SUMMARY

An aifscrew windmill has been designed for use in the north east
trade wind regime of the Caribbean, which is shown to be particularly
favourable for agricultural irrigation purposes.

The high-speed fixed-pitch airscrew incorporates the most
recent aerodynamic theory and is .manufactured .from fibre-glass rein-
forced epoxy resin. To compete with conventional prime movers. high
efficiency, low cost and long life are maintained by the use of standard
industrial and automotive transmission components.

The strength of the blades and supporting structure has been
confirmed by structural proof tests. Field tests, in which the wind-
mill was connected to a standard deep-well turbine pump for.sprink1er
irrigation, have been made to determine the aerodynamicuintegrity

of the airscrew design.

The detailed performance characteristics obtained .over an
extended operating range provide a guide for wind pumping perform-
ance prediction purposes in water resource development programmes

in the GCaribbean and elscwhere.
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SUMMARY

An airscrew windmill has been designed for use in the north east
trade wind regime of the Caribbean, which is shown to be particularly
favourable for agricultural irrigation purposes.

The high-speed fixed-pitch airscrew incorporates the most
recent aerodynamic theory and is manufactured from fibre-glass rein-
forced epoxy resin, To compete with conventional prime movers high.
efficiency, low cost and long life are maintained by the use of standard
industrial and automotive transmission components.

The strength of the blades and supporting structure has been
confirmed by structural proof tests. Field tests, in which the wind-
mill was connected to a standard deep-well turbine pump for sprinkler
irrigation, have been made to determine thg aerodynamic integrity
of the airscrew design.

The detailed performance characteristics obtained .over an
extended operating range provide a guide for wind pumping perform-
ance prediction purposes in water resource development programmes

in the Caribbean and elsewhere.
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RESUME

Une éolienne a été congue pour @tre utilisée en fonction
des vents alizés du nord-est pour fins d'irrigation aux Antilles.

L'hélice est du type & pales fixes et & haute vitesse de
rotation. Sa conception est basée sur les théories aérodynamiques
les plus récentes et elle est fabriquée en fibre de verre renforcé
d'une résine époxy. Afin de pouvoir faire concurrence aux autres
formes conventionnelles d'énergie, le mécanisme de transmission
utilise les éléments d'une transmission de camion.

La résistance des pales de 1'hélice et de la tour qui la
supporte a fait 1'dbjet de maints essais. Des épreuves sur le champ,
alors que 1' éolienne était raccordée 3 une pompe 3 turbine pour puits
profonds utilisée pour fins d'irrigation, ont été effectuées afin de
vérifier le rendement actuel de 1l'éolienne.

La performance obtenue sous différents régimes €oliens sert de
guide & l'utilisation de cette machine lors du développement des res-

sources hydrauliques aux Antilles et ailleurs.
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THE DESIGN DEVELOPMENT AND TESTING OF A

LOW-COST 10 HP WINDMILL PRIME MOVER

1. INTRODUCTION

1. 1. General Design Requirements

In many parts of the world, especially in small communities
in isolated rural areas, development is often limited by the cost of
conventional sources of power for water lifting and the production of
fresh water, Golding (1). Often the pumping power requirement can be
met by the use of a prime mover such as a diesel engine or electric
motdr producing about 10 horsepower. However, the diesel engine has
certain disadvantages as a prime mover in developing areas where the
recurrent costs of maintenance, fuel and lubricant are high and where
there is generally a lack of sufficient qualified technicians. These
limiting factors often imply that the supply of electricity is both
expensive and unreliable. A close study by Ward (2) of alternative
energy sources shows that in many areas special local conditions
can often combine to make the use of a locally available source of
energy, such as the sun or wind, technically feasible and economic-
ally competitive with more conventional sources of power. 1In certain
areas the utilization of wind power can be regarded as a relatively
convenient indirect use of solar energy.

The two inherent characteristics which dominate the problem
of wind power utilization are the low density of air - about 800 times

less dense than water - and the unpredictability of wind. Vadot (3)



states that this implies that wind machines must be of a relatively
large size for a given powef'capacity, making design economy of major
importance since, althodéh wind is freely availgble, the cost of gen-
erating useful power depends very much on the cost of the machine,
its maintenance and its life. Also, wind power is umsuited to the
supply of firm power for general purposes unless arrangements are
made for energy storage. This is an expensive business, so Fhat the
most acceptable types of utilization in agriculture are those adapt-
able to the irregularity of energy production. “Among such loads
capable of being met in this way are water pumping and desalination,
certain types of agricultural processing and cmall scale electricity
generation. Caribbean, English, Dutch, Danish and Russian windmills
(4,5,6,7,8) provide evidence of these traditional uses of wind power
and illustrate the potential for development when appropriate condi-
tions exist, At certain sites in many developing areas of the world
favourable conditions for wind power utilization exist,Tagg (9),
provided that the initial cost of the wind machine is sufficiently
low, Lawand (10).

In order to compete with conventional sources of power a
windmill should therefore be designed to be built as cheaply and
simply as possible, consistent with strength and reliability, work
at maximum efficiency and, if possible, be located to take advantage
of local topography in order to make maximum use of the wind power
available. In an effort to satisfy these requirements and meet the
need for a rugged 10 hp power source for developing areas with suit-~

able wind regimes, a low-cost windmill which makes use of recent



aerodynamic theory and modern materials has been designed, constructed

and cested.

1. 2 . Prototype Brace Airscrew Windmill Pumping System

The prototype airscrew windmill, Fig. 1, has been designed
primarily for use in the north east trade wind regime of the Carib-
bean which is shown to be particularly faVourablg for water lifting
and agricultural irrigation purposes. The fixed-pitch airscrew design
incorporates the most recent aerodynamic theory and high efficiency
is obtained by forming the twisted, variable-chord aerofoil=-section
blade shape from fibre-glass reinforced epoxy resin, a manufacturing
method which gives scope for local production in developing areas at
a later stage. To maintain high efficiency at low cost the shaft drive
down the tower incorporates standard industrial and automotive trans-
mission components, which have long life, require minimal maintenance
and are available cheaply in many countries. Similarly, the support-
ing structure utilizes locally available standard steel sections.

The strengths of the blades and supporting tower have been
confirmed by structural test and field tests have been made to deter-
mine the aerodynamic integrity of the airscrew design, the detailed
performance characteristics having been obtained over an extended
operating range. For the purposes of these tests the windmill was
connected to a commercially available deep-well turbine-type pump
for agricultural irrigation in a cooperative programme with the Barbados
government. A technical note by the author (11) _gives a brief .outline

of the scheme, and long-term tests to prove the technical and economic



reliability of operation of the windmill as a power source for sprinkler
irrigation water pumping are described by Ionson (20). The results of
these complementary research projects provide a guide for wind turbine
design and performance prediction purposes in water resource develop-

ment programmes in the Caribbean and elsewhere.

1. 3. Extension Programme

The basic design, with several pump and load options, and
detail revisions for batch production in Canada, is intended to power
demonstration wind-pumping water development projects in chronic-need
locations, financial aid being provided by a funding agency such as
Canadian International Development Agency (12). In the next stage of
development such windmills will be manufactured and assembled locally
in small agricultural engineering workshops, initial capital and tech-
nical assistance being provided by an appropriate agency. In the
Caribbean such an embryo specialist agricultural machine industry
would be based on the immediate local demand for low-cost power and
on export opportunities for wind turbines in Central and South America
(13). A design study of a version of the basic design suitable for

temperate and arctic wind regimes is at present underway.



2. RATED AND DESIGN WIND SPEEDS FOR THE CARIBBEAN TRADE WIND REGIME

2. 1. General

The towers of the old Dutch-type sugar cane crushing mills
in several of the Windward and Leeward islands, such as Barbados,
Fig. 2, Nevis and Antigua provide ample evidence of the prosperity
of the windmill era of the 18th and 19th centuries before the intro-
duction of steam power led to the eventual decline of the old cane
mills during the first half of the present century. The turn of the
century marked the introduction of the multi-bladed wind pump for
water lifting, replacing the traditional windmill used to pump water for
the estates and sugar factories, Fig. 3.

Slow running wind wheels are a familiar feature of the West
Indian landscape and commonly used for domestic water lifting, over-
head irrigation of small vegetable plots and for stock watering.
Such windmills, typically 8 to 16 feet in diameter and coupled to deep
well piston pumps, are characterized by a rugged reliability., With a
high starting torque they provide relatively low but fairly firm
power in gentle breezes of about 5 to 15 mph, with corresponding low
overall efficiency at high windspeeds. Although fan mills are no
longer manufactured in Canada, they are still made in the U. K. and the
U. S. A. Their design, performance and economics have been thoroughly
analyzed by Golding (1l4) and Vadot (15).

In the past few years realatively high-speed small-scale
airscrew windmills of about 1 kw capacity have been used for the gen-

eration of low-cost electrical power in isolated areas. More recently



larger higher=powered three-bladed airscrew windmills have been iﬁtro-
duced such as the Russian designed 15 kw Sokol machine in Cuba and the
Brace 10 hp airscrew windmill pumping system in Barbados. These larger
machines run at high speed to drive machines with relatively low torque,
and high shaft-speed requirements, with a minimum of step=-up .gearing.
They have a much larger scale, higher efficiency and greater capacity
than the conventional water pumping wind wheel, and in contrast they
are designed to utilize the upper part of the wind power spectrum

and work at optimum overall efficiency. The justication fﬁr the
choice of rated wind speed and the more critical design wind speed for

such wind energy converters is outlined in the following historical and

climatological reviews.

2. 2. Molinological Basis for Rated Wind speed

2. 2. 1. Georgraphy of Barbados

Barbados is a small West Indian island, Fig. 4, where the main
industries are sugar, rum. and tourism, The coral island is pear
shaped, about 24 miles long and 18 miles wide, with a variety of
scenery rangingvfrom the hilly Scotland district in the north-east to
low rolling countryside reminiscent of msouthern. England around Bridge-
town, the capital, in the south-west. The maxim;m elévation is 1,100
feet and about oné third of the area is a smooth upland plateau above
600 feet. Tilting and erosion have given rise to a scarp ridge around
the Scotland district, a rugged east coast pounded by Atlantic rollers
and fine coral sand beaches with relatively calm seas on the Caribbean
west coast== a contrast emphasized by the prevailing north-east

trade winds which provide an equable 80°F climate with inherent air



conditioning. The island is covered with a thick green carpet of
ripening sugar cane cut into a patchwork by the grey asphalt road
system and peppered with old windmill towers, sugar factories and
plantation houses.

In view of its recent windmill tradition the island offers
ideal conditions for wind power plant testing and the evaluation of
wind as a renewable resource in competition with more conventional

sources of power by which wind power has been largely superseded.

2. 2. 2. Barbadian Cane Crushing Windmills

With its favourable topography, dependable wind regime and
the independent outlook of the local planter, Barbados remained a
windmill stronghold long after other islands converted to more modern
plant. In particular, the 19th century was a period of intense wind-
mill activity during which millwrighting became a highly developed art.
The last traditional cane crushing windmill to cease production was
Morgan Lewis in 1947, while the Kirton water lifting windmill finally
stopped in 1954, Fig. 1 and 2.

