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Preface

The Training in Alternative Energy Technologies (TAET) program at the
University of Florida, ran for nearly five years--from late 1S79 unti] June
1984. The training program was sponsored by the Office of Energy of the US
Agency for International Development (USAID).  The purpose of the TAET
Program was to train technical personnel from the developing countries in the
theory and application of the renewable energy technologies: solar energy,
hydropower, biomass energy, wind power, and geothermal energy. A total of
286 participants from 54 developing countries attended the nine training
session that were organized by the University.

The TAET curriculum was designed to meet the following specific
objectives:

1. To acquaint the participants with the alternative energy
technologies.

2. To provide the participants with sufficient knowledge to
assess the natural renewable energy resources of the
participant's country and to determine the best possible
technological options to utilize these resources so that
the participant can provide input in establishing
realistic national alternative energy programs for the
participant's country.

3. To provide technically trained people with the knowledge
to select among technological options and to identify
their most appropriate applications.

The training program consisted of lectures, seminars, demonstrations,
laboratory work, and field trips--activities designed to explain the theory,
illustrate the practice, demonstrate the operation and maintenance of the
alternative energy systems, and to provide detailed training for the program
participants.

As part of that effort, a number of technical notebooks and laboratory
manuals were written by the program faculty at the University of Florida.
A1l of the written material and other documentation was collected, and
reorganized at the end of the training program in June 1984. This manual on
wind energy utilization in the developing countries makes available most of
the material on wind energy conversion systems that was presented to the TAET
participants during the course of the training program.
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Introduction

Wind power technology is one of the very oldest of the renewable energy
technologies. The first windmills are mentioned in the late seventh century.
The earliest systems were primitive devices consisting of a vertical rotating
shaft turning a millstone. Attached to the shaft were simple wings or
paddles probably constructed of woven matting. The device was positioned
inside a circular wall with a large opening facing the prevailing wind in
such a way that the wind impinged on only one side of the windmill blades.
Mills of this type, called panemones, were certainly constructed on the
plains of Persia which are swept by steady winds. These early vertical-axis
systems were soon joined by horizontal-axis designs with as many as ten cloth
sails.

In Asia and China, in the tenth century, windmills came into use for
irrigation and drainage. By the thirteenth century the technology was in
evidence across Europe from Portugal to Holland and beyond. At this time the
windmill in Europe was used almost exclusively for the grinding and milling
of grain (hence its name). Only in Holland, at a later time, was the
technology used to pump water--an application in which there remains
considerable interest particulariy in the developing countries.

The Dutch refined wind technology in important ways. They invented a
rudimentary airfoil; they created the spoiler and the airbrake and improved
the overall efficiency of the machines. By the nineteenth century thousands
of metal-bladed machines were grinding grain, milling paper, and processing
timber.

The first windmills in the United States were modeled on the Eurcpean
machines. But by the middle of the nineteenth century Daniel Halliday had
begun to experiment with the design that developed into the familiar multi-
bladed water-pumping machine still to be seen across the American plains.
More than six million small multibladad windmills have been built and used in
the United States to pump water. It is estimated that over 150,000 are still
in operation. These systems were the first wind mills to be massproduced.
Factories in the US and Germany exported them to South America, Africa,
Australia, Japan, and to nearly all ths European countries.

Although literally millions of wind machines were in operation during
the early part of the twentieth century, it was the development and evolution
of the aeroplane wing and propellor that stimulated the development of the
modern highspeed machines. At the same time it was recognized that the high
rotational speeds of the new rotors was ideal for driving an 2lectrical
generator,

The first wind-electric systems were built in the early 1920's using
discarded or home-made aeroplane propellors, automobile generators, and
sheet-metal fins. Wherever the old water pumpers were in use, innovators
constructed these sometimes primitive systems to charge batteries that
powered electric lights and the first electric appliances and radios.
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During the 1930's small wind machines that generated electricity came
onto the market. Between 1930 and 1960, thousands of wind-powered electric
generators were sold and installed in many countries. Production faltered in
the 1960's after the Rural Electrification Administration succeeded in sup-
plying most American farms and rural homes with inexpensive electricity from
a central power station and transmission system.

The first really large machine that generated electricity from the wind
was the 1.25 MWe Smith-Putnam machine located on Grandpa's knob in Vermont.
Operational in 1941 and supplying power to the Vermont grid system, the
project was considered a success, but mechanical problems, including blade
failure, eventually shut down the machine.

However, the qualified success of the Putnam machine had not gone
unnoticed, and in the late 1940's and 50's a number of large machines were
built in England, France, Denmark, and Germany. This research and
development effort gradually petered out, however, since no wind machine
could generate electrical power that was competitive with the cheap
electricity of the time.

By 1970 the utilization of wind energy was minimal. As electrical
distribution systems reached out across the rural areas of the U.S. and
Europe, the old water pumpers fell into disrepair and the market for the
small wind-electric machines diminished until only a couple of companies were
still manufacturing machines for the very remote areas.

The picture has now changed dramatically. Research and development work
is underway in many countries. Wind farms--clusters of small wind machines
generating electrical power in synchronicity--are springing up in the Western
areas of the U.S., while the old wind-electric machines are being renovated
and pressed back into service. At the same time, water pumping technology
has come under renewed development and the new machines are cheaper and more
efficient.

Wind power is a technology that should be of considerable interest in
the developing countries, many of which have excellent wind resources. Used
to pump water, wind machines have an immediate role in agriculture--the
principal economic activity in the rural areas of the developing countries.
In the early part of this century, when many developing countries were
Europear colonies, a good number of water-pumping wind machines were erected
in the developing countries by Europeans familiar with the technology.
Diesel engine pumps eventually displaced the wind machines in times when
petroleum fuels were cheap, and diesel engines were considered more reliable.
The situation has now come full circle: diesel fuel 1is expensive,
particularly in the rural areas, the engines themselves are difficult and
costly to maintain and keep in operation, and energy planners and technol-
ogists are once again contemplating the new water pumping wind machines and
considering their role in agricultural production and rural development.
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Wind energy conversion systems (WECS)
sizes, and configurations. Many of the dif
shown diagrammatically in the sketches belo

come in a wide variety of shapes,
ferent types of wind machines are
W and on the next page [1].
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Wind Resources

The power in the wind is enormous: an estimated 20 million GW is
theoretically available for extraction by wind turbines [8]. The problem is
to determine to what extent, and in which locations, this potential source of
power can be used economically. The database on mean annual windspeeds for
sites in the developing countries is poor. However, some general remarks
concerning wind resources can be made.

Africa: The African continent straddles the tropical and equatorial
zones of the globe. Only in the extreme south does it touch the wind regime
of the temperate westerlies. Nevertheless, the potential for wind energy
utilization in Africa is promising. Very favorable sites can be found along
the coasts of Tunisia, Algeria, Morocco, and Western Sahara. [t is probable
that good sites exist along the whole length of the coast running from Egypt
round to Senegal, and along the western and southwestern coasts of southern
Africa. Good sites are likely to be found on the Red Sea coast and along the
eastern coastal edge of Somalia. All these coastal sites posses wind regimes
which, particularly in the summer, are reinforced to a great extent by strong
insolation. During the warmer months the wind blows with rairly steady daily
regularity.

Inland regions are less favorable but possible good sites exist in a
number of regions such as the upland areas running from the Sudan south into
Tanzania.

Asia: The continent of Asia stretches from the equator to the polar
seas. The main features of the circulation from the point of view of steady
#ind flow are the outflow from the Siberian anticyclone in winter and the
influx of the monsoon across the equator into India and South East Asia in
summer.  Much of the continent falls under regimes of light and variable
winds, particularly during the transition seasons.

Persistent strong winds may blow along the Pacific coast of the
continent in winter. Constant north-east trade winds blow in winter around
the subtropical Pacific anticyclone across the Philippine Islands and
neighboring seas.

In summer there are persistent northerly winds along the Arctic coast.
South-easterly winds aiong the North Pacific coast blow around the Pacific
anticyclone which has shifted northwards following the sun. The Indian SW
summer monsoon is stronger than the NE winter monsoon. For instance, the
mean windspeed for Bombay during the height of the former season is 6.3 m/s
compared with only half that value in the winter months.

