.6 m DM 32,000. The
weight of this huge apparatus comes to 3,200 kg. To
dimension the tower, the most unfavourable loading case must
be taken into account, that is to say, when the air flows
rectangular to the shroud's axis. Thereby we have a swept
area of 127.5 m2 which is exposed to an assumed wind velocity
of 60 m/s. With a drag coefficient of SR = 0.5 the tower
has to resist a horizontal loading of more than 13 tons. In
comparison, the horizontal loading of the two-blade HAC is

only approximately 1,000 kg with an estimated drag coef-
ficient of 1.5.

If we compare the shrouded propeller with the free running
turbine, we have to refer the power coefficient to the
shroud's largest diameter and not to the throat diameter. In
t?ls case, the redefined power coefficient is SpmaxSA *
¢ pmaxSA ASAulnIASAnax = 0.48. It is obvious that, if we
refer the power coefficient to the largest diameter of the
shroud, the SA works with the same power coefficient as the
HAC. The expense in material for the shrouded propeller
(125 times the area of material for the two-blade HA rotor)
is absolutely beyond discussion. The tower structure has to

sustain more than ten times the horizontal loading of the
HAC.

For completeness it should be said that, with ring-flaps
mounted at the outlet of the shroud, the power coefficient
can be raised up to 1.42 with reference to the throat dia-
meter, but only to 0.165 with reference to the largest dia-
meter (flaps extended). The immense consumption of material
for this design is even less suitable to extract energy
economically from the airflow.

The SAVONIUS Rotor (SR)

In 1929 the Swede SAVONIUS developed a special type of
rotor (4). Two or three vanes are fixed between two end
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plates in such a manner that a slot remains between them.
The rotor axis is vertical. The airflow acts upon the vanes
in such a way that a high pressure area is created on the
concave side and a 1low one on the convex side. It seems
at first as though the SAVONIUS rotor works on the principle
of drag utilization, as for instance, the cup-anemometer.
Exact examinations have shown that the SAVONIUS rotor can
reach a tip speed velocity above unity, because there exists
an additional circular flow which increases the tip speed
velocity.

If the vanes are formed in a special way a power coef-
ficient of CpmaxSR = 0.23 (Figure 11) can be obtained, The
SAVONIUS rotor is a low speed rotor. The construction needs
a large area of material and therefore this rotor is ex-
pensive.

Cp.Cr
: 2 —{__Power |
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A
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Figure 11: cp and ¢ - characteristics of a SAVONIUS rotor
If a SAVONIUS rotor is built with diameter equal to height

and the same area of material is used as for the two-blade HAC,

the following data result from the calculation:
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diameter equal height of SAVONIUS rotor DSR 0,96 m
swept area of SAVONIUS rotor Asn 0.92 mz
area of SAVONIUS vane material Ferv 1,746 m?
area of SAVONIUS end plate material FS.RE 1.448 m?
area of SAVONIUS rotor material Fsr 3,2 mz
output at 5.6 m/s wind velocity 0.022 KW
output at 7.7 m/s ® . 0.057 KW
output at 10,0 m/s ol 0,125 KW
power coefﬂcianl:::m“m‘sR 0.23

at tip speed ratio hm‘xsn 0.85 :
area number Psp = ASR' CpmaxSR 0.2 m
comparison number VSR ™ A maxER CPmaxSR 0.196
rotor rpm at 10,0 m/s wind velocity 176.5

at rotor tip velocity 8.5 m/s

A similar SAVONIUS rotor, but with the same output as the
HAC, at a wind velocity of 5.6 m/s, must have these data:

diameter equal height of SAVONIUS rotor D R 11.76 m

swept area of SAVONIUS rotor ASR ¥ 138.30 m?
area of SAVONIUS vane material Féllv 260.70 2
area of SAVONIUS end plate material Fém 217.20 n?
area of SAVONIUS rotor material Fsr 477.90 m?
output at 5.6 m/s wind velocity 3.30 KW
output at 7.7 m/s wind velocity B8.57 KW
output at 10.0 m/s - 18,77 KW
power coefficient CpmaxSR 0,23

at tip speed ratio Amaxsn 0.85

rotor rpm at 10 m/s wind velocity 13,8

at rotor tip velocity 8,5 m/s

The weight of the SAVONIUS rotor would ne nearly 3,000 kg
for a metal structure. The price at 8 kg/nz and 10DM/kg
material would be about DM 30,000. This price for the rotor
alone makes this system unsuitable for a converter with this
range of performance. The resulting drag on the rotor in a
heavy storm (60 m/s) at a standstill would be approximately
14.4 tons, assuming a drag coefficient of SR * 0.5 (as for
2 tube). The control of the SAVONIUS rotor is electronic so





