When contemplating the design of modern windmills for the
Caribbean trade wind regime, it is pertinent to consider some design
and performance features of the fraditional Barbadian windmills. Dash
has outlined the evolution of the windmill in Barbados from the intro-
duction of mills with vertical crushing rolls in the second half of the
17th century té the larger horizontal-roll mills, the remains of which
can be seen today and which were the forerunners.of the modern multiple-

roll sugar-factory plant. The height of the coral stone and rubble



windmill towers varied between 50 and 30 feet and the point or sail
length generally varied from about 43 feet to 25 feet; the sail width
being about one fifth of the point length. 1In order to extract more
power, tower height and sail diameter were increased; Drax Hall mill,
with a sail diameter of 93 feet and a tower height of 55 feet, is an
example of the larger 19th century windmills. It is interesting to
note that performance was sometimes inadvertently handicapped by hills
to the east of a mill and that very long points had a tendency to
whip at the ends rendering them liable to damage-—at Alleynedale, sails
had to be shortened and an access mound made to windward, while at
Portland, an excavation was made to allow clearance for lengthened
sails. In general, cléar, unobstructed sweeps of open country were
required for good performance.

Power was transmitted from the windshaft to the set of three
horizontal cane-crushing rollers by means of a vertical shaft and step-
down crown wheel and pinion pairs at the top and bottom of the tower.
Control was achieved by adjusting the cane load on the rolls and by
turning the points in and out of wind by hand from the ground by means
of a tail-tree projecting from the roundhouse or cap mounted on a collar
at the top of the tower. Braking was achieved by choking the rollers
with cane. The crop season started with the beginning of reaping in
December or January and lasted until the end of the dry season . in June
or early July. There is evidence that mills were used at night although
generally a 12 hour day shift was worked. The design of various com-

ponent parts had to be coordinated strength and weight-wise as



exemplified by high-torque transmission shafting and the static balance
required between sails and tail-tree.

Considering the results obtained by these windmills, Dash (4)
calculates that the average crushing capacity of a good working mill in
a favourable wind was 4 to 5 tons of cane per hour. In order to determine
the horsepower required, Longmuir (16) of Fletcher and Stewart, Derby, a
firm which used to make windmill powered cane crushing plant, suggests

the use of Parr's formula:

IHP = 0.3 . £ . RO'45 . TCH,
where IHP = Input horsepower at tail bar to top roller,
f = Per cent fibre on cane, normal range 11-17 per cent,
R = Number of mill rollers,
TCH = Tons of cane per hour.

Assuming a mean value of fibre on cane to be 14 per cent and a three-
roll mill, IHP = 6.9 TCH; the shaft speed, depending on roller diameter,
would be of the order of 1 xpm, The input power required for a maximum
capacity of 5 TCH is therefore about 34,5 hp. Considering the probab-
ility of incomplete crushing to avoid choking the mill and stalling the
sails, a more general input horsepower requirement might have been 20
to 25 hp.

Considering the class of equipment and the probable poor
operating conditions with respect to lubrication the power-transmission
losses between the points and top roller tail bar would probably have
been quite high. Smith (17) suggests losses of 10 to 15 per cent would

be expected for each pair of bevel gears and approximately 3 per cent




10

per bearing., This would indicate a gearing efficiency of 80 per cent

and a bearing efficiency of 75 per cent, giving a transmission efficiency
of about 60 per cent. The windshaft horsepower required for 5 TCH would
therefore be about 57.5 hp. The larger mills such as Drax Hall, Alley-
nedale and Portland were quite likely capable of meeting this power

requirement, although the average windmill capacity may well have been

somewhat lower, say 30 to 40 hp.

2, 2. 3. Dutch Drainage Mills

The power required by the Barbadian mills appears to be similar
to windshaft-power measurements made on Dutch drainage mills by Von
Baumhauer (1926) and Hoekstra (1929) who, by measuring brakewheél tooth
pressure, found half hourly windshaft powers in the range of 20-50 hp.

The 'Prinsenmolen' Committee has published the records of
these and other thorough field performance tests of Dutch drainage mills
coupled to scoop wheels and Archemedian screw pumps (18). Probably
the most significant of these tests are those carried out on the wind-
mills of the Overwaard drainage district and Havinga's 1931 measurements
(19) of scoop wheel efficiency, which was found to be about 0.50. The
group of eight Overwaard mills were of 28.5 meter (93.5 ft) diameter and
coupled to scoop wheels through step-up gearing of about 1:1.8. During
long-term tests in 1937, it was observed that the millers thought it
advisable to partially furl the sails when the average wind spggd at an
anemometer height of 20 meters exceeded 8.5 m/s (19 mph), a figure which
gives a guide to the maximum acceptable power or rated wind speed. They

preferred to stop the mills when the average wind speed approached 10 m/s
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(22 mph) and dark skies threatened showers with heavy gusts. It was
also considered unsafe to run at an average wind speed greater than 1l
m/s (25 mph), especially at night. The nbrmal operating windshaft speed
varied between limits of 15 and 25 rpm, With an average of about 18 or
19 rpm, and an extremely violent never-ex;eed speed of 30 rpm in squalls.
Further information on the capacity and operating character-
istics of Dutch drainage windmills with scoop wheels is provided by
Stokhuyzen (5) who states that in full sail a mill would generate about
50 hp at between 20 and 22.5 rpm. The maximum rpm was generally limited
by furling to about 25 rpm, above this speed there was a risk of the
mill running away if the water supply failed and the scoop wheel was
unable to load the mill sufficiently. In industrial mills it was
usually possible to increase the load to allow occasional peak powers
of between 75 and 100 hp. Referring to the Beaufort scale (7) it is
concluded that these windmills would start in a gentle to moderate breeze
above 10 mph and were designed to run in moderate to fresh breezes
between 13 and 24 mph, the mean rated wind speed being about 18.5 mph.
Typical operating characteristics of mills with sail span between 75
and 95 feet are quoted by Stokhuyzen and summarized in Table 1.
In 1939 the Prinsenmolen Committee carried out some wind

- gradient measurements at the original Overwaard anemometer site and
found Vg = 0.82 V5 which, assuming a 1/nth power relationship between
wind speed and height, gives n = 6.05. This is more nearly a 1/6th
power relation than a 1/7th and enables the 20 meter wind speed results

of 1937 to be referred to a standard height of 10 méters, Vig = 0.892 VZO"




TABLE 1,

Operating characteristics of Dutch drainage windmills

Characteristic wind speed

Typical limits of

average wind speed

Beaufort scale

of wind force

(approx.)
m/s mph Number Description

Starting or cut-in 5-6 11-13.5 3-4 Gentle-moderate
breeze

Normal operating or rated 8-8.5 18-19 4-5 Moderate-~fresh
breeze

Partial furling or reefing 10 22.5 5 Fresh breeze

Complete furling or bare poles 12 27 6 Strong breeze

Shut down

Miller's discretion

7 Moderate gale

¢l
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for the estimation of the rated wind speed and the effective aerodynamic
efficiency, or power coefficient, of the Overwaard windmills, the 10 meter
rated wind speed then becomes 17 mph. Table 2 shows that the windshaft
power is in the range 25 to 45 hp, and that the mean three-hourly value

of Cpyg is about 0.20. These results are in accord with Von Baumhauer's
full scale and model tests of 1926 and Smeaton's model tests of 1759 cited
by the 'Prinsenmolen' Committee (18). They indicate that in the case of
these mills, variations of wind speed with time tend to balance the vari-
ation of wind speed with height and justify, for power prediction purposes,
the use of steady state efficiencies and hourly mean wind speeds at some
reference height. It is therefore apparent that wind speed should be
referred to rotor centreline height or more conveniently, taken as the
standard meteorological anemometer wind record height of 10 meters, at

least when the centre~line height is within about one meter of the stand-

ard anemometer height.

2. 2. 4. Molinological Rated Wind speed

In order to estimate the rated wind speed of the Barbados cane
mills the similarity of windshaft power and sail scale and geometry
suggests that the aerodynamic efficiency would be the same as that of
the Dutch mills. Taking a power coefficient Cp of 0.2, Drax Hall mill
with a diameter of 93 feet developing 57.5 windshaft hp at an atmos-
pheric density of 0.002285 slugs/ft3, would require a mean rated wind:
speed of about 18.5 mph. This 10 per cent increase over the 17.0 mph
calculated for the Overwaard mills might be considered due to the

relative smoothness of the more favourable trade wind regime, which would




TABLE 2, Performance tests on Dutch drainage windmills, Overwaard, 1937.

No. Run Average Water Estimated WHP Estimated Estimated
time wind speed horsepower wind speed V“3 windshaft power
hrs at 20 m “WHP at 10 m 10 power coefficient

VZOm/S Ylom/s HP CPyo

16 3 8.7 13.3 7.76 0.0285. 44.3 0.183

17 3 7.6 9.8 6.78 0.0316 32.6 0.203

18 3 6.9 7.0 6.15 0.0300 23.3 0.193

19 3 7.5 10.6 6.69 0. 0355 35.2 0.228

Assumptions: V10 = 0.892 VZO’

Scoop wheel efficiency. 0.50,
Transmission efficiency 0.60,
Atmospheric density 0.002378 slugs/ft3,

Sail span 28.5 m (93.5 ft).

71
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allow the Barbadian mills to run very well in moderate and fresh breezes
of the Beaufort scale. Most windmills were in fact bUilt_in.opeﬁ.sit-
uations above 200 feet where the annual average Wihd:sﬁeed would probably
be in the range 12.5 to 15.0 mph, so that the rated wind speed and power
would generally be significantly greater than the annual average wind-
speed and the power corresponding to the average wind speed. At.
exceptionally good sites, such as the scarp rimming the Scotland district
along which the mean annual wind speed approaches 20 mph at Springhead
smaller diameter sails were used for the same power; the strenth of the
materials available, crushing equipment size and capacity and availabil-

ity of cane all being limiting factors.

2. 3. Climatological Basis for Rated and Design Wind Speed

2. 3. 1. General

When designing a modern medium-power wind turbine for inter-
mittent agricultural duties it seems reasonable, in the absence of
more reliable information, to rate the machine on the historical basis
of earlier successful operation. A more rigourous approach to rated wind
speed is through the analysis of relevant climatological data at any
given site. In the case of a standard windmill prime mover to be
used for a variety of loads at different sites the useful power output
will be a function of several variables, such as seasonal wind strength
and frequency and agricultural irrigaﬁion, drainage or processing require-
ments. A design wind speed is therefore introduced at which the prime

mover, driven machine and load are best matched for a particular
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requirement. Generally the overall efficiency of the system will be

at or near a maximum at the design wind speed. With careful load and
component matching and selection a high over-all efficiency can be
maintained over the working wind speed range, although slight reduction
in efficiency is inevitable at the extremes of the range. Analysis

of the seasonal wind power available and its frequency in relation

to the load requirements allows the rated wind speed and design envelope
to be defined and also enables the design wind speed to be selected

for a given application.

2. 3. 2. Barbados Weather

from 1901 to 1960, giving month by month descriptions of the wind and
rainfall patterns to be anticipated‘in this and similar West Indian
islands. Discussing long term climatic changes Lamb (22) points out
that strengths of the trade winds over the last 100 years show a climax
of vigour within the first 40 years of this century, which might be
argued to have retarded the demise of the traditional cane crushing mill
and aided the introduction of the wind wheel water pump in the area.
Reliable long term forecasts zre unavailable, due to a lack of know-
ledge of the radiation absorbing properties of atmospheric pollutants
and other unpredictable man-made changes. It is therefore assumed that
the trends indicated by Skeete are generally applicable to the more
recent data available from such sources as Seawell Airport, Springhéad,
Greenland and the McGill Climatology Programme in Barbados (23).