A number of areas appear favorable for the utilization of wind energy.
Good sites should exist in India, Pakistan, Bangladesh and along the western
edge of the Malay peninsula. The southern Indonesian islands should also
possess favorable sites.
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South and Central America: The South American continent extends from
the northern tropics deep 1into the strong westerly belt of the Southern
Ocean. General westerly winds are observed in all seasons south of latitude
40° S. In all seasons east and north-east winds prevail along the coast of
Brazil from 10° S up to the Equator. The north-east trade winds of the
northern hemisphere are observed to the north; these are stronger and more
persistent than in the latter half of the southern hemisphere summer when the
doldrum belt is further south.

Along the coasts of Peru and Chile strong SW winds blow around the
Pacific subtropical anticyclone. The gradient is intensified in summer by
the sharp temperature contrast between the cold ocean current and the hotter
inland areas.

Light and variable winds exist over much of the central part of the
continent but sites offering good wind energy potential may be found in many
coastal regions, particularly along the west coast.

The Caribbean islands possess many favorable sites, particularly on the
eastern coasts of the islands in the Antilles chain.
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Basic Principles

Wind is a fluid in motion; its energy is kinetic. The power in the
wind, Py, is therefore given by

P =1/2m Vv Watts (1)
where m = air mass flow rate, kg/s
v = air speed, m/s

This expression is usually rewritten as

Py = 1/2 p AV3 Watts (2)
Where p = air density, kg/m3
A = flow area, mé

The density of air varies with both temperature and pressure. At 20°C
and atmospheric pressure the density of air is 1.2 kg/m°, Since the air
pressure decreases with increasing altitude the temperature corrected
density should also be corrected for altitude. The density of dry air at
atmospheric pressure is tabulated below.

Density of Dry Air at Atmospheric Pressure

Tempgrature Deniigy Temperature Densigy
C kg/m °C Kg/m

0 1.29 20 1.20

5 1.27 25 1.18

10 1.25 30 1.16

15 1.23 35 1.15

The correction factor for variation in altitude, Cps 1is shown below.
This factor should be multiplied by the density at atmospheric pressure to
determine the corvect air density.

Altitude Correction Factor, Cp

Altitude, ft Ca Altitude, ft Ca
0 1 5000 0.832

1000 0.964 6000 0.801
2000 0.930 7000 0.772
2500 0.912 8000 0.743
3000 0.895 9000 0.715

4000 0.864 10000 0.688
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[t is important to note from Equation 2, that the power avajlable in
the wind varies as the cube of the wind speed. If the wind speed doubles
the available power increases by a factor of eight. Small differences in
average wind speed between potential wind sites can therefore make a great
deal of difference in terms of power generation.

A rotor can extract power from the wind. At standstill the rotor
clearly produces no power, and at very high rotational speeds the airflow is
effectively blocked by the rotor and power output is minimal. In between
these extremes there is a rotational speed where the power extracted from
the wind is maximized. This relationship is shown in the figure below.

Power, P —

e em er B cccnccccres coana

Rotational speed —_—

Fig. 1 The power produced by a wind rotor as a function of its rotational speed, at one given wind speed,

It is also important to consider the torque characteristics of a wind rotor.

The power, P, is related to the torque, Q, and rotational speed, W, by the
simple formula;

P=Qw Watts (3)

[t follows that the torque, Q, is equal to the slope of the line from
the origin to some point on the power curve. Where such a 1line is
tangential to the curve marks the point where the rotor will produce maximum
lorque. This point is labelled A in Figure-1. Note that the rotational
speed that generates maximum torque is always less than the speed for which
the power extracted is a maximum, (B8),



The simple relationship between power, torque, and speed enables one ‘to
construct the torque-speed curve shown below

Torque, Q

Rotational speed —

Fig. 2 The torque produced by a wind rotor as a function of its rotational speed at one given wind speed,

[f the wind speed increases then both power and torque increase as
shown in Figure 3.
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Power, P ——
Torque , Q ——
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Rotational speed —_—

Fig. 3 The power and torque of a wind rotor as a function of rotational speed for different wind speeds.



These sets of curves are not very convenient to work with. It is
possible, though, to work with a dimensionless set of parameters: the power
coefficient, Cp; the torque coefficient, CQ; and the tip speed ratio, A.

These are defined as

Cp = P/g oAV (4)
CQ = Q/%' pAVZR (5)
A = wR/V (6)

In these expression V is the velocity of the upstream undisturbed air
flow, and R is the radius of the swept area. Substituting these expressions
in Equation 3 gives the simple relationship

Cp = CQ A (7)

The advantage of these dimensionless coefficients is that they permit
performance data for different k;nds of wind systems operating under
different conditions to be reduced to a common basis. For example, Figure 4
shows power-speed and torque-speed curves in dimensionless form, for a
typical multibladed and two-bladed wind rotor. Immediately apparent are two
essential differences between these kinds of rotors. Multibladed rotors
develop maximum power at lower rotational speeds, and the torque generated,
particularly the starting torque, is high. In contrast, the twin-bladed
rotors are efficient at much higher rotational speeds, the torque produced
by the rotor is low, and starting torque is very low indeed. For these
reasons, multibladed rotors are generally used for pumping water, while the
high speed machines with only two or three blades are more often used for
generating electricity. Figure 5 shows power coefficient curves as a
function of tip speed ratio for several classes of rotors. Note that, in
addition to the distinctions mentioned above, high speed rotors are general ly
more efficient than the low speed multibladed turbines. However, this
efficiency is accomplished at some cost: high speed rotors require
sophisticated airfoils and more advanced technology. These machines are
generally more expensive than the low-speed wind systems.

There is a linit to the amount of energy that can be extracted from the
wind by a turbine. It can be shown that the power coefficient of a wind
machine cannot exceed 59.3 percent. This figure is called the Betz
Coefficient. The performance curve for the ideal wind turbine, shown in
Figure 5 is asymptotic to this limit. The derivation of this coefficient is
presented in the next section of the text.
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Operating characteristics of major rotor types [22]

Aeerage power coefficients are lower.

Tip/Speed
Rotor Type Ratio Range Cp® RPM  Torque Typical Load
Propeller
(1ift) '
d 6 to 10 0.42 | High | Low Electrical
= Generator
TLXL- QLD (up to 20)
oL LD
Darrieus
(11ft)
5tob 0.40 | High | Low Electrical
Generator
%yclo?iro
1ift 1 Electrical
Moder-|Moder-
3 tod 0.45 ate ate ging:;;or
Chalk
Multi-Blade Electrical '
(1ift) 3tod 0.35 Moger- Mgger- Generator
ate e or Pump
?ailw;ng
1ift Electrical
4 0.35 Moger- Moger- Generator
ate ate or Pump
Fan-Type
(drag{
i 0.30 | Low [High Pump
Savonius
(drag)
1 0.15 | Low |[High | Pump
Dutch-Type
(drag) —
_—
= 2 to 3 0:17 | Low |High Pump or
% &5 Mill Stone
* C* is the maximum value of the power coefficient.




The Betz Coefficient

The power developed when a force, F, acts on a translating body, or
when a torque, Q, acts on a rotating body, is given by

P= FV=qu

where V is the linear velocity and w is the angular velocity in radians per
second. The force, F, represents the component force in the direction of
V.

"1‘“
v
l

Figure 6. Airflow Through a Wind Turbine.