Skeete classifies the weather of Barbados as '"seasonal" with
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broad divisions into "dry" and "wet' seasons and "cool" and ''warm"
seasons. The cool season normally lasts from December to February
while the warm season varies from year to year, the warmest months being
those with low rainfall and high sunshine. The annual average rainfall
for the island is about 60 inches, 23 per cent of this total falls
during the dry season from the middle of December to the end of May
while 77 per cent falls during the wet season from June to the middle

of December. The annual average wind speed for Codrington, Fig. 5, is
about 10 mph, Table 3. Comparison of mean monthly wind speeds at
Codrington and mean monthly rainfall for the island shows that the dry
season can be regarded as relatively windy, while the wet season is
relatively calm Table 3. The wind power-rainfall ratio is shown graph-
ically in Fig. 7, together with the wind power-rainfall deficit ratio
for the months of February, March, April and May during which irrigation
is most needed. Although this relationship needs refining to take into
account local wind speed, rainfall and evapotranspiration, the March
minimum serves to emphasize that, although wind speed and rainfall are
broadly complementary on a seasonal basis, it is necessary to take
account of the crucial power-deficit month and to maximize the power
available by taking advantage of local topography if at all possible.

A review of the lowest recorded average for each month for the
Codrington 58-year monthly averages shows that the normalized mean March
wind speed of v = 1.14 is relatively reliable. Skeete points out, however,
that from the middle of December to the end of March there are often one or

two short periods of two or three days during which there are calms or
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TABLE 3 Barbados wind speed and rainfall

Sources: Skeete (21), Best (27), Ionson (20).

Dry season month Jan Feb Mar Apr May June
Codrington wind speed (mph) 11.0 11.3 11.6 11.4 11.8 12.6
Annual average = 10.2 mph
Island rainfall (inches) 3.37 2.20 1.93 2.34 3.21 5.41
Annual total = 60.08 inches
Seawell wind speed (mph) 14.4 15.1 14,25 15.6 15.2 16.4
Annual average = 14.0 mph
Seawell rainfall (inches) 2.46 1,86 1.34 1.83 2.73 4.24
Annual total = 48.85 inches
Greenland wind speed (mph) 12.8 12.25 10.0 9.7 15.1 13.7
Annual average 1967 = 11.3 mph -

Greenland rainfall (inches) 2.74 2,00 1.16 2.43 3.12 4,98

Annual total = 60.19 inches

Wet season month July Aug Sept Oct Nov Dec
Codrington wind speed (mph) 11.3 8.8 7.5 7.3 8.1 9.9
58-year period 1903-1960
Island rainfall (inches) 6.26 7.31 7.65 7.89 7.74 4.77
ll4-year period 1847-1960
Seawell wind speed (mph) 15.0 12.75 11.4 12.3 11.8 13.6
10-year period 1953-1962
Seawell rainfall (inches) 5.86 6.00 6.37 6.64 5.61 3,91
25-year period 1943-1967
Greenland wind speed (mph) 13.3 12.5 6.6 8.3 9.7 10.8
l-year period 1967
Greenland rainfall (inches) 6.80 6.07 6. 34 7.16 6.61 4.70

ll-year period 1955-1966
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winds of low velocity and variable direction. This, together with the
inevitable occurrence of below-average monthly wind speed and rainfall,
implies that careful management and provision of emergency auxillary
power input are essential for a viable wind pumping irrigation system.
On exceptional days, the wind speed between 6 a.m. and 6 p.m.
averages 20 to 24 mph and between 6 p.m. and 6 a.m, 15 mph; during these
days gusts of up to 30 mph are experienced. The role of momentum ex-
change in producing such variations in wind speed over a heated island
has been reviewed by Garstang (24) who presents diurnal variations of
sumer wind speed for Seawell, Springhead and Brace; similar variations
are evident in Nevis (25).. The influence of convection on wind frequency
distribution is more pronounced the lower the base wind speed,'as
indicated by the extreme diurnal variation at Piarco Airport, Trinidad
_and evident in the early dry season wind records for the windmill test

site at Greenland, Barbados Fig. 5.

Reviewing Skeete's maximum anticipated wind speeds and pre-

vailing wind directions; Maximum Wind Speeds - Gusts of 35 to 50 mph

are experienced occasionally, while gusts of 50 to 60 mph are infrequent
although hurricane force winds in excess of 100 mph are a distinct
possibility. During hurricane Janet in 1955 wind speeds of 110 mph
were estimated in southern coastal districts of Barbados. Prevailing

Wind Directions - Throughout the dry season, the period from the middle

of December to the end of March, the wind is regularly from approximately
ENE; veering from a NE tendency in January more towards E in March. 1In

April and May the direction is mainly E, shifting frequently to ESE;
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while in June and July the direction usually varies between ENE and

ESE.

2. 3. 3. Annual and Monthly Wind Speeds

In studying wind data in relation to the generation of elec-
tricity by wind power Tagg (9) presents daily, monthly and annual
average wind speeds from a variety of sources for a world wide selec-
tion of stations and emphasizes that considerable care is required in
the assessment of local wind power potential from existing long term
wind records taken from airport and agrometeorological stations. This
is especially true in marginal and developing areas where topography,
building and plant growth often exert a significant influence on wind
records which are in any case not necessarily representative for wind
power prediction purposes at sites where, say, irrigation is required.
The only completely safe and reliable way to eliminate such uncertainty
at a given site is to obtain intensive short term wind records at a
standard anemometer height of 10 meters, or at the proposed airscrew
centreline height, and correlate local wind speed measurements with
synoptic and relatively long term measurements at a nearby reference,
such as an airport weather station.

For Barbados,Fig. 5, Seawell Airport represents a convenient
reference station which has the advantage of being a representative wind
power utilization site. Table 3 gives the mean monthly 10 meter Wind
speed for Seawell taken over a period of 10 years, 1953-62. The results
are derived from spot hourly wind speeds taken throughout 24 hour periods

from a Bendix-Friez Aerovane airscrew type anemometer. ‘Anderson (26)
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suggests that when fairly strong winds and relatively few calms occur
at a station visual estimation of indicated wind speed by an observer
may show a greater monthly total wind mileage than that recorded by a
cup counting or contact: anemometer. No account has been taken of
this when obtaining annual average wind speeds from the Seawell data
(27). Analysis of the l5-year period 1953-67 shows a progressive
decline in annual average wind speed which is particularly marked dur-
ing the last 5-year period, 1963-67, and therefore assumed to be caused
by sheltering of the anemometer due to additional buildings at the air-
port. The 10-year, 1953-62, wind speed of 14 mph, has therefore been
taken as representative of the site, although the more recent data are
probably consistent and can be used for correlation purposes.
Comparison of wind speed and rainfall at Seawell shows that
March is a crucial month, however the relatively low wind speed for
March is at yariance with Codrington when allowance is made for the
relative exposure of Seawéll. This might be attributed to tﬁe layout
of the buildings surrounding the Seawell anemometer site, in which case

a value of v = 1.10 might be more appropriate for the normalized March

monthly wind speed at Seawell.

2. 3. 4. Velocity-Duration and Velocitv-Frequency Distributions

The veloeity~duration or cumulative=-velocity-frequency curves
for a given site give some idea of the regularity of a wind regime. The
characteristic featurés of the trade wind rggime are shown.by the annual

"and monthly velocity-duration curves for Springhead, Barbados, a very

exposed site at 800 feet with an annual wind speed of about 20 mph,
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Figs. 4 and 8. Four-weekly periods have been chosen to represent the
best and worst dry season months and the worst wet season month of 1962.
The latter curve is almost identical to the mean for the year, and Fig. 8
shows that an envelope is defined by the best dry and worst wet monthly
curves. The monthly curves are similar in shape although separated
by a shear displacement. The central portions of the annual distribu-
tion and the monthly distributions have been linearized and, following
Tagg's approach (9), the curves can be analysed by considering each of
the component parts listed in Table 4.

Using a standard FORTRAN polynomial regression subroutine
(28), second and third degree polynomials have been fitted to the
Springhead velocity-duration curves by considering time as the dependent
variable over the component per cent time ranges 0 to 70 and 70 to 100
respectively., This analytical model allows the velocity frequency
curve to be conveniently derived from the nega;ive inverse slope of
the velocity duration curve, a method mentioned by Vadot (15). The
power-frequency curve can be found by multiplying the velocity-frequency
curves by the cube of the velocity, which enables vy the normalized
velocity for maximum power frequency to be obtained by differentiation,
as shown below and in Table 5. The results are similar to those presented
by Betz (32) and indicate that'in a trade wind regime most of the
wind energy is available at only slightly ébove-average wind speeds,
a characteristic which is particularly favourable for efficient, low-

cost wind power utilization by fixed pitch windmills.
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For 04t<£70: t=t (V),
2.
=a + alv + aZV .
dt = a, + 2a,V,
v 1 2
V3dt = 31V3 + 2a V4,
-~ 2
dav
3
dVvdt = 3a1V2 + 8a2V3,
dv dv
V, =—3a
E 3 ;l
2

Viewing the year as a whole, it can be seen from Fig. 8 that
the most frequent wind speeds are distributed in a narrow band about
the mean annual wind speed, with an almost symmetrical distribution of
higher and lower wind speeds about the modal plateau. The velocity
frequency distribution of above-average wind speed for 0t {30 is linear
while the distribution of below-average wind speed for 70t <100 is
parabolic. It is therefore evident that for efficient trade wind power
utilization, the design_wind speed for a particular requirement should
be selected to be at or near the relevant wind speed for maximum power
frequency, always assuming that the frequency is suitable for the load.
By using the polynomial approach the wind power hours between various

velocity limits can easily be obtained analytically by integration as

shown below:

3
For 0t 70: SV dt = 0.25a1V4 + 0.40a2V5

This relationship illustrates how strongly wind power available is

dependent on wind velocity, or site selection, and on number of hours

of operation, or wind velocity range.
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TABLE 4 Trade wind velocity-duration characteristics

Percent time Velocity characteristic Polynomiai
t \ degree .
t = t(V)
0-30 Occasional periods of high wind 2
30-70 Long periods of very steady wind 1 or 2.
70-100 Calms occuring only infrequently 3

TABLE 5. Springhead velocity duration model.

t = t(V) for 0 & & ¢ 70.

Period PplxnomialUCoefficients E
1962 Intercept Regression Coeff. 3all
Year 362.0 -13.98 0.1347 1.2
Max dry month 667.3 -23.46 0.2063
Min dry month 495.3 -20.18 0.2054
Min wet month 351.3 -16.71 0.1985

<

V = 32.5 km per hour




"~ 25

Referring to Table 5.it is noted that the annual velocity
duration curve gives a fair value of Vg = 1.20, which might be used if
more precise monthly data were unavailable. The best dry month value
of VE is 1.31 which can be regarded as the maximum anticipated design
wind speed or used to define v_ the normalized rated wind speed. The
worst dry month value of v is %.14 which can be used to define Vpr @
normalized irrigation design wind speed. This design wind speed occurs
at 30 per cent time which appears ideal for 8.to 12 hour daytime shift
operation of sprinkler irrigation systems bearing in mind the diurnal
variation of wind speed to be expected. The difference between rated
and irrigation design wind speeds suggests that provision for multiple
agricultural loads should be mgde to utilize seasonal peak powers. The
worst wet month might be used to define a year round normalized design
wind speed Voys somewhat less than the annﬁal wind speed for low-power
wind pumping applications utilizing wind wheels for general purpose water
lifting.

It can be assumed as a conservative first approximation that
the Springhead rated and design wind speed ;esults are applicable to
relatively less well exposed but more typical wind power utilization
sites, such as Seawell at 180 feet with a mean annual wind speed of
14 mph. In this case, the maximum dry month -gives a rated wind speed
of about 18.5 mph, in accord with the molinological estimate, while the
minimum dry month gives an irrigation wind speed of about 16 mph. It
is interesting to note here that the rated windshaft power of Russian

windmills, such as the variable pitch, 12 meter (39.4 ft) diameter Sokol
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!
are quoted by Levy (29) at a design wind speed of 7 m/sec (15.7 mph),

which would probably be suitable for Cuba (30) and other Caribbean

islands.

2. 3. 5. Prototype Rated and Design Wind Speeds

The rated wind speed of the prototype windmill has
been selected as 18.5 mph and the 32 ft diameter roter sized to
produce 10 brake horsepower at this wind speed, assuming a combined
aerodynamic and transmission efficiency of 0.30. With a tip-speed
ratio of 6.0 the rated windshaft speed is about 100 rpm,

The test site selected for the prototype windmill at
Greenland Fig. 5, with an annual rainfall of about 60 inches and
an elevation of 50 feet is, sheltered from the sea by a ring of
hills about 200 feet high half a mile eastward of the site. Wind
records for 1967, for which year the annual average wind speed is
about 11.3 mph, indicate that this causes a cut-back in wind speed
so that the site is not ideally suitable. However, it can be
argued that the cut-back Qould be expected to be more severe in
the wet season when low winds would lack penetration. In this case,
the dry season average wind speed of 12.5 mph might be taken as
a basis for design and the irrigation design wind speed would then
be about 14 mph. The design point can be adjusted further to take
account of reliability required and the efficiency characteristics
of the driven machine and its load, although caution is necessary
here since design windshaft power is proportional to the cube of

design wind speed.
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Considering typical potential sites for wind powered
irrigation schemes such as Seawell and Greenland shows that the hourly
mean irrigation design wind speed would be expected to be somewhere .

in the region of 14 to 16 mph. Assuming a local minute to minute

: . gust speed minus lull speed
gustiness factor, average wind speed

, of unity (31), this
means that for maximum power utilization the windmill should be
allowed to operate in instantaneous wind speeds of about 7 to 24 mph.
Allowance should also be made for occasional higher wind speeds
and squalls of about 30 mph (21). This range of operation then enables
virtually the total wind power spectrum to be tappéd to provide
useful shaft power. |

The design wind speed for the airscrew rotor has therefore
been taken as 15 mph and the aerodynamic layout based on a power
coefficient CpD of 0.40, which guarantees a minimum of 5 brake horse-
power at the design point. Normal operation is about this design point,
usually from a minimum continuous running wind speed of 7 mph to an
optional shut-down wind speed of between 24 and 30 mph., The cut-in
wind speed, above which useful power is generated, depends on trans-
mission, pump and load characteristics and would be expected to be
in the range 10 to 12.5 mph, Manual starting is necessary at normal
wind speeds due to the negligible starting torque of the high-speed
fixed-pitch windmill blades. Provision should also be made for
tractor power take-off drive during extended periods of low wind
speed or for emergency use during prolonged periods of drought.

The design and operating envelope is completed by allowing



28

for a stalling gust at 24 mph, normal operation up to 30 mph, and a

100 mph gale with the airscrew stationary. For long thin flexible blades
static proof loading tests tend to give generous safety margins due to
the increase of blade stiffness with shaft speed and load alleviation
due to large aeroelastic deflections in the 100 mph gale case. Flex-

ible blades also have the advantage of absorbing gusts by elastic

recoil followed by gradual dissipation of energy by vibration, Of

these loadingsy the 100 mph gale is the most severe for a fixed pitch
windmill so that provision is made for lowering the mill in case of

hurricane force winds in which flying debris are also a hazard.
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3. WINDMILL PUMPING SYSTEM DESIGN AND CONSTRUCTION

3. 1, Load Matching Technique

The philosphy behind the connection of a suitable load
to a fixed-pitch, variable-speed windmill airscrew is based on the
concept of a wind turbine es a piece of rotodynamic'fluid machinery,
the output of whlch varies roughly as the cube of the shaft speed
when operating at its optimum power coefflc;eht. The 1dea1 load
would have a shett power -speed characteristicuidentical to that
of the windmill airscrew; the two components can‘then be connected
by sultable gearlng so that they both operate in the most efficient
parts of thelr:ranges, regardless-of-wxnd.speed variation over.
. a wide'tangef This is"tmpottant.as the whole assembly has to be
'Adesigned'keeping in mind;thatAthe-shaft speed will be continually
yerying betweeniliﬁits as the wihd speed varies about the design speed.
In order to determine the useful power output from a given
Windmill prime mover the variation with wind speed of the overall
"efficiency of the machine as an energy converter is required. Ideally
~ the overall efficiency should remain as high as possible over an
extehded opereting wind speed range. Often the useful power out-
put, in terms of kilowatt hours,blong term water pumped or water
- horsepower hours is more nearly a linear or parabolic function of wind
speed, rather than a cubic relationship. This is due to variation of
component aerodynamic, transmission and pomp efficiencies with wind
speed and load. This gives rise to useful powet characteristics

well below the theoretical wind power available, especially at starting
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and at cut-in wind speeds. For optimum performance it. is therefore
essential to match airscrew, transmission and pump efficiencies and
load at the design wind speed.

For agricultural irrigation a reservoir and centrifugal
pump connected to a sprinkler irrigation system represents an ideal
load for a fixed-pitch windmill, providing the network can be ad-
justed by altering the number of laterals to suit the wind speed,
either automatically or manually, and accepting a limited pressure
range at the nozzles. The pump is therefore selected to give
the required head at its design point and match the design power
available from the windmill when allowance has been made for
transmission losses of gearing and bearings in the case of a mech-
anical shaft drive. The Qverall gear ratio. then required is

«

obtained from the design point shaft-speed ratio.

Performance tests on windmills coupled to rotodynamic
pumps carried out in 1927 and 1928 by Von Baumhauer and Hoekstra are
cited by the.Prinsenmolen Committee (18). In these tests an improved
Dutch windmill was fitted with three axial flow turbine pumps with
friction couplings;.. however the results were inconclusive due to
the anemometer and water supply difficulties. The results of Hoekstra's
1929 experiments (18) on an axial flow turbine pump driven through
14:1 ratio step-up gearing by a mill with improved sails indicate an
increase in overall efficiency attributed mainly to improved aero-
dynamic efficiency which was partially offset by the low pump efficiency due

to flow friction and fluctuating speed of the turbine.pump. It is
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concluded that in tﬁe case of the Dutch windmills any improvement in
performance with a medium efficiency turbine pump is probably marginal
in view of the initial low transmission efficiency and the additional
gearing required. More recently Vadot (15) has used a high speed
variable pitch airscrew windmill to drive a low lift propeller type
pump for irrigation purposes, but concludes that for optimum efficiency
a variable pitch pump is required.

For pumping at higher lifts, wind powered electrical submersible
deep-well pumps are currently in use for agricultural irrigation in the
Soviet Union, where wind pumping systems using a Mono progressive
cavity screw type pump connected to an airscrew windmill through a
centrifugal clutch have recently been investigated by Levy (29).

It is apparent that appropriately balanced values of aero-
dynamic, transmission and pump efficiency are desirable for a successful
design. Also, although the centrifugal pump is ideally suited to the
present pond-sprinkler irrigation load, Fig. 1,prope11er and simple
rotary positive displacement pumps, such as the Mono or Archemedian
screw, should be considered as potential load options in design studies

for other pumping applications.

3. 2, Windmill Rotor Design

3. 2. 1. General Arrangement

The aerodynamic design of the 32 foot diameter airscrew is
according to Theodorsen's propeller theory and design procedure (33),
taking account of the large wake expansion and relatively high tip-speed

ratio for a windmill rotor. The windmill blade layout, shown in Fig. 9,
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is based on a power coefficient Cp of 0.40 and a tip-speed ratio /A_of

5.95, in order to provide a design load shaft speed N of 2,500 rpm

with an overall gear ratio G of 32:1 at a wind speed of 15 mph. For

low cost and simplicity, the airscrew is of fixed pitch and consists

of three fibre-glass reinforced epoxy resin blades of aerofoil section

NACA 4415 bonded to high tensile steel stub shafts, which are mounted in
lugs in a fabricated steel hub to give a coning angle of 10 degrees. The
airscrew is mounted downwind of the tower at a centre-line height of 30 feet

on the wheel hub of an Austin 5-ton truck rear axle at the top of the

tower, as shown in Fig. 1.

3. 2. 2. Aerodynamic Design Considerations

The choice of a power coefficient Cp of 0.4 at a tip-speed
rati§ of about 6.0 represents a practical compromise between a value for
power coefficient of 0.2 to 0.3 for a slow-running multibladed windmill rotor,
running at a tip-speed ratio of the order of 1.0 or 2.0, and an extremely
high speed airscrew type windmill rotor, with two or three fine, low-drag
blades running at a tip-speed ratio of the order of 10tol5, for which values

of power coefficient might be in the range of 0.4 to 0.5, Hutter (34) and

Levy (29).

Glauert (35) provides an introduction to propeller, windmill -and
fan theory and discusses windmill characteristics in relation to design
requirements, emphasizing that the rotor starting torque has to overcome
internal friction of the system to allow self starting. This is anlessential
feature of the unattended slow running multibpladed windmill which is partic-

ularly suitable for light and variable winds. For a fixed-pitch high-speed

airscrew windmill starting torque is negligible so that, even with the

provision of a centrifugal clutch con't L.iiiiiniiienaeons
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to reduce starting load, manual, auxiliary or grid starting are likely
to be required. Generally, the high speed rotor has the advantage of
requiring less gearing although the friction drag of the blades is
relatively high and the blades are subject to a large centrifugal force
so that careful aerodynamic and structural design are required.

Glauert determines the radial variation of windmill blade
angle and chord for optimum performance by using simple axial momentum
theory to derive an expression for'<rCL to characterize windmill rotor
blade layout as a function of tip-speed ratio. This relationship shows
that for a high-speed windmill bladeat constant lift coefficient C;, the
chord will taper towards the tip so that the solidity o of the rotor
disc will be low, in contrast to the low-speed multi~bladed rotor. A
more precise generalized momentum theory is discussed by Lilley and
Rainbird (36) who use Theodorsen's propeller theory and introduce a
vortex windmill theory in which the mean values of the periodic induced
velocities at the blade elements are considered in relation to ducted
windmill design. The theory indicates the importance of slipstream expansion
in both ducted and free stream windmills. In the present design the tower
height has been taken as 30ft to allow full wake expansion and give reason-
able ground clearance for the 16ft radius blades.

A critical review of the present airscrew design by Nevot (37)
indicates that the blade layout based on Theodorsen's theory compares
well with the predictions of theories due to Lock and Yeatman (38),

Iwasaki (39), Lock (40) and a modified Sabinin theory cited by Nevot. Slight

discrepancies in the predicted induced velocities suggest that, with the
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design geometry and'aerofoil section adapted, the airscrew should run

at a powef coefficient slightly less than 0.4 and at a tip-speed ratio
somewhat greater than 6.0, a result which has been confirmed by field

performance tests.

A significant shortcoming of existing propeller design
theories is their limitation to steady uniform flow, which conditions are
unusual for most windmills. 1In general, the windmill rotor will operate in
a non-uniform, unsteady, turbulent flow within the earth boundary layer,
in which it will be subject to large angles of yaw, distorted inflow and
gusts. In attempting to meet low cost design requirements and achieve
reasonable perforﬁance, some account needs to be taken of the practical
influence of these limiting but often unpredictable atmospheric environ-
mental conditions.