The force on the rotor, F, is equal to the change in momentum; so

F=m(V - Vo)

The power absorbed by the rotor is given by
P = FVp = oAV 2 (V - Vp) (8)

However, the power absorbed can also be expressed as the difference in
power of the fluid upstream and downstream of the rotor, i.e.,

le 1
P = imV2 - §-mV22

(9)
% pArVp (V2 - V52)

or P
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Equations 8 and 9 are necessarily equivalent. It follows that we have
Vh(V = V) = 5 (V2 = vy2) (10)

or  Vp=V+Vp
2

The force exerted on the rotor is therefore given by
-1 2 42
F = 2 pAp(V -V3) (11)

and the power absorbed by the rotor as

o
i

T oAr(V+12)2(v-Vp) (12)

T oAr(V2-1p2) (Vavp) (13)

or P

expanding Equations (12) or (13) gives

P =7 pAR(V3 - W2 + v2yy - v,3)

s

holding V constant and finding dP/dVs gives

9§é= T 0AR(-2W5 + V2 - 31,2)

for maximum power we have

(V+ V) (V- 3Vp) =0

SO Vo = -V or v/3
with V2 = V/3 we have from equation 13
Prax = ¥ ohr (V2 = V2/9) (V + V/3)

% Apv3 (1 - 1/9) (1 + 1/3)



Since the power in the wind is given by
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it follows that the highest fraction of the wind power that can be extracted
by a rotor is given by

Pmax/Py = 16/27 = 0.593

This figure was derived by Carl Betz in 1927 and is called the Betz
limit or Betz coefficient. In practice this limit is never acheived since
the Betz coefficient represents the maximum power output of an ideal wind
rotor with an infinite number of zero drag blades.

Wind Machine Characteristics

A1l wind energy machines exhibit certain fundamental operating
characteristics which are related to the speed of the wind. At low wind
speeds the rotor hardly turns, until the wind speed reaches a level called
the cut-in speed. Since the energy in the wind is proportional to the cube
of the windspeed, there is little energy in the wind at low speeds. As
windspeeds increase above the cut-in speed, the rotor extracts increasing
amounts of power until, at the rated windspeed, the system produces its
rated output power.

At windspeeds above the rated windspeed, most systems produce roughly
constant power by using some kind of governor, brake, or other form of speed
control device, until at high wind speeds the rotor is braked or turned out
of the wind to prevent damage to the system. The windspeed at which the
system is shut down is called the cut-out or furling windspeed.

These characteristics are shown schematically in figure 7 which shows
the power produced by two different wind machines as a function of wind
speed. Machine A is rated at 2 kW at a windspeed of 25 mph; machine B is
rated at 1 kW at a windspeed of 15 mph. Both machines cut in at about 8
mph. Machine A cuts out at 70 mph; machine B at 60 mph. Figure 8 shows the
power output from a real 1 kW machine. The rated windspeed for this
machine, a Sencendaugh Model 1000, is 9.8 m/s. Note that the power output
from this machine varies considerably between its rated windspeed and its
cut-out speed.

In assessing the energy produced by a wind system, therefore, it is
essential to have available performance curves similar to the one shown for
the Sencenbaugh machine.
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Windspeed Frequency Distributions

In order to estimate the amount of eneryy available from a wind machine
it is necessary to know, not only the power output of the machine as a
function of windspeed, the subject of the preceeding discussion, but the
windspeed distribution: the frequency distribution of wind speed at the
proposed site of the wind machine.

[f the real frequency distribution of wind speed at the site is known,
the average output of the turbine, P, may be computed from

* o]
o= (). f(v) av (14)
o
where Tp(V)= the machine power output as a function of
windspeed
f(V) = the frequency distribution of the wind speed

v

the wind speed at the rotor hub.

Figure 9 indicates schematically the way machine performance curves and
wind frequency distributions are combined to produce an estimate of the
energy available from the wind system.

Figure 9(a) shows an idealized machine performance curve similar to
Figure 7. Point A is the cut-in windspeed, B is the rated windspeed and
point C is the cut-out windspeed. Figure 9(b) shows a windspeed frequency
distribution. This figure can be used to estimate the time tre wind blows
at a particular speed. This estimate, combined with a performance curve, is
then used to estimate the energy extracted by the turbine as a function of
the wind speed.

The problem with this approach to the estimation of the amount of
energy available from the wind system is that the wind speed frequency
distribution is not usually available. If it is, then the calculation is
straightforward and reasonably accurate. However, the distribution curve
can only be defined by monitoring windspeeds at a proposed site with
sophisticated instruments over the course of, ideally, several years.
Detailed data of this kind, however, is seldom available.

The next approach is to approximate the windspeed distribution. If
only one statistic is known - the annual mean windspeed - it is possible to
make a reasonably good guess at the frequency distribution. A frequency
distribution often used is the Rayleigh distribution and it nay be expressed
as

FV) =2 . Loxp [ - nv2/4T2] (15)
2 V2
where f(V) = frequency distribution of the windspeed
v = wind speed
V = mean wind speed
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Generally, the Rayleigh distribution is a better approximation to the actual
windspeed frequency distribution at the hiyher iean windspeeds. It should
not be used where tne mean windspeed is less than 4 m/s.

The Weibull function is another possible frequency distribution function.
This is expressed as

k-1 k
Lk S
FV) =5 (@) exp [ - ()] 169

The Weibull distribution has two adjustable parameters, c and k, and
can be made to fit a wide range of observed winspeed frequency
distributions, more accurately than the Rayleigh. The Rayleigh is actually
a Weibull distribution with k= 2. The disadvantage of the Weibull from a
wind assessment point of view is that its use requires a knowledge of both
the mean wind speed and the standard deviation of the speed about the riean.
These statistics are not known unless one has available an observed
windspeed frequency distribution, in which case the actual recorded data
should be the data used to assess the site.

Figure 10 compares two analytical frequency distributions with two
observed ones. Curves 1 and 2 are the Rayleigh and Weibull distributions
respectively for a site where the winds blows at a fairly constant speed.
Curve 3 is an actual distribution based on one year's data from a site east
of Puerto Rico, and curve 4 is an actual distribution from a site where the
wind shows a bimodal distribution.

In order to show how energy production depends on the windspeed
distribution, the annual average power output was computed for two small
wind machines, using the frequency distributions shown in Figure 10. The
performance characteristics for the wind turbines are shown in Figure 11.
Both machines are rated 1.2 kW, but at different windspeeds. Furthermore,
the profiles are noticeably different. The calculated averaye power outputs
are shown in Figures 12 and 13. The graphs show that machine perforinance
characteristics have a pronounced effect on average power output. The
output of machine B is much larger, since that mahine produces power at its
rated output over a wider range of windspeeds than machine A.

The graphs also indicate that estimates of average energy production
are not overly sensitive to the form of the distribution function. Over
most of the windspeed range shown, the average power output estimated from
the Rayleigh distribution (the solid line) differs by no more than +15% from
estimates based on the actual distribution and the Weibull function. This
is a reasonable level of accuracy and suygests that the use of the Rayleigh
distribution, which is extremely simple to employ, is a quick and useful
way to estimate wird site potential.

A further characteristic indicated by the curves 1is that the
sensitivity of power production estimates to the windspeed distribution
depends very much on the performance characteristics of the wind machine.
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The average production of machine B is relatively independent of the
windspeed distribution because of its flat performance curve between
windspeeds of 8.5 to 27 m/s. The cutout speed is an important machine
parameter - the higher the cutout speed the less sensitive the power
production estimates are to the form of the distributions function.

Windspeed distribution functions can be used to determine energy

distribution curves. The energy in the wind is the power in the wind, Py
at a particular windspeed multiplied by tne time the wind blows at that
windspeed, as either measured or predicted by the use of a frequency
distribution function such as the Rayleigh.

Since Pw = 1/2 pAV3 Watts
and t(V) = 8760 f(V) hrs/yr
then E(V) = P,t/1000 kWh/yr

The graphs below show Rayleigh windspeed distribution curves, and energy
distribution curves for two sites with available windspeeds of 10 mph and 14
mph.

Average annual windspeed=10 mph Average annual windspeed=14 mph
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Figure 14. Rayleigh Windspeed Distributions for Sites with
10 mph and 14 mph Winds. The Available Wind
Energy is far greater at the windier Site. (3]
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It is important to note the fullowing points:

1. The most frequent windspeed--the peak of the frequency distribution--
occurs at a windspeed below the mean. If Vg is the most frequent
windspeed and V is the mean, it can be shown for a Rayleigh frequency
distribution that

Vs = 0.8V

2. The peak of the energy curve occurs at a windspeed considerably higher
than the mean windspeed. For a Rayleigh frequency distribution it can
be shown that

The relationship between the peak of the energy curve and the mean
windspeed is especially important since it permits a quick calculation of the
windspeed at which the maximum energy is available in the wind, knowing only
one statistic - the mean annual windspeed. Wind machines need to be matched
to the windspeed characteristics of the site. The rated windspeed and the
cut-out windspeed of the machine should span the range of windspeeds where
the energy in the wind reaches its maximum value. Generally, the rated
windspeed of a wind turbine should lie within about 20 percent of the mean
windspeed at the site if the energy produced by the machine is to be
maximized.

Measuring the Wind

A wide range of instruments is available for use in measuring windspeed.
A simple device will measure only one statistic--the average windspeed--but a
great deal of preliminary design work and economic assessment can be based on
just this one statistic. Simple aremometers and windrun counters cost about
$100 - $150. More sophisticated systems that generate the full windspeed
frequency distribution cost approximately $2000 - $3000. Measuring the full
distribution makes possible a more accurate evaluation of the energy that
could be produced at the site. But year-to~-year variations can be
significant, so the prediction of wind machine output can never be precise.

[t seems sensible to assess a site initially with the use of a cheap
portable instrument that will indicate average windspeeds. The instrument
should be read each month so that strong seasonal variations in windspeeds
show up early in the site assessment.



Wind Duration Curves

A useful way to organize wind velocity data is to construct a wind
duration curve. This curve shows the number of hours that the windspeed at
a site exceeds a particular value. For example, consider the wind speed
data below for a site off the coast of Alaska.

SPEED MEAN
1-3 4-6 7-10 [ 11-16  {17-21 |22-27 [28-33 [3d-40 | 41-47 48-55 |56 % WIND
DIR. SPEED
N a0 ! VR A N O A R B W TR TY:
NNE 2 | S 1 2] 91 8] 6] 1 0 | 0 | 38198
Ne b2 | 6 | 8 12 | 8] 1 1] o | 1 4.5 | 19.4
peve |1 [ 3 | B8 113 115 112 [10 ] 3 | 2 | 9 | 77 300
E 2 1 A4 L L1119 116 |10 9 (10 10 | 3 | 2 | o5 es7
ese || 1 | S 110 118 |13 |11 | 8 8 | 7 | 1 | 79 74
se Il a1 | 3 6 | 7 111 116 |13 | 9 4 | 3 | 1 | 76 et
sse i .0 | .2 S L 2 | 8 4] 4 2] 5 | 6 | 3 | 39 a2
s a3l 3 6 4 9 110 | 7] 7| 8] 5 | 4 | 2 || 64 249
ssw | | 5 | .6 4 1 71 2 30 0 [ 2 | 2 | 37210
sw_ |2 | 2 S 12 | 9 111 | 9| 5] 3| 2 | 2 || 63 o309
wsw || 0 | 2 8 1 9 111 11 ] 9| 6] 3] 2 | .0 | 61250
w. ' 2 | 3 AL 9 113 a9 | 4 1] a1 6.3 | 20.7
whw .2 | 3 S 111 10 t1d | 7] 6] 2 | a1 6.0 | 21.3
MW f 3 L 4 117 119 |14 [ 14| 7] 61 21 o 8.7 | 18.1
nw o [ 2 8 |17 |15 |11 | 4 | 2] o0 | 1 6.0_| 18.6
VARBL
CALM | 9
(23 |37 |114 (164 |173 |166 | 122 87 |48 |34 |21 (000 | 23.0

TOTAL NUMBEROF OBSERVATIONS_SML

The wind duration curve is a cumulative frequency diagram. Starting at
the highest windspeed group, it is a simple matter to record the time that
the wind blows at this leve]: 2.1 percent of the time. Multiplying by the
number of hours in a year, 8760, gives 184 hours - the time that the wind
blows at 56 mph or greater. One then works downward through the Ilower
windspeed ranges summing the hours computed. The tabulated data is shown
overleaf. The wind duration curve is plotted through the points marking the
accumulated hourly totals, and the 1lowest point of the speed range
pertaining to that total.




range frequency time cumulative
mph __% hrs hrs
>56 2.1 184 184
48-55 3.7 324 508
41-47 4.8 420 928
34-40 8.7 762 1690
28-33 12.2 1069 2759
22-27 16.6 1454 4213
17-21 17.3 1515 5728
11-16 16.4 1437 7165
7-10 11.4 999 8164
4-6 3.7 324 8488
1-3 2.3 201 8689
Calm 0.8 71 8760

The wind duration curve is shown in Figure 15. For a Rayleigh
distrubution, the wind duration curve for a mean windspeed, V, can be
expressed as

tp = exp [ - w V2/4 sz
(17)

where tp is the fraction of the time that the wind speed is greater than V.
If V is mean annual windspeed, then tp 1s multiplied by 8760 hours to give
a wind duration curve similar to the one shown in Figure 15.
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Energy Conversion

Knowing both the site windspeed frequency distribution and the output
characteristics of the wind machine under review, it is now possible to
estimate the amount of energy available from the machine. Consider the
graphs shown below. Figure 16 is a wind duration curve for a site (average
windspeed 12.5 mph) where two machines, A and B, are being considered for
installation. The performance curves for these machines are shown in Figure
17. Both machines are rated 1 kW but at different wind speeds. Machine A
has a rated speed of 32 mph, machine B has a rated speed of 20 mph. Machine
B also cuts in earlier than machine A.

To estimate the energy extracted by each machine we proceed as follows.
Divide the abscissa of Figure 16 into 20-hour divisions and read off the
average wind speed for each 20-hour period. From Figure 17, one then
estimates the average power produced during this period. The average power
generation multiplied by 20 gives the energy produced in watt-hours from each
machine. Table 1 shows the results of this sequence of calculations.

What can be clearly seen is that Machine B produces more than twice as
much energy as machine A. Even though both machines are nominally 1 kW, the
difference in their rated windspeeds makes a great deal of difference to the
amount of energy each machine is capable of extracting from the wind.
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Table 1. Enerqgy extracted per month from the wind distribution
shown in Fiqure16 by wind turbines A and B.

WIND TURBINE A WIND TURBINE B
v Power
No. mph walls Watts x 20 Hrs. Power Watts x 20 Hrs.
1 40 1000 20,000 1000 20,000
2 35 1000 20,000 1000 20,000
3 26 650 13,000 1000 20,000
4 22 320 6,400 1000 20,000
5 20 250 5,000 1000 20,000
6 19 238 4,760 950 19,000
7 17.5 162 3,240 650 13,000
8 17 150 3,000 600 12,000
9 16.5 138 2,760 550 11,000
10 16 125 2,500 500 10,000
11 15.5 113 2,260 450 9,000
12 15 100 2,000 400 8,000
13 145 90 1,800 360 7,200
14 14 80 1,600 320 6,400
15 13.5 70 1,400 280 5,600
16 13 60 1,200 240 4,800
17 12.5 50 1,000 200 4,000
18 12 45 900 180 3,600
19 115 40 800 160 3,200
20 1 35 700 140 2,800
21 10.5 30 600 120 2,400
22 10 25 500 100 2,000
23 9.5 0 0 95 1,800
24 9 0 0 87 1,740
25 8.5 0 70 1,400
26 8 50 1,000
27 7.5 0 0
28 7
29 6.5
30 6
31 5.5
32 5
33 4.5
34 4
35 3.5
36 2
y y y y
Total watt hours 95,420 = 95.4 kWh 229,940 = 229.9 kWh




This graphical procedure, however, can be a little tedious. Fortunately,
there is a quick way to estimate the energy extracted by a wind machine.