The choice of aerofoil section represents a typical compromise
governed by aerodynamic and structural considerations. At the design
point, a high lift-drag ratio aerofoil section is desirable for high
efficiency, while a high value of section maximum 1lift coefficient and a
gentle stall with a stable, nose-down, pitching moment break is generally
desirable for stable off-design operation. The 15 per cent thick NACA
4415 aerofoil section, Abbot and Von Doenhoff (41), chosen for the blades
satisfies these requirements with a design lift coefficient of about 1.0,
a conservative maximum lift coefficient of 1.275 and ad€quate thickness
for strength.

Considering gust conditions, Hutter (42) allows for variable

pitch operation with normalized gust velicities vp in the range 0.5 to
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1.5, which is equivalent to the gustiness factor of unity previously
assumed to define the minute-to-minute design wind speed envelope for
the present design. For operation of fixed pitch airscrew windmill
blades in unsteady flow, some degree of shaft speed control in gusts can
be achieved by progresssive stalling, a method mentioned by Vadot (15).
Some indication of the anticipated aerodynamic response of the present
blade design to gust conditions is shown in Table 6, which gives the
approximate sharp edged axial gust veldcity to partially stall the air-
screw when operating at the design-point power coefficient and tip-speed
ratio in a steady wind of 24 mph. It is seen that at the design point
normalized gusts Ve greater than 1.25 will tend to stall the blades and
give some smoothing of shaft torque and speed variation. Although

some load relief occurs, as the stalling gust is unlikely to be a step
function, the airscrew has considerable rotational inertia and complete
stalling at the design-point represents a severe blade loading and

large deflection condition. This is only partially covered by the 100
mph gale with airscrew stationary loading case so that the static

proof test loading distribution envelops both loads.

In transient conditions it can be assumed within certain
limits that the inertia of the windmill rotor and brake load tend to give
relatively constant shaft speed so that tip-speed ratio is inversely
proportional to wind speed. This is certainly the case for a constant-
speed variable pitch machine Hutter (42) and is a useful concept for
analyzing the response to wind speed variation of a fixed pitch variable

speed machine, the limiting factors being design lift coefficient,
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TABLE 6 Sharp edged gust speeds for

progressive blade stalling.

Stalled blade Sharp edged Normalized
radius gust speed gust speed
per cent mph Ve
10 30 1.25
70 35 1.50
100 40 1.65

Wind speed 24 mph

C 1.0

L DESIGN

CL mx‘ 1;275
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gustiness and inertia. It is apparent that for efficient operation

of a fixed pitch windmill a nice balance is required at the operating
point between a low lift coefficient with high tip-speed ratio, low |
power coefficient and rapid response to gusts; and a high lift coeffic-
ient with the possibility of incipient stalling and power loss due to
lack of response to normal wind speed variation. TFor a given fixed
pitch blade design, the blade setting angle canvbe adjusted slightly

to take account of local conditions and special load requirements

can be met by the selection of appropriate gearing.

3. 2. 3. Aeroelastic and Structural Considerations.

In the present airscrew design large bending stresses are
avoided by coning the blades 10 degrees down wind to allow the bending
moment due to aerodynamic lift to balance the bending moment due to
centrifugal force. Fung (43) discusses the twisting moment acting on
a blade section due to centrifugal force for the general case in which
aerodynamic centre, elastic axis and centre of mass do not coincide.
For torsional equilibrium of a flexible blade the moment due to centri-
fugal force. should just balance the aerodynamic pitching moment about
the aerodynamic centre. This implies that the blade will not twist if
the design, or ideal, lift coefficient is given by C = %2%923 = 0.6
approximately for NACA 4415. Operating below the ideal lift coefficent
reduces the chance of stalliné and thus raises the flutter speed. The
closeness of the elastic axis, centre of gravity and aerodynamic'centre

generally make normal propeller and helicopter blades inherently strong

against classical flutter. However, some care is required to prevent
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stail’fluttér, with consequent vibration and low fatigue life, by working
at an angle of attack below the stalling angle and ensuring that the
blades do not twist aeroelastically to the stalling angle, at which
flutter starts, by appropriate choice of design lift coefficient,
mass and stiffness distributions. The phenomenon of propeller stall
flutter is characterized by a peculiar buffeting noise, tip weave and
torsional oscillation of the blades. For long thin flexible blades
the natural torsional oscillation frequency is very much higher than
the flexural oscillation frequency and in this case relatively stable
long-period transitional oscillation may dominate the motion. The
blades may therefore tend to induce a stall flutter when vibrating at
their natural flexural frequency, which will be a function of shaft speed,
Ker Wilson (44). It is therefore desirable to build high structural
damping into the blades by the choice of suitable material and construction,
and also to ensure that the transmission system and supporting structure
are capable of absorbing induced and residual vibration without resonance.
In order to achieve a high tip-speed ratio with reasonable
inertia distribution and reduce gyroscopic moments and possible vibration
problems in the case of automatic orientation, a three bladed airscrew
is used. The blade structural requirements are met by the use of fibre-
glass reinforced epoxy resin which has been used as a structural material
in the aircraft industry (45), in jet lift engines (46) and for large
hovercraft propellers (47). Hutter has successfuly used the material
to form airscrew windmill blades (45), for which purpose the strength,

flexibility and ease of forming twisted, variable chord, aerofoil section
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blades are ideally éuited‘for batch prodhction.“

The airscrew rotor is supported downwind of a guyed, square
hollow-section, space-frame tower which allows clearance for large tip
deflections of the airscrew blades. The wide space-frame wake (48) at
the airscrew disc is considered less likely to produce tower shadow
interference with blade performance than the wake due to an equivalent
unfaired circular cylinder, thus giving reasonably uniform flow condi-
tions essential for prototype airscrew performance tests. The wake
just down-stream of a cjircular cylinder. is particularly turbulent
and the velocity deficit in the wake near the blade disc remains
relatively intense (49). For époduction windmills reinforced concrete
or faired steel tube towers, which might offer water storage capacity,
should be considered.

Aeroelastic deflection will cause a significant reduction
in the static loading due to a 100 mph gale and give a generous
safety margin which can only really be checked by wind tunnel testing
(50). 1In the prototype design, allow;nce has been made for lowering
the tower in case of hurricane force winds, although for production
mills adjustable blades might be feathered or the mill head assembly

pivoted at the top of the tower to allow the blade disc to be locked

in a horizontal position.
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3. 3. Power Transmission

The elements of the prototype power-transmission system are
shown in Figs. 10 to 15, Fig. 22 and Figs. 31 to 33. The airscrew is
mounted downwind of the tower at a centre-line height of 30 feet on
the wheel hub of an Austin 5-ton truck rear-axle at the top of the
tower. Airscrew shaft power is transmitted through the truck half-
shaft to the differential which is locked by welding the differential
pinions to the differential spider in order to provide a right-angle
drive with a step-up gear raﬁio of 7.2:1 through the spiral-bevel
crown wheel and pinion. Thé pinion drives a §ertica1 power trans-
mission shaft through a flexible coupling. The vertical shaft is'
supported by standard self-aligning bearings attached to the tower
and spaced to prevent shaft whirl.

For tegt and expgrimental purposes power from the vertical
transmission shaft is transmitted to the pump through a spiral-mitre
geérbox, a brake, a centrifugal clutch and an eight-speed Land Rover
transfer and gearbox. These items are mounted on a separate machinery
pad and connections to mill and pump-head gearbox are made by Land
Rover Hardy-Spicer Shafts, Fig. 22, The prototype load is a standard
water-lubricated 10-stage Wade Rain 6JC3 deep-well turbine pump with
a right-angle drive gearbox providing a step-up gear ratio of 1.333:1
with an optional alfernative ratio of 0.75:1. The pump delivers water
from an offset pond to a l0-acre sprinkler irrigation system described
by Ionson (20). The Land Rover gearbox provides the additional step-

up gearing required to allow both the airscrew and the pump to work
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at optimum efficiency and also enables the detailed airscrew performance
characteristics to be determined by using.the pump as a hydraulic
‘brake. Various hydraulic circuit settings and the wide range of gear
ratios available allow the system characteristics to be determined

over an extended operating range.

This transmission arrangement enables overall gear ratios
between 6.2:1 and 51.1:1 to be selected for test purposes. Allowing
0.90 for the Land Rover unit transmission efficiency, based on manu-
facturers figures and 0.90 for the combined mitre-gearbox and rear-
axle efficiency and 0.01 for bearing losses, the overall transmissgion
efficiency is about 0.80, With a vertical pinion shaft the trans-
mission efficiency of the rear-axle is likely to be significantly less
than that for normal vehicle operation, due to éil churning losses,
especially at low power transmission levels when the overall trans-
mission efficiency tends to be low because power losses in oil turb-
ulence and sealing remain substantially the same however small the
1oad; Tuplin (51). Reduction in gear oil quantity and lower;ng the
viscosity from 140 to 90 SAE tends to improve efficiency. On the
prototype mill-head rear-axle, a single pinion seal works well provided
the axle is well ventilated, however two well-lubricated seals, as
recommended by the manufactﬁrers, would probably give longer seal wear
life. Without the Land Rover unit, a reasonable value for ;he trans-

’
mission efficiency of a production windmill would be 0.90 for a horizontal

power output shaft.
The protdtype airscrew is started manually using a bicycle’
transmission system at the tower base, an arrangement which was found to

be very convenient for the frequent starting required during performance
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testing. In normal winds the airscrew is easily spun up to about 35

rpm at which speed the airscrew unstalls, accelerates and continues

to run at wind speeds above 7 mph. On a production windmill this start-

ing arrangement would be simply replaced by a diesel-engine hand crank.

An essential feature of the starting and transmission system is the
spring-controlled centrifugal clutch which allews manual starting at
virtually no load. Centrifugal clutch engagement at an airscrew shaft speed
of about 50 rpm was found to give satisfactory acceleration of the

turbine pump load on the prototype windmill.

For normal braking, it is préferable to use the original truck
hand-brake system with the hand-brake lever attached to the lower part
of the tower and with the brake adjacent to the airscrew. The trans-
mission machinery pad brake was used only for shaft torquemeter cali-
brations having been found to induce undesirable torsional vibration
and overlbad of the transmission shafting, due to its poéition at the
remote end of an effectively very long small diameter shaft attached to
a high inertia rotor. Although truck brakes have high utilization, energy
dissipation and wear life (52), braking is best carried out during 1lulls
to prevent excessive wear, In other applications, an emergency "once-
only" operation, overspeed centrifugal trip outlined by Gillespie (53),
should be considered as possible means of braking, together with commer-
cial vehicle auxiliary brakes such as hydraulic retarders and eddv
current brakes such as those described by Newcomb and Spurr (54).

For auxiliary drive and comparative irrigation performance

tests provision was made to easily disconnect the vertical transmission
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shaft Hardy Spicer shaft and couple a stationary 10 hp diesel engine to

the horizontal shaft of the tower-foot mitre gearbox.