Assume a Rayleigh distribution of windspeed

£v) = 1V exp( - V2n/442) (18)
V2

nN

It is useful to define a parameter, a, by

a = -n/4V2 (19)

so that Equation 18can be written as

f(V) = - 2aVexp(av2) (20)

It 1is then necessary to model the performance of the turbine. The
idealized turbine has a power output curve as shown in Figure 9(a). The
turbine cuts in at a windspeed V; (point A); reaches its rated power, Pp,
gg a windspeed of V. (point B); and cuts out at a windspeed of Vg, (point

We assume that the power output between windspeeds Vi and V. (the curve
from A to B) can be adequately represented by a quadratic function:

P=AV2 +3B (21)



and it can be shown that

Pr | (22)

A= ———
vz — ve
2
and B = - AV; (23)

The power produced by the turbine can therefore be expressed as

P=0 7 V<V
P=AVZ ¢+ f Vi SV <V, (24)
P =P, 4 V>V,

The average power generated between windspeeds Vi and V. is given by
Ve
Py = (AVZ +8) f(V)dv (25)
Vi

and the average power generated between windspeeds Ve and Vy is given by
7y
Py = Pr (V) dv (26)
Vr



On substitution of Equation 20, Equations 25 and 26 become

VY‘
aVv2 ave
Py = -2 (Av3e +BVe ) dv
Vi
VO
aV2
and Po = - 2aP, Ve  dV
VY‘

2a
3 ax ax2
and X e dx = e (ax? - 1)
2a
Therefore, we have
Ve Vy
aV2 aV2
Py = -2aA|e _ (av2 - 1) —2aB| e
2a2 Vi 2a | Vj
Vo
aV?
and Pp = - 2aP, |e



On substitution of Equations 22 and 23, the above equations finally reduce to

aVE av§ aV% (29)
P1 = Prle_—ce - e
a(v2 - v%)
2 2
aVy aV
and Py = Pr[;e Lo O)J (30)

The average power generated between windspeeds V; and V,, P, is the sum
of Py and Py; thus

- aVE aV% aV% (31)
P=P.le —ce - e
a(vé - v8)

Finally, introducing

A=a (V2 -3 (32)
B = exp [a (v2 - v?)] (33)
C = exp (avg) (34)
We have
P = P.C EA—:_I. - B Watts (35)



This equation permits the average power of the wind machine to be quickly
estimated. For example, consider again, wind machines A and B, the power
output curves of which were shown in Figure 17. For Machine A we have

Vi = 10 mph
Ve = 32 mph
Vo = 50 mph
Prp = 1 kW

and V is given as 12.5 mph. So from Equation 19 we find

a = -n/4 (12.5)2 = -0.00503

and from Equations 32-34

A = -4.6045
B = 0
C = 0.6049

So from Equation 35 we can estimate the average power output of this machine
as

1 x 0.6049 (8XP (:j'gjgg) -1,

o
3

0.129 kW

S0 over a month of 720 hours the energy generated by this turbine should be
about 720 x 0.129 = 93 kWh, a figure close to that calculated in Table 1.



For Machine B we have

Vi = 8 mph
Ve = 20 mph
Vo = 50 mph
Pr = 1 kW

Proceeding as before with the same mean windspeed we find

A = -1.6889
B ~ 0
C = 0.7249

So from Equation 35 we find

exp (-1.6889) -1
L x 0.7249 (BEA=p=0383) -1

-
I

0.350 kMW

Over the same month we would therefore expect to generate 720 x 0.35 =
252 kWh of electrical energy.

This estimate is nearly 10 percent higher than the figure calculated by the
graphical procedure shown previously. But this arithmetical approach is
simple, lends itself easily to the use of a calculator or computer, and is
particularly useful when one wants to compare the energy output from a number
of wind machines under consideration for erection at a specific site.



Consider 3 wind machines with the following characteristics

Machine: A B c

Cut-in windspeed (V;, m/s) 3.1 4.5 2.7
Rated windspeed (V,., m/s) 11.2 9.8 9.0
Cut-out windspeed (V,, m/s) 13.4 17.9 40.0
Rated power (P, kW) 2.0 1.5 1.0

It is interesting to take a look at how these wind turbines might operate at
different windspeeds. Using Equation 35 once again for each machine, with a
mean annual windspeed, V, ranged between 4 and 12 m/s, we can compute
the amount of energy generated annually by each machine at each windspeed.
These data are tabulated below.

Mean annual windspeed Energy generated annually, kWh/yr
n/s A 8 <
4 1913 1275 1647
5 3403 2651 2712
6 4824 4120 3716
7 5841 5425 4573
8 6376 6425 5271
9 6517 7079 5831
10 6392 7415 6273
11 6109 7496 6615
12 5745 7393 6867

The data can be plotted in the form of a graph as shown in Figure 18. What
is important to note is that although Machine A is rated at 2 kW (at a wind-
speed of 11.2 m/s) and might therefore be considered the most productive of
the 3 machines, this is not necessarily the case. Machine A generates more
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power at mean annual windspeeds up to about 8 m/s. At higher mean windspeeds
Machine A produces lesser amounts of power because of its low cut-out wind-
speed; it does not function well at the higher windspeeds. When comparing
the performance of wind turbines, therefore, it is critically important to
know more about the machine than Just its rated power. One needs to estimate
how much energy is produced by the machine, and for this exercise one
requires the cut-in and cut-out windspeeds, the windspeed at which the
turbine produces its rated power, and the mean annual windspeed of the site.

We can take this exercise a step further and ask what is the cost of energy

produced. Assume that the installed cost of each machine is $2000/kW. The
capital cost, K, is therefore given by

K = 2000 x P,

Capital charges are given as K multiplied by a Capital Recovery Factor (CRF)

which is a function of the interest rate on the loan, i, and the time preiod,

t, over which the loan is to be repaid. The Capital Recovery Factor is
defined as

CRF(i, t) = ot

where i is expressed as a fraction, and t is in years. If operation and
maintenance is 10 percent of K, we estimate annual charges, A, at

A = KxCRF(i, t) + 0.1 xK $/yr
and the cost of energy produced by the turbine as

- K x (0.1 + CRF(i, t) $/kWh
Energy cost = 8760 X P

where P, the average power output, is given by Equation 35.

This analytical procedure generates, far 3 machines, the data tabulated
overleaf.



Mean annual windspeed Energy costs, ¢/kWh
n/s A 8 ¢
4 76 86 44
5 43 41 27
6 30 26 20
7 25 20 16
8 23 17 14
9 22 15 12
10 23 15 12
11 24 15 11
12 25 15 11

The data are shown in Figure 19. Again, one can see how much the cost of
energy is dependant both upon the operating characteristics of the wind
machine and the wind characteristics of the site.
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Conversion Efficiency

It should be stressed that the power coefficient of a wind turbine
defined by Equation 4, is frequently changing while the turbine is in
operation. This occurs because the power in the wind varies witn the cube of
the windspeed, whereas the power generated by the rotor depends on the
characteristics of the machine--as shown for example, in Figures 7 and 8, and
also in the power curves given for che turbines documented in Appendix 1.
The average conversion efficiency, i.e. the ratio of the long-term energy
output of the turbine to the energy available in the wind over the same
period, 1is a figure significantly less than the power coefficient maxima
shown in Figure 5.

Assuming a Rayleigh distribution of windspeeds, the average power in the
wind, P,, is given by

P, = XPW(V)f(V)dV (36)

Where P, = 1oav3 yatts

and f(V) is the Rayleigh frequency distribution given by Equation 15. This
integral can be solved analytically to give

Py = 0.955 pAVS Watts (37)

So the average power in the wind is 91 percent higher than the instantaneous
power in the wind at the mean wind speed. The average power generated by the
turbine, P, is given by Equation 35; the mean efficiency of the machine,n ,
is the ratio of the two figures:

n = P/P, (38)

Defined in this way, efficiences are quite low--less than 20 percent for wind
electric systems, less than 10 percent for wind pumping machines.

However, the real question that one would like to answer is: Given a site
with a mean windspeed V, how much €nergy can one expect to be produced by a
typical wind machine? It is possible to make a rough guess at the answer to
this question even if no information is available on the machine
characteristics. It is only necessary to estimate Vi» Vo, and V. for
the hypothetical machine. As a rule of thumb, we will use

Vi = 0.4V,
Vp = 0.9V
and Vo = 2V,
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and then apply Equation 35 as before. For instance, with V = 8 m/s the
procedure outlined above leads to P/Pr = 0.621. So a 1 kW machine would
average 621 Watts over the year yiving an energy output of 5440 kWh/yr.

The area swept by the turbine can also be estimated. At the rated windspeed,
wind turbines usually give their best performance, i.e. the instantaneous
efficiency--which is the power coefficient C.--is at its maximum value.
This value can be estimated from Figure 5; let this value be Cpmax+ It
follows that

Cpmax = 7 i (39)
L 3
V4 Avr
P
or A = —2IL (40)

1
5 0 AV3Cpnax

[f the work required from the machine, W KWh/yr, 1is specified, the
appropriate_machine is determined as follows. Knowing the site nean annual
windspeed, V, and estimating Vi, Vs and Vg, for a well-matched machine
using the guidelines above,__ca1culate P/Pr.  The energy produced by the

machine, therefore, is 3760 P kih/yr per rated kilowatt, so the rated power,
Pr, is found from

Pr = W/8760P (41)

[t should be stressed that this approach only gives an appro<imate value for
annual energy production. Once a machine has been specified, the measured
power output characteristics and the site windspeed frequency distribution
should be used to find a more precise estimate of the amount of energy
produced by the wind system.



Rotor Configurations

There are basically four common types of wind machine: the Savonius
rotor, the Darrieus rotor, both vertical axis configurations; multibladed
lov-speed rotors like the U.S. farm windmills, and high-speed propellor-type
rotors, both horizontal-axis configurations. These rotors have different
aerodynamic and power characteristics and a particular rotor configuration
can be selected that {5 well-suited for the mechanical task at hand.
Savonius rotors and the multibladed high-solidity rotors are low-speed rotors
that have a high starting torque and are appropriate for mechanical work such
as pumping water or milling and grinding grain. The vertical-axis Darrieus
and the propellor-type rotors spin much faster and have little or no starting
torque. Their high rotational Speeds make these rotor types appropriate for
driving electric generators.

Savonius Rotor

The Savonius rotor is an extremely simple and robust wind energy conver-
sion system. Sometimes called the S-rotor because of its dinstinctive shape,
it looks rather like an 0il drum that has been cut in half along its length
and the halves separated sideways. More often than not, this is exactly how
it is built. Figures 20 and 21 show a couple of typical configurations.

The advantages of the Savonius rotor include its simplicity and ease of
construction, and its high starting torque which permits it to start up under
load. However, it suffers from rather low efficiency (a coefficient of per-
formance of about 10-20 per cent), and difficulties with overspeed control.

Savonius rotors come in all shapes and sizes. Figure 22 shows some of
the more common design configurations. The more simple two-vane design seems
to work as well as the multivane types. The aspect ratio, the ratio of vane
height to rotor diameter, has an effect on the torque produced.  Higher
aspect ratio rotors (taller and slimmer) will generally run at higher rota-
tional speeds and lower torque than those systems with a low aspect ratio.
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Multibladed Horizontal Axis Rotors

The multibladed horizontal axis rotor is by far the most common wind
energy conversion system. In the United States the old farm windmills can
still be seen in operation doing what they do best: pumping water. The
desirable features of the multiblade rotor are:

e High starting torque

* Simple design and construction
e Simple control requirements

e Durability

Among its disadvantages are:

» Poor compatability with high rpm loads
e High rotor drag load on the tower

The basic components of the American farm windmill are shown in Figure 23.
Multibladed rotors are high-solidity low-speed rotors. Their optimal tip
speed ratio is about 1 at which point their efficiency may be as high as 30
per cent, but 15-20 per cent is more realistic.

BLADES
TA/L VANE
POWER SHAFT
GEARS
CRANK SHAFT
D
CONNEC TING
T ROD
N
) SUCKER ROD
) LOLLY BEARING AND
Pl TOWER ADAPTOR
HUB AND
BEARING TOWER

AN

—
Figure 23.

Components of an American Farm windmill. Gears and crankshaft convert rotary
power into the up-down motion of the sucker rod. [3]



Many kinds of multivane wind turbines suitable for pumping water have
now come into use in the rural areas of many developing countries. Figure 24
shows a design offered by VITA which uses a recycled automobile axle as a
transmission system. The design has flat blades.

rotor

,/‘ / .
. ®
vans

turntable
car‘axla
A

S

- —

N R S

i brakes handla

I|”— tower

Figure 24. Windmill design suggested by VITA [9]



Perhaps the most simple type of horizontal axis windmills are the sail
windmills. This type of windwheel has 4-12 radial arms to which are attached
triangular sails. These machines are common on the islands of the Aegean and
in other parts of the Mediterranean. The mountain plateau of Lasithi in
Crete boasts so many sail windmills that it has come to be known as the
“Valley of 10,000 Windmills".

A feature of these windwheels is the forward extension of the axial
shaft to provide an attachment for wire stays bracing the radial arms. Stays
also extend from tip to tip of the arms. The stays brace the windwheel and
generally stiffen the structure. One side of each sail is attached along the
rotor arm while the opposed corner is attached at a point along the circum-
ferential bracing in the manner shown below

YdN \gf

Eq 66 Figure 25 Configuration

of a typical sail wind
turbine. [15]

In the traditional Cretan design, the circumferential bracing is com-
monly made of chain, and the setting of the sails is effected by engaging a
hook, attached to the corner of the sail, with an appropriate link in the
chain. When the wind is strong, and reefing is required, the sails are wound
around the poles so as to reduce their area.

The sail mill has many advantages. It has great Sstrenyth, the aero-
dynamic surface is self-forming and flexible, and it shows a nigh degree of
self-requlation. It is also a simple and inexpensive machine.

[t is interesting to note that the traditional Cretan windwheel design
has been successfully used in Africa. The American Presbyterian Mission at
Omo Station in Ethiopia has introduced a water pumping version of the sail
wind turbine to the local people with great success. The windwheel is used
to pump water from the River Omo and irrigate small plots of land along the
banks of the river. The project is interesting because the people involved
compared a modified Cretan windwheel with a Savonious rotor with respect to
their ability to pump water. The sail windmills were found to be superior.
The first wind systems used were imported U.S. multibladed farm windmills,
(Dempsters), but these proved too expensive a proposition for the local
Geleb farmers. The locally fabricated -ail wind rotors were produced for
about one third the cost of the Dempster water pumpers and were built almost
entirely of locally available materials. [11]



windmill at the UNICEF village
technology unit display in Nairobi,

The Arusa windmill and a sail cloth
Kenya.
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Darrieus Rotor

In 1925, G. J. Darrieus applied for a U.S. patent for a wind energy con-
version system designed to generate electrical power. Figure 15 shows the
basic system configuration. Each blade is a symmetrical airfoil and is
Curved in the shape that a perfectly flexible 'cable of uniform density and
cross-section would assume if rotated about a vertical axis. The blade shape
is called a troposkien. The advantage of this unusual shape is that rotation
does not cause the blade to bend and thus the strésses will be only tension.

The Darrieus rotor exhibits some rather unusual aerodynamic characteris-
tics. At low rotational speeds the airfoil is stalled over an appreciable
portion of a revolution. The rotor therefore produces almost no torque at
low rotational speeds. The Darrieus roter must therefore be provided with a
starting system. This can be an electric motor that disengages when the
rotor gains speed or, more simply, one or more small Savonius rotors mounted
on the main rotor shaft. Since the Savonius develops maximum torque at
start-up it is a useful complement to the more sophisticated and efficient
Darrieus rotor.

One version of the Darrieus rotor uses straight blades held parallel to
the vertical axis of rotation. Such a machine is sometimes called a cyclo-
giro or a giromill. The straight bladed Darrieus has the advantage that the
blades can be easily hinged. By changing the blade pitch the low-speed stall
region can be reduced.

The performance of a Darrieus rotor is very sensitive to tip speed
ratio. At low rotational speeds the blade is stalled, at high speeds torque
falls off rapidly. The optimal tip speed ratio is about 6 at which point the
rotor efficiency is about 35 per cent.
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Figure 26 A straight-bladed Darrieus rotor. The pitch angle of the blades
is changed automatically.



Bottom Top
Starter Starter
Bucket Bucket

AIRFOIL SECTION

STARTER BUCKET

SECTIO:.
// \
V TRUE
TOP s ;
STAZTER J v//TROPOSKIEN
BUCKET N
\\\
~_AIRFOIL
BLADE
BOTTOM Z-"
STARTER
BUCKET

N

U

Figure 27. Darrieus vertical axis wind turbine






Lift and Drag
on of 1ift and drag forces to convert the
torque applied at the axis of the rotor.