3. 4. Supporting Structure

The supporting structure for the prototype windmill was designed
for minimal airscrew-disc tower-wake interference for airscrew perform-~
aﬁce test purposeé. It was also designed for ease of manufacture by
the Brace Experiment Station workshop in Barbados. The resulting struc-
ture is inherently simple to erect, maintain and operate. The general
rules outlined by Pugsley (55) for loading and strength were used for
the structural design and generous safety margins were allowed for
unpredictable and transient loads. The basic welded-steel space-frame
structure, shown in Fig. 1, Figs. 15 to 23 and Figs. 29 to 34, consists
of a guyed square-hollow-section tower, a tower base, and a foundation.
The 2 ft square tower is mounted on a wheel hub, bearing and axle cut
from the mill-head rear-axle. The axle is built into a tower yoke
assembly which is supported by the tower base. The tower .itself is
supported by four wire-rope guys attached to a fabricated 4 ft diameter
bearing at a height of 19ft, the downwind guys being set to allow
adequate clearance for blade tip deflection. The fabricated bearing
comprises an inner ring, sandwiched between upper and lower halves of
the tower, on which are mounted two sets of double row angular contact
ball bearings to take the horizontal and vertical loads imposed by the
mating, guyed outer ring. This arrangement allows the tower and blade

disc to be manually oriented with mean wind direction by means of a
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handwheel and truck crown wheel and pinion at the tower base.

The tower base is attached to the foundation which consists
of a 2ft thick reinforced concrete cross into which the four guy pick-
up points are built. For erection, the tower yoke is pivoted at its
attachment to the tower base and this, together with‘four side stays,
a gin pole, pulléy and winch arrangement allows the windmill to be

manually raised and, when necessary, lowered by two men in half an

hour,

3. 5. Prototype Airscrew Windmill Costs

Thé cost breakdown of the prototype airscrew windmill pump-
ing system as built in Barbados is showp in Table 7.‘ The cost of the
windmill as a prime méver can be obtained from the total cost by sub-
tracting the cost of the Land Rover gearbox, used only for test pur-
poses, and the cost of the pump,.together with the labour involved in ‘
handling these items. This gives the cost of the windmill alone as
Canadian $10,QOO, a figure which includes Canadian $980. for the cost
of the airscrew moulds which are good for 100'se£s of blades.

Recent firm quotations for production of windmills in Canada
to the prototype specification give some indication of the variation of
unit price with quantity, Table 8. The estimates for the blades were
obtained from the aircréft production oriented, custom reinforced
fibreglass fabricators, who made the prototype blades (56). The steel
work estimates in response to the tender outlined in Table 9 are from
an engineering company which specializes in aerospace subcontracts (57).

Assuming a quantity of 10 windmills gives a unit cost of Canadian
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TABLE 7. Cost breakdown of prototype windmill

pumping system as built in Barbados.

Item Cost

East Caribbean §

Notes

Airscrew blades $.4,500.00 Set of 3'p1us mould
good for 100 sets.
Pump 2,185.00 Wade Rain 6JC3.
Foundation 1,210.00 Includes reinforcing .
Machinery pad 1,695.00 Includes Land Rover gearbox
I for test purposes.
Tower structure' | 1,970;66 Steelwork; rear axle and vertical
transmission shafting.
Tower bearihg' 1,170.00 Fabricated, for orientation.
Erecting gear 1,310.00 Includes guy wires.
Total material EC $14,040,00 Includes welding services
Labour EC 7,200;00 Workshop wages 3 men 1 year
Total EC $21,240.00

1966 Exchange rate

1 Canadian dollar = $1.60 EC approx.
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TABLE 8. Variation of unit price with quantity for manufacture of

airscrew windmills in Canada.

Quotation Drawing No. Description Quantity Unit price
date Canadian §
31.3.69 F-3-001 Airscrew Blade. 1 $1,475.00
Set of 3 with 10 1,430.00

Root, Item No. 1, 50 1,125.00

supplied. by custower, 100 930.00

31.3.69 F-3-001 Airscrew Blade. 1 $1,600.00
Set of 3 with 10 1,518.00

Root, Item No. 1, 50 1,200.00

included in quotation, 100 1,000.00

29.5.69 B-3-041 Windmill Steelwork. 1 $8,800.00
Fabrication, hot- 2 8,550.00

dip galvanizing 3 8,387.00

and crating. 4 8,223.00

5 7,975.00

6-10 7,562,00

11-25 7,350.00

Notes: 1. Unit price quoted F.0.B. Montreal plant
2. Airscrew Blade Root, Drawing F-3-001 Item No.l,
supply by customer, steelwork manufacturer or
blade manufacturer optional.
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TABLE 9. Costing notes on manufacture of steelwork to airscrew

windmill prototype specification

Assembly B-3~041 ' . Description Notes on items required
Drawing No. Item No.

D-3-011 2 Airscrew Blade Root Fibreglass blade is moulded
: . .around airscrew blade ‘root.
Two balance weights required
per set of blades.

D-3-005 3 Airscrew Hub Airscrew blades and hub
need to be balanced as an
assembly.

D-3-001 4 Truck Rear Axle Eaton, Rockwell, G.M., Ford

or similar high efficiency
substitute acceptable.
Differcential locked by
welding differential pinions
to differential spider.

Left hand hub and brake used
for airscrew. Hand-brake
system as on truck.

E-3-004 5 Tower Drawn as for pfototype, may
be modified if required.
E-3-002/2 6 Tower Bearing Rotek bearing replaces
fabricated bearing on
prototype.
C-3-012 7 Guys Drawn as made up for prototype.
D-3-004 8 Tower Yoke Uses right hand hub of the

truck rear axle and allows
tower to be oriented by
hand and pivot for raising
or lowering. ‘
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Q Table 9 con't .....

D-3-007 9 Tower Base Drawn as built, may be modified
if required.

D-3-008 10 Foundation Rough estimate of reinforcing
material cost required.

E-3-003 11 Transmission Machinery Quote only for parts up to and
Pad and Pump including centrifugal clutch
as pump and additional gearing
depend on application.

D-3-006 12 Erecting Gear Include for hand winch. Pulleys
drawn as built.

A-3-008 13 Parts List for One Set Mainly a check list for packing

of Blades blades. Quote for items listed.
F-3-002 14 Blade Shipping and To suit set of three airscrew
Storage Container blades and vertical shafting.

Additional Requirements:

1, Lubrication Tropical grade oil and grease
required for Caribbean applica-
tions. Appropriate grades for
applications elsewhere.

2. Finish on metal parts Thorough surface .preparation,
etch prime, red oxide prime
plus two coats aluminum paint.
Alternatively hot-dip galvanize.

3. Crating and packing All parts should be prepared
for shipment bearing in mind
the primitive conditions under
which this type of prime mover
is likely to be set up and
operated.

4, Shipping Quote for most appropriate rate:
a) F.0.B. local plant,
b) F.0.B. Montreal,
¢) C.I.F. Caribbean port,
e.g. Bridgetown, Barbados.
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$9,000, F.0.B. Montreal plant. Allowing Canadian $1,000 for shipping,
foundation and erection indicates that the installed cost of the proto-
type windmill would again be about Canadian $10,000.

The power cost has been estimated on.an equivalent annual
cost basis by using the installed capital cost figure of Canadian
$10,000 and 50,000 hours of operation at a mean rafed power of 10
horsepower. This duty is equivalent to 2,560 hours of operation per
year at 10 horsepower spread over a life 20 years ;nd represents an
annual pbwer output of 25;000 horsepower hours obtained by high
utilization at a good wind-power site. Allowing for amortization of the
capital cost over 20 years at an interest rate of 8 per cent requirés
Canadian $i,018.5 per yeaf (58). For Caribbean operation, the services
of an operator at Canadian 50 cents per hour‘for 10 per cent of the
operating time require Canadian $125 per year. For lubricatidnland
maintenance, including greasing, annual oil change and occasional
painting, a further Canadian $110 .per year are required. On tais
basis, the equivalent annual cost of the prototype design is Canadian
$1,250 and the .power cost is Canadian 5.0 cents per horggpower hour.
The equivalent diesel power cost is about Canadian 4.0 céﬁts per
horsepower hour (10). The major itéms in case of the diésel engine are
the recurrent fuel and maintenance costs, in contrastlwitgxthe low
running cost and high capital cost of the windmill primé mover. It
is therefore apparent that in relatively remote areas where géod wind-
power sites combine with high fuel cost, the windmill can bé competitive

with the diesel engine, especially when such factors as the regularity
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of fuel supplies and availability of skilled maintenance are taken into
account. In order to be more competitive with an equivalent diésel
engine some development, including appropriate modification, sub-
stitution and streamlining, of the prototype windmill design is required
for really low-cost Caribbean or Canadian production. On the Basis of
relatively low recurrent operating cost a stroné case can then be

made for capital assistance to aid development of water supplies in
isolated rural areas by means of efficiént low-cost wiﬁd power system
developed from the protbtype dirscrew Windmill.

The prototype cost breakdown shown in Table 7, shows that
considerable savings ca; resplt from reduction in cost of orienting
and erection gear. An example of effective innovation is shown in
Figs. 16 ‘and 17 in which an industrial turntable bearing‘has‘ﬁeén
substituted for the fabricated prototype tower bearing. Further
economy would result from using this type of bearing at the mill head
and orienting the mill from the ground by means of the vertical trans-
mission shafting. >Simi1ar1y, cost re&uctions could be efféeted by
using the'tower guys as stays during erection, a method which was
not feasible on the prototype due to gite limitations. In view of the
100 mph static gale proof loading, high erecting loads and hurricane
possibilities, a self slewing turntable with manually adjustéble pitch
blades or manually coned blades, or r;tating the blade disc‘about a
horizontal axis at the top of the tower fér the hurricane case and
erection, should be considered as possible means to reduce supporting

structure and total costs. For water. pumping and désaiination loads
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the possibilities of hollow steelland aluminum section towers, which
offer useful water capaci;y,'shduld be considered, together ﬁith the
possible use of reinforced concrete.

Such system design optimization offers plenty of scope for.
ingenuity, and a detailed design and value engineering study is at
present under way in cooperation with the industrial products division of
a large engineering company (59). With emphasis on the power-transmission
system and structural engineering design the aim is to cut the installed

unit cost for quantities of 10 windmills to less than Canadian $5,000.
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4, PROTOTYPE AIRSCREW WINDMILL STRUCTURAL AND PERFORMANCE -TESTS.

4, 1. General Review

In order to gheck the strength and flexibility of the
prototype airscrew windmillvblades load-deflection and static proof-
load tests were carried out. The airscrew rotor was then balanced
as an assembly; and the tower and erecting gear were proof tested by
hydraulic loading, before final erection of the windmill at the
Greenland test sife, Figs., 5 and 29.

Preliminary tfialélwere undertaken to chgck the saféty and
;eliability of the airscrew, power-transmission equipment and supporting
structure. During initial runs several minor modificationé were -found
necessary. These included!the bicycle self-starter, repositioning
the downwind guy wires to avoid blade tip interference, the addition
of a new tower-base brake to prévent tower torsional vibration;
together with the installation of additional vertical transmission
shaft bearings and fléxible couplings to reduce shaft vibration. The
completed airscrew windmill pﬁmping system was first run in Novembef 1966
and to date the only replacement parts required have been a cartridge
bearing for the vertical transmission shaft and a pinion oil seal for
the mill-head rear axle.

An initial series of aerodyﬁamic“pérfofmance tests was
carried out on the windmill pumping system in order to check the
validity of the airscrew blade design procedure. The Greenland test

site wind records and the windmill power-speed characteristics were
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then used to design and predict the performance of a 10-acre sprinkler
irrigation system, the field performance of which has been evaluated
by Ionson (20). Check aerodynaﬁic performance tests were made in order

to confirm the initial results over an extended range of operation.
4. 2. Airscrew blade structural tests

4; 2. 1. Blade flexural characteristics

=

A structural test rig was built for static load-deflection
and proof tests on the airscrew blades. Fig. 24 shows the general
layout of the rig, complete with blade test frame, loading arrvangement
and prop used to éfevent excessive deflection during load-deflection
tests to determine EI, the flexural rigidity distribution for each
blade. The slope and deflection due to load distributions of about
0.25, 0.50 and 0.75 times the proof loadiﬁé were measured by méans
of three dial test indicators and an indicator bridge. Using this
arrangement the mean value of EI was found to be 212.4 c4 1b in ,
where ¢ is the 1oéa1 blade chord. For the NACA aerofoil section blade 4415

4
I=1.555 10 c4, so that by assuming a solid homogeneous:blade section

E=1.366 10°

ib per in2, in accord with normaliy accepted values for
modulus of elasticity of fibreglass cloth aﬁd woven laminag.

Time_did not allow the prototype blade torsiohal.cﬁaracter-
istics to be determined and it is therefore suggested that the flexural
axis, or shear centre, be determined and that the flexural and torsional

characteristics be measured on the pre-production blades in:order to

evaluate the aeroelastic characteristics of the airscrew.
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4. 2. 2. Blade static proof load tests

A graphic indication of the large deflections to be
expected with flexible fibreglaés blades is given by the 4ft tip
defleétion under the blade static proof :test load shown in Fig. 24.

'The.s;atic_proofﬂloadingjen&eiopsithe 100 mph ga1e~;ifécrew étatioﬁary
and the 24 mph stalling gust 1oad'distributions. Initially hollow, |
the blades failed by buckling under proof test ioading. They were
therefore injected with resin filler and on subsequent retest were
found to withétand the static proof load specified.

In préctice the 100 mph gale load is relieved aeroelastically
by the blade flexibility, while fhe increased stiffnesg dye to centrifugal
force tends to offset thé severity of the 24 mph stalling gust 1§ad: an
effect which can be increa;ed by use of a larger static blade coning angle.
However, large deflections should be anticipated in the transient
conditions likely to be met during normal dperatioq and it is therefore
evident that an absolute minimum of 2ft static clearance between blade

tip and tower or guy is essential for safe operation.

4, 3. Airscrew performance tests

4. 3. 1. Test equipment and instrumentation

4, 3. 1. 1. General

In order to determine the aerodynamic efficiency of the
windmill rotor, airscrew torque coefficients Cq, power coefficients
Cp, and tip-speed ratios’/A were obtained from high-speed records of

wind speed, and airscrew shaft torque and speed, Fig. 35. The test load
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equipment, comprised the 6JC3 deep well turbine pump, a variable
hydraulic load provided by the pumping system hydraulic circuit, and
a variable speed drive provided by the Land Rover gear box, Figs. 27
and 31. The test instrumentatiod diagram Fig. 28, shows the layout
of tﬁe wind and water-side instrumentation, consisting of sensors,

indicators and recorders, described below.

4. 3. 1. 2 Wind speed and direction measurement

Wind speed and direction were measured at airscrew centre-
line height about two airscrew diameters upwind of the airscrew disc,
as recommended by Villers (60). The anemometer tower was a standard
30ft guyed domestic television antenna tower sited 70ft-3in N66°E from
the tower centre line, the axis of symmetry of the windmill base and
foundation being at N65°E,

For test purposes the airscrew was manually oriented with
the minute-to-minute mean wind direction by using the tower yoke hand-
wheel, and then clamped for the duration of the test by means of the
tower yoke brake. For reliable results the mean wind direction was
preferably in the range N50°E to’NSOOE, indicted by a highly damped
electrical Wind.direction transmitter mounted on the anemometer tower
centreline.

For wind speed measurement the wind speed 6utput signal
from a cup anemometer wind speed transmitter was fed to an indicator
and a twin-channel high-speed recorder. A similar anemometer unit
was used for wind speed checking purposes. Long-term hourly-mean
site wind records were obtained from a wind speed and .direction

recorder and a standard cup counter anemometer.
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4, 3. 1. 3. Airscrew shaft power measurement

Airscrew shaft speed was recorded by sensing the horizonta{
transmission shaft speed at the tower base by using a tacho generator.
The output signal was fed through a potential divider to a high-speed
single-channel recorder calibrated in airscrew rpm.

Airscrew shaft torque was méasureed.by a torquemeter
comprising four active torquefsensing foil strain gauges'connected in a
Wheatsone bridge network on the airscrew shaft as shown in Figs. 25
and 33. The input and output sigﬁals were transmitted by four insulated
silver slip rings and eight carbon brushes, supplied in kit form by
Bean (61). 1In later tests a commercially availablé torquemeter was‘
fitted to the vertical transmission shaft, as shown in Figs. 26 and 30.
Both torquemeters were connected to the high-speed twin-channel recorder
and statically field calibrated.

The airscrew shaft torquemeter was calibrated by locking the
transmission pad brake and loading up to four bostjweighed people on a
wooden platform suspended 3ft above ground level from a horizontal
airscrew blade root. The vertical.shaft torquementer was calibrated with
the tower horizontal and the mill-head brake locked, by hanging known
weights from a horizontal torque arﬁ bolted to the lowest vertical-
shaft flanged coupling. During caiibrationvand tést runs considerable
difficulty was experienced with drift on both torque measurement systems,
so that frequent zeroing by spinning up the ai;screw,and allowing it to |
freewheel to a stop was‘required in order to obtain reliable results.

In an effort to directly measure mill-head rear axle
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1

transmission efficiency.the two torquemeters.were connected simultaneously
to the high-speed strip-chart recorder; however, the drift proved
excessive and this test was inconclusive. The results of a current
no-load laboratory test in which a similar rear axle driven at

variable speed by a calibrated direct-current motor should allow a

value of the mill-head transmis$ion efficiency to be obtained in order

to refer the vertical shaft torquemeter results to the airscrew torque

through the rear axle losses.

4. 3. 1. 4. Water-side intrumentation

On the water side records of pump pressure and flow could
~ be obtained from a pressure transducer and a 3 inch diameter turbine
flowmeter in the main water line just downstream of the pump outlet.

Long-term records of watér pumped could be read from a 4-inch diameter

turbine flowmeter.

4.4 Performance Test Results

In order to predict the airscrew performance over its
operating range the non-dimensional characteristic curves of torque
coefficient Cq and power coefficient Cp against/A\.were derived for the
airscrew from typical high-speed chart traces of the variation of wind
speed V, shaft torque Q and shaft speed n, with time, such as those
shown in Fig. 35. Airscrew shaft power and speed, for selected gear
ratios and hydraulic circuit settings, over the range of wind speeds to
be expected during normal operat{dh were plotted as shown in Fig. 36. In
this figure, the centrifugal clutch and starting characteristics are also
shown, together with rated power and speed limits. The airscrew was run

unloaded, lightly loaded and through optimum loading to stalling loads,



TABLE 10. Typical prototype airscrew windmill performance test results, Greenland, Barbados.

Airscrew Airscrew Upstream anemometer Power coefficient Tip-speed ratio
shaft shaft indicated wind speed
horsepower speed (5 sec. approx.)
hp rpm mph Cp /P\
3.46 83.9 14.0 0.2395 6.84
3.58 85.5 12.0 0.39% 8.14
4.80 96.7 12.7 0.445 8.70
4.80 90.4 14.8 0.281 6.95
5.95 100 15.4 0.309 7.42
6.59 110.2 12.8 0.594 9.84
7.31 113 15.0 0.412 8.60
8.36 123.5 16.0 0.387 8.81
7.71 128.5 15.7 0.381 9.35
10.03 - 132 20 0.239 7.54
11.7 138.6 19.3 0.310 8.20
12.25 140 17.3 0.451 9.25
13.3 144 18.0 0.433 9.15
13.2 147 21.9 0.239 7.66
16.7 161.3 19.4 0.436 9.50
19.41 170.4 22.6 0.32 8.61
Date ’ lst February, 1967,
Airscrew pitch angle at 0.7 radius Design blade angle,
Tower setting angle . N70°R wind direction,

Gear ratio H3 16.65:1 overall ratio,
Pond level 6'-11.25",

Atmospheric density 0.002285 slugs/£t3.

09
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TABLE 11. Predicted performance of Brace airscrew windmill

Wind speed (mph) 10 15 20 25 30
Airscrew shaft 61.3 92.0 122.6 153.3 183.9
speed (rpm)

Output shaft 441 662 882 1103 1323
speed (rpm)

Airscrew shaft 1.845 6.24 14.76 28.8 49.8
horsepower

Airscrew windmill 1.66 5.61 13.27 25.9 44,7
brake horsepower

Pump water 1.16 3.93 9.28 18.1 31.3
horsepower

Water delivery 38.4 130 307 . 598 1035
at 100 ft head (Igpm) .

w

Airscrew power coefficient
Airscrew tip-speed ratio
Atmospheric density
Transmission efficiency
Pump efficiency

Mill head gear ratio
Airscrew diameter

2285 slugs/ft>
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For water delivery at total heads other then 100ft, obtain
by inverse proportion.
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up to a never-exceed speed of 200 rpm and a maximum power of 20 hp, at
wind speeds up to about 24 mph.

The general trends of wind speed, shaft torque and shaft speed
of Fig. 35 indicate that a;l three variables can be related in time
intervals during which the wind direction is such that a response to wind
speed is reflected in the shaft torque and speed traces. As wind speed,
as well as direction, is varying, a variable lag in response to wind speed
is evident. Significant smoothing of torque and speed are apparent and,
although wind direction variation partially accounts for this, wind speed
variation appears to be damped mainly by the combination of rotor and load
inertia and progressive blade stalling in sudden gusts, Table 6.

Appropriate wind speeds were used to evaluate power coefficients
Cp (==/qu) and tip speed ratios/AA, as shown in Table 10. In order to
determine the maximum value of power coefficient and the associated tip-
speed ratio, a composite "linearized" plot of torque coefficient against
tip-speed ratio, Fig. 37, was used to obtain the smoothed "parabolic"
variation of power coefficient with tip-speed ratio shown in Fig. 38. The
predicted performance of the airscrew windmill at a maximum power
coefficient of CpMAX = 0.35 is shown in Table 11.

Considering the chart traces of Fig. 35 in detail, the ripple
on the anemometer trace is due to anemometer cup interference giving rise
to uneven no-load torque and speed which is reflected in the output signal.
In view of this, mean values of wind speed have been used which were taken
over periods of about 5 seconds, during which there was quasi-steady state
response of airscrew shaft torque and speed to wind speed. Such wind
speeds are regarded as "instantaneous" in contrast to "integrated" hourly
mean wind speeds for which Ionson (20) has found the characteristic

performance of the windmill pumping system.
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‘ In a turbulent environment windmill power output would be
expected to be a function of measurement time interval, system operating
point and inertia, Clausnizer (69). For a fixed pitch windmill system,
the rotor inertia, load inertia and aerodynamic response characteristics,
such as progressive blade stalling, tend to balance the effect of energy
pattern factor, Hutter (66), so that a careful choice of operating point
is required for optimum operation, taking into account the maximum
acceptable shaft speed variation. The optimum operating point on the
power coefficient against tip-speed ratio curve is therefore a function of
site gustiness and load which, in the case of the prototype pumping system,
was found to be at a tip-speed greater than that for maximum power
coefficient, Fig. 38.