The drag force on an airfoil occurs in a direction parallel to the relative
wind. The 1ift force acts in a direction perpendicular to the relative wind.

The forces are shown in the diagram below.

Wind machines use a combinati
kinetic energy in the wind into a
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Figure 29 Vector diagram of the airflow at a single rotor blade. The
. driving force on a horizontal axis wind turbine is the forward
component, L sin @ of the 1ift, reduced by the backward com-

ponent, D cos @ of the drag. Airfoils with a high 1ift-to-

drag ratio are therefore more efficient.



The principal attribute of the airfoil is the ability to produce a high
1ift while incurring only a small drag. Airfoils characteristically have a
blunt nose and a finely tapering tail. They can be symmetrical or cambered
as shown below.

1 JHCKNESS3 5% CHORD

AT 20%CHoRM g
\

BASE LN

===

CHORD

|
LEADING FDGE TRAILING EDGE
RADIS 1 2% CHORD

CAMBER 5% CHORD !
| AT W% CHORD ]

Figure 30. ‘Geometry of symmetrical and
cambered airfoils [15].

The airfoils above illustrate the characteristic features of (1) the
nose radius, (2) the position and magnitude of the point of maximum thick-
ness, and (3) the angle of the trailing edge. These parameters are usually
expressed in terms of the chord length. The upper airfoil is symmetrical; it
will produce no 1ift until the airflow makes an angle with the chord line as
depicted in Figure 29. This angle is called the angle of attack. Symmetri-
cal airfoils, used on boats for rudder and keels, are essential for lift-
dominated vertical axis wind turbines like the Darrieus rotor. If the air-
foil is to develop lift at zero angle of attack, then it must be cambered as
shown by the lower airfoil in the figure above.

The airfoil properties of interest to the wind system designer are, of
course, the Tift and the drag, and sometimes the turning moment which the
flow exerts on the airfoil. Typical curves of 1ift and drag, plotted against
the angle of attack for a low-speed airfoil are shown in Figure 31 together
with the ratio of the forces, called the 1ift to drag ratio or L/D ratio.

As the angle of attack is increased, the 1ift increases at a faster rate
than the drag does until the blade stalls: the angle of attack at which the
lift falls dramatically and drag rapidly increases.
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Figure 31. Properties of an airfoil [15]

The forces on the blade due to 1ift and drag may be calculated from

Lift = 1/2 C|pSV2 Newtons

1/2 CppSV2 Newtons

Drag

where C_ and Cp are the dimensionless coefficients of 1ift and drag
respectively.

air density, kg/m3
blade surface area, mé
airspeed, m/s

also

< w"no
Wouon

Generally, the higher the blade L/D ratio, the faster the rotor will
spin, and the greater will be the coefficient of performance. But high L/D
ratios arise only from sophisticated blade design which generally means an
expensive rotor. We find, therefore, in windmill blade design the usual
trade-offs between complexity, sophistication, performance, and cost. The
table below shows how these trade-offs are usually resolved for different
applications for typical horizontal axis wind systems,

Wind Machine Design TSR Blades Blade Type Blade L/D
Water pumper 1 6-20 Flat Plate 10
1 6-20 Curved Plate 20-40
1 4-10 Sail wing 10-25
Small wind-electric 3-4 4-6 Simple airfoil 10-50
4-6 2-4 Twisted airfoil 20-100
3-5 3-6 Sail wing 20-35
Large wind-electric 5-15 1-3 Twisted airfoil 20-100



The values of the lift and drag coefficients, CL and Cp, vary with

Reynolds number, but their general relationship, both with the angle of

attack of the airfoil, and to each other is similar to the graphs shown
below. A plot of C| against Cp is called a polar-plot.

Lift coefficient, C
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Figure 32. The 1ift and drag coefficients of
a given airfoil [21]
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Figure 33. Drag polar plot for the FX60-126 airfoil [3]
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The Tline from the origin tangential to the -Cp curve marks the
point on the curve where the lift/drag ratio is maximized. In the first of
the graphs shown, this occurs at an angle of attack of 4 degrees. The
values of o and C_ at maximun CL/Cp ratios are important design
parameters.

The values of these parameters for some common airfoils are given below
in Table 2 [21].

Table 2

Typical values of the drag-lift ratio Cp/C; and of atand C¢ for a number of airfoils,
The curvature of the curved plate profile is defined as the ratio of its projected

thickness and its chord.
G/C | @ CL
Flat plagte — 0.l 5° 0.8
Curved plate (10 % curvature) ——~ | .02 | 3° 1.25
Curved plate with tube on — O~ 0.03 4° l.1
concave side
Curved plate with tube on - ~ 0.2 14° 1.25
convex side
Airfoil NACA 4411 < | 0.0 4° | 0.8

Rotor Design

The design of the rotor basically consists in finding the value of the
chord, ¢, and the blade angle, @ - a, at a number of positions along the
blade. e will use the following nomenclature

B = number of blades

R = radius of the swept area

CLd = design 1ift coefficient

ad = angle of atfack at design point
Ad = design tip speed ratio

8 = blade, or setting, angle

] = wind angle

c = chord length

>
=
]

speed ratio at radius



A number of these parameters must be set before the rotor can be
designed. Consideration of the average power required from the rotor, and
the task for which the power is employed, leads to the selection of R, Ad>s
and B. Then selection of an appropriate airfoil leads to the definition of

CLd and ag.

The type of load also sets M Water-pumping wind systems employ
low-speed high-torque rotors with a design top speed ratio of between 1 and
2; electrical generating machines spin faster: small machines have
4 <\q <6, larger machines 6< Ag < 15.

The number of blades is roughly related to the design tip speed ratio as
follows:

Machine Type

'y
|

20 Water pumping
12 Water pumping
6 Small wind-electric
-4 Small wind-electric
3 Large wind-electric
2 Large wind-electric

(P(i"l-hwl\)b—l
—
(92}
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The airfoil parameters, CLg_and aq can be taken from Table 2 for
simple flat and curved blades. For more sophisticated airfoils reference
must be made to charts showing lift and drag coefficient at different angles
of attack. The idea is to find the angle of attack at which the 1ift to
drag ratio is highest. This angle sets ag. The 1ift coefficient at this
angle of attack is (4.

The preliminary procedures outlined above set Ry Ad> B, (4 and
ad. The following formulae are then used

Ap = ag % (42)
g = % arctan %

r (43)
c = Bg:g .(1-cosp) (44)
B = P - o (45)

These formulae are used at different positions along the blade.

Example 1

A rotor is to be designed to drive a reciprocating pump. The diameter
of the rotor is 2.74 meters. The rotor is to have six curved blades. At
the design point oy = 4° and CLg = l.1. The rotor is to be designed
for a tip speed ratio of 2 .

Solution

We first design the blades to have a constant 1ift coefficient along
the length of the blades. The chord will therefore change. The procedure
consists of calculating the chord, c, the blade angle g, at a number of
positions along the blade. For example, take a point at 2% percent of the
blade length at r = 0.343 meters. From Equation 37 the speed ratio at this
position is given by

Ap =2 . 0.342 = 0.5
1.37
then ) = g-arctan i 42.3°
3 0.5 *
_ 8r x 0.3425
then c = Texi.l - (1 - cos 42.3)

= 0.339 metres
and g = 42,3 -4 = 38.3°



We therefore arrive at the figures tabulated below.

Position r(m) Ap P ag B c(m)
1 0.3425 0.5  42.3° 4° 38.3° 0.339
2 0.685 1.0 30.0°  4°  26.0° 0.347
3 1.0275 1.5 22.5° 4° 18.5° 0.297
4 1.37 2 17.7°  4°  13.7°  0.247

It is apparent from these data that both tke chord and the blade angle
vary along the blade. Such a blade is difficult to fabricate, and it is
comnon practice to design a more simple blade that approximates the blade
shape calculated above without unduly sacrificing aerodynamic performance.
Une approach is to design a blade with a constant chord.