The airscrew shaft torque chart trace, Fig. 35, and the full-
scale shaft speed trace both show an almost constant frequency ripple
which is attributed to blade "nodding" rather than to tower shadow inter-
ference. The torsional vibration of the shaft appears to be cauéed by
the variation in aerodynamic 1oading}on the blades due to change of
incidence caused by blade flexural vibration induced by atmospheric
turbulence. Due to the effect of centrifugal force on stiffness the
frequency of blade vibration will be a function of airscrew shaft speed,
Ker Wilson (44). It is therefore apparent that in the system design
estimates of blade frequency variation with shaft speed are required in
order to avoid torsional resonance of the transmission system. Although
the oscillations are stable, as pointed out by Hutter (68), further study
of this aspect of blade vibration together with an investigation of the

various system vibration modes likely to be encountered would be very

useful.

A large amplitude vibration phenomenon appears to occur in
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respsnse to sudden gusts which are sufficiently strong to cause the blade
tips to stall and deflect downwind. During the ensuing blade vibration
towards a new equilibrium position the blade incidence may oscillate about
the stall angle and give rise to stall flutter, which is characterized by
a buffeting noise and tip weave, as described by Fung (43). This is in
accord with subjective observations on the prototype airscrew from which
occasional buffeting noises were heard and bursts of shaft torsional
vibration noted on chart traces. Fortunately, these energy absorbing and
dissipating oscillations are stable, Fung (43). However, possible aero-
elastic means to limit such disturbances and the effect on fatigue life
should be considered, especially when progressive blade stalling is used
for shaft speed control in gusts. Here there are probably similarities
with helicopter blade vibrations,and ciné and sound records of the proto-
type should be used to confirm predictions of stall flutter phenomena.

The spot "instantaneous'" wind speeds V, inserted on the
airscrew shaft power against airscrew shaft speed plot, Fig. 36, give some
idea of the scatter to be expected in evaluating non-dimensional co-
efficients based on V, V2 and V3. In Table 10, airscrew shaft powers have
been grouped above and below 10 hp, the rated horsepower, and it is seen
that this tends to group the 5-second wind speed broadly above and below
the rated speed of 18.5 mph. When plotting the non-dimensional co-
efficients a large scatter is inevitable in view of the unsteady atmos-
pheric motion and the difficulty of determining truly representative wind
speeds. This has been minimized in Fig. 37, by plotting Cq (==j%% )
against/AA,and inserting rectangular hyperbolae for constant Cp in order
to determine the variation of Cp with/0L through the definition of Cq.
The straight lines used to help define the variation of Cq are taken from

Sabinin (62), cited by Hutter (42). The light load, optimum load and stall



65

are well defined in Fig. 37, and it is seen that at optimum load the points
cluster about the power coefficient band of Cp between 0.3 and 0.4. A
value of maximum power coefficient has therefore been taken as CpMAX = 0.35,
which has a tangent to the Cq against /W\ plot at a tip-speed ratio of

/W =7.0. Transformation to the Cp against/ﬂ\,plot, Fig. 38, gives the
characteristic "cubic parabola" shape typical of high-speed windmill rotors.
The envelope for optimum operation emphasizes bohh the sensitivity of Cp to .
V and the distortion which takes place during transformation.

The experimental value of Cp = 0.35 is less than that of 0.40
assumed for design, while the tip-speed ratio /WL = 7.0 for CpMAX is greater
than that of 5.95 assumed for design. For optimum operation with the
present 6JC3 load at Greenland, Barbados, the optimum tip-speed ratio has
been confirmed to be between 7.0 and 9.0. 1In view of the uniform, steady
state flow assumptions involved in the airscrew design and the non-uniform,
unsteady, variable direction, flow in which the experiments were performed,
the agreement with theoretical predictions is remarkably good.

The major factors reducing the design Cp by about 12.5 per cent
are the fixed orientation of the blade disc, the downwind blade coning
angle and additional blade profile drag, together with some inevitable
power loss in the airscrew shaft bearing.. The effect of fixed orientation
can be regarded as reducing the effective wind speed due to yaw, or reducing
the effective disc area. It is likely that with downwind blade coning the
disc area is also effectively reduced since the flow will have a greater
radial component and therefore tend to be more three dimensional and less
effective; it could be argued that the reverse would hold for upwind
coning. The effect of finite trailing edge thickness, which occurs in most
practical blade sections would be to increase profile drag, Hoerner (63),

and make careful setting of blade angle essential. These losses may be
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partialiy offset by the energy pattern factor, the variation of wind speed
with height and by running at a slightly higher tip-speed ratio. The
experimental value of tip-speed ratio for maximum power coefficient was
higher than the design ratio, in agreement with Nevot's (37) predicted
trend for the design solidity and possibly partly accounted for by a nose-
up aeroelastic twist. For variable wind speed and.the given desiza lif;
coefficient, the operating tip-speed ratio can be chosen between /mx, = 5,0,
for a very steady shaft speed, and /AA- = 7.0 to 9.0 for greater response
to wind speed. Alternatively, the blade setting angle can be adjusted to
suit site and load.

The scatter evident in the non-dimensional plots indicates that
short term field tests to optimize blade angle are not possible without
exceptionally good site conditions and continuously adjustable blade
setting angle. However, large, modern wind tunnels are available in which
variation of performance with blade setting angle could be used to determine
optimum setting angle and variable pitch characteristics. The effect of
blade coning angle, disc yaw and checks on static gale loading in various
configurations could also be made in this manner. The return circuit of
the NRC 30 ft. V/STOL wind tunnel (64) should be sufficiently large to

allow these tests on full scale blades with minimal wake expansion

corrections.
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5, CONCLUSIONS

The results of field performance tests on the windmill airscrew
allow the performance of the airscrew to be predicted over its range of
operation., Together with Ionson's hourly mean windmill performance data
(20), the present results can be used to design and predict the perform-
ance of medium power, fixed pitch windmill pumping systems with various
loads.

The actual shaft power output is slightly less than that
predicted from airscrew design theory and the optimum operating point is
at a higher shaft speed than predicted. This is due mainly to the
limitations of the design theories, to rigid blades operating in steady,
uniform, uni-directional flow, so that discrepancies are to be expected
with fixed orientation and fixed pitch operation of flexible blades.
This mode of operation is acceptable for the type of trade wind regime
utilization considered since the inherent economy and simplicity of
design, operation and maintenance largely outweigh slight losses in
efficiency. Although modern materials and techniques are used in the
design, the method of working remains broadly similar to that used for
traditional Dutch and Barbadian windmills and has few disadvantages for
the type of utilization intended.

"Rigorous proof and field tests have shown the design and
method of construction of the blades to be sound, although some develop-
ment and wind tunnel optimization should allow a maximum power
coefficient of 0.4 to be realized. Wind tunnel tests would also enable
the influence on performance of unsteady, non-uniform flow and various

blade layout parameters to be quantified and subsequently used in the

airscrew design procedure. The practical limitations of shaft speed and
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O power control by progressive blade stalling, together with blade aero-
elastic response to gusts are interesting separated and unsteady flow
phenomena which deserve further investigation, Initially, static and
dynamic flexural and torsional characteristics of the pre-production
blades are required, followed by field performance tests using a reliable
high-speed multi-channel recorder to confirm aeroelastic gust response
predictions.

When predicting windmill performance some care is required in
order not to be over optimistic in estimating wind power available. 1In
this respect existing wind records are often misleading, Rudder (70),
and it is concluded that permanent 10 meter reference anemometers should
be set up at well attended agrometeorological or airport weather stations.
Waterford, Barbados, and Coolidge Field Airport, Antigua, are ideal sites
representative of the Windward and Leeward Islands and it is suggested
that Department of Transport 45 B anemometers be installed at these
reference stations. Short-term synoptic 10 meter wind records at
potential sites can then be reliably correlated and spot checks made to
determine variation of wind speed with height above typical surface
roughnesses.

Relatively long-term 10 meter wind records should be used to
check the validity of the polynomial trade wind frequency model and to
confirm normalized design wind speeds obtained from wind power frequency
maxima. The polynomial approach should be compared with Wenk's wind
frequency analysis for temperate wind regimes (65). The monthly wind
power-rainfall deficit method appears to be a sound basis for design

when wind powered irrigation loads are considered and the method should

prove useful for desalination system design load estimation. Where
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0 topography at marginal wind powered irrigation sites is a limiting
factor the possibility of reducing evapotranspiration and enhancing wind
speed in the vicinity of the windmill by suitable choice of shelter-belt
gap arrangement, Caborn (67), should not be overlooked. Wind tunnel
tests could be made to check this alternative to remote siting and
electricity generation.

The prototype windmill has proved itself rugged and reliable
throughout two years of commercial irrigation operation at the Greenland
test site in Barbados. The test results confirm that at below average
wind power sites a minimum of 5 brake horsepower can be guaranteed at a
wind speed of 15 mph. Cost estimates indicate that production models
developed from the prototype should be fully competitive with diesels on
an equivalent cost per horsepower hour basis.

In view of the immediate social and economic need for low-cost
power for water lifting and desalination in many small Caribbean
communities, and the special local conditions which éxist, medium power
windmills should be seriously considered as potential power sources.
Since windmill prime movers are characterized by a relatively high
capital cost and low recurrent operating costs they offer ideal power
units for grant aided water development projects. They have the additional
advantage of scope for partial and complete local assembly and manufacture

at later stages of development.
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Fig. 1. Prototype Brace airscrew windmill pumping system.



(a) Lowland, Christ Church. (b) Morgan Lewis, St. Andrew.

Fig. 2. Traditional cane crushing windmills, Barbados.
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FIG.14. TRUCK HANDBRAKE SYSTEM.
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29.

(b) View downwind from anemometer tower.

Prototype windmill pumping system test site,

Greenland.



(a) View upwind from top of windmill tower.

(b) View downwind from anemometer tower.

Fig. 29. Prototype windmill pumping system test site, Greenland.



(a) Erection using hand winch pulley system.

(b} Gin pole, tower yoke and pulley arrangement.

Fig., 30. Windmill erection and lowering.



(a) Erection using hand winch pulley system.

(b) Gin pole, tower yoke and pulley arrangement.

Fig. 30. Windmill erection and lowering,



(a)

} (b) Gin pole, tower yoke and pulley arrangement.

Fig. 30. Windmill erection and lowering.



(2) Tower base, transmission machinery pad and pump head..

(b) Pump outlet hydraulié circuit arrangement.

Fig. 31. Tower base and test equipment.



(2) Tower base, transmission machinery pad and pump head.

(b) Pump outlet hydraulic circuit arrangement.

Fig. 31. Tower base and test equipment.
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(2)

Rear axle, brake and halfshaft torque meter housing,

{b) Airscrew hub and blades.

Fig. 32. Truck rear axle mill head.



(b)

Fig.

32.

Airscrew hub and blades.

Truck rear axle mill head.



(a) Airscrew shaft torque meter strain gauges and slip rings.

(b) Method of locking differential by welding pinions to spider.

Fig. 33. Rear axle transmission details.



(a) Airscrew shaft torque meter strain gauges and slip rings.

(b) Method of locking differential by welding pinions to spider.

Fig. 33. Rear axle transmission details.



(a) Tower yoke, crown wﬁeel, pinion and hand wheel. (b) Tower bearing and vertical transmission shafting.

Fig. 34. Tower orientation arrangement.



(a)

Tower

yoke, crown wheel, pinion and hand

Fig. 34.

wheel. (b) Tower bearing and vertical transmission shafting.

Tower orientation arrangement,
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F1G.36. AIRSCREW POWER-SPEED CHARACTERISTICS FOR
PROTOTYPE WINDMILL PUMPING SYSTEMS.,
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FIG.37. EXPERIMENTAL TORQUE COEFFICIENT VERSUS TIP-SPEED RATIO.
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FIG.38. SMOOTHED POWER COEFICIENT VERSUS TIP-SPEED RATIO.