In this design procedure Equation 44has to be restructured as

CLd = 8mp (l-cos )
Bc

Then, knowing the 1ift coefficient, CL, as a function of the angle of
attack, a, this angle is then determined at each position along the blade.

For example, suppose we wish to design a rotor with six constant chord
blades with c= 0.324. The blades will be curved, with a 10% curvature. \We
need to know how the 1ift coefficient varies with the angle of attack.

Assume the graph below is applicable.

Figure 34. Lift coefficient as
a function of angle
of attack [21]
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The calculation proceeds as follows. Assume tne first position is
again at r = 0.3425 metres. As before, Ap, = 0.5 and § = 42.3°. But now
we compute the 1ift coefficient from

=374 (1- cos 42.3)

From the graph above we estimate a as 4.5°. Following this procedure
for the other blade positions, we arrive at the data tabulated below.

Position _r(m) Ap 1] c(m) CL a
1 0.3425 0.5 42.3° 0.324 1.15 4.,5°
2 0.685 1.0 30.0° 0.324 1.19 5.3°
3 1.0275 1.5 22.5°  0.324 1.01 1.7°
4 1.37 2 17.7° . 0.324 0.84 0°

Since it is difficult to manufacture a curved blade with a non-linear
twist it is convenient to twist the blades so that the blade angle is about
right at both ends and varies linearly between. So one might, for example,
set blade angles of 38°, 31°, 24°, and 17°, for the positions indicated in
the above table.



Water Pumping

There are two principal tasks for which wind machines are designed:
pumping water and generating electricity. Each task requires a different
type of wind machine. The water-pumping system must develop a niah torque at
start-up. Low speed multibladed rotors operating at tip spead ratios of
about 1 are used. Figure 35 shows a typical wind driven water pumping system
of the kind still common in the U.S.
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Figure 35 Typical water pumping wind system [7]



Irrigation methods fall into two categories: surface irrigation and
well irrigation. In surface irrigation, water is lad from rivers, lakes,
tanks, etc. to the land to be irrigated by means of gravity flow or low-1ift
irrigation pumps. Weil irrigation utilizes ground water resources by tapping
underground aquifers through the construction of shallow open wells or deep
tube wells.

Designing a water-pumping wind system is relatively straightforward.
The first calculation is to determine how much water needs to be supplied,
and how much power is required to pump the water from its point of supply to
its point of use. Table 4 shows water requirements for rural communities and
should be applicable to developing countries; Table S shows water require-
ments for farm animals based on U.S. experience.

TABLE 4.
Approximate water requirement for various purposes
Daily
Use requirement
Domestic
minimum for survival 5 1/person
water carried home from distant communal supply 10 I/person
water carried home from nearby communal supply 30 I/person
one tap in each house 50 1/person
multiple tap connections . . 200 I/person
Livestock
cattle 35 1/head
horses, mules and donkeys 20 I/head
sheep and goats 5 1/head
poultry 25 1/100
pigs 15 1/head
lrrigation
including conveyance and field application 5to 10 mm or
losses 50to lOOm’/ ha

The power, P, required to pump water js given by

P = thgH Watts
where m = mass flow, kg/s

g = acceleration due to gravity, 9.81 m/s2

H = total head, metres

In this expression, the total head must also include friction losses in
the piping system.



TABLE &.

Water Requirements for Farm Animals

Effect of Ex*ernal Temperature on Water Consumption

Water Consumption of Hogs
(Pounds per Hog per Hour)

Water Consumption of Pigs
{Pounds of Water per Day)

Temperature 75-125 275-380 Pregnant Conditions
(°F.) Ib. hogs Ib. hogs Sows
BodyWeight—301bs.......cc.iiviiininrnnnnnn, 5-10
50 ... 0.2 0.5 0.85 BodyWeight—60-801bs ................00vvuenn, 7
60l 0.25 0.5 0.85 Body Weight—75-12518S .................c...... 16
0. 0.30 0.65 0.80 Body Weight—200-3801DS ............oveevnnss. 12-30
80....ooiliinn 0.30 0.85 0.95 PregnantSows .........coiiiiiiiiiiii i, . 30-38
0. 0.35 0.85 0.90 LactatingSows................... Ceeeenn Cereeas 40-50
100............ 0.60 0.85 0.80
Water Consumption of Chickens
Water Consumption of Dairy Cows (Gallons per 100 Birds per Day)
(Gallons per Day per Cow)
Lactating Lac!tating Dry Conditions
Temperature Jerseys Holsteins Holsteins
- 1-3weeksofage............coovnvvnnn vesesieses 0.4-20
50............ 11.4 18.7 104 J-6weeksofage................c.00uun veesseeees 14230
50-70......... 12.8 21.7 115 6-10weeksofage. ..........coviiiiininieinnnan 3.0-40
75-85......... 14.7 T 21.2 123 9-13weeKSOofagl. ... ..ttt i e e 4.0-5.0
90-100........ 20.° 19.9 107 PUllets ... e e 3.0-4.0
Nonlayinghens ... .. ... . ... i iiiiiiiinnnnn. 5.0
Laying Hens (moderate temperatures) . ............. 5.0-7.5
LayingHens (temperature90°F) . . ................. 9.0
Water Consumption of Hens
(Milliter per Bird per Day)
White Rhode Island
Temperature Leghorn Red Water Consumption of Growing Turkeys
0., 286 .294 (Gallons per 100 Birds per Week)
80............ 272 N Conditiors
9Q0............ 350 408
100..... Ceeeaes 392 kYa! 1-3weeksofage. .....oovvvinirnninnnns eeenaes 8- 18
0............ 222 216 4-Tweeksofage.........cooiveiiiiinrnennenn ... 28- 59
70...0000nnn, 246 286 9-13weeksofage...................... Ceraereas 62-100
15-19weeksolage. .........covviiiiniiininnnn, 117-118
21-26weeksofage. ...... ... it 95-105
Water Consumption of Sheep
(Pounds of Water per Day)
Onrangeordrypasture ............ Ceeeae e 5-13
Onrange(saltyfeeds) ..........oovviiinnnnenes 17
Onrations of hay and grain or hay, roots and grains . 0.3-6
Ongoodpasture................. etas e Littte {if any)
Water Consumption of Cattle
Class of Cattle Conditions Pounds per Day
Holstein calves (liquid mitk or dried milk 4weeksofage............ T 10-12
and water supplied) 8weeksofage......................... Cirees e 13
12weBkSofage. . ... o i i e 18-20
1EWeBKS 000 . ...ttt i e i e 25-28
20wesksolage. ...t e 32-36
26weeksofage....................... e e e 33-48
DairyHellers .., ......... e Ceaaes eer e PrBgNaNt L e e i 60-70
SleBIS it e et iee e, Maintenancaration .................. ... ., PN 35
Fatleningration ......... ... . i i, 70
BANGECAIIG . . ..o e e vee. 35-70
JerseyCows ... i e Milk Production5-301bs/day. . ......oviiii i i innnn, 60-102
HolsteinCows ... i, Milk Production20-501bS/daY. .....oovveneerinerieeennennns 65-182
Milk Production801bs/day. .......c.ivvieiinieannens. 190
0 90

SOURCE: Wataer, Yearbook of Agriculture, U.S, Department of Agrliculture 1955,




(Imp. gallons per hour)

water lifted

Some interesting results from the field are presented by Fraenkel [11] in
the chart shown below. The 16 ft. diameter four bladed sailwing rotors

driving twin pumps clearly perform much better than the other systems.
vertical axis Savonius rotors are notably inefficient.

Test results on wind-mills
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HATER-PUMPING WIND SYSTEMS (1)

Diam, QUTPUT Power (2) v v v
NAME TYPE M head, m L/hr Vm/s Cutput, W CP (31 m}s m;s m?s NOTES
Helier-Alter Co. Multibladed, 1.83 7.6 1325 6.7 27.5 0.06 3.1 6.7 11.2 4)
Mode!: Baker, 6 ft. horizontal axis, 22.9 606 37.7 0.08
upw Ind 30.5 568 47.2 0.10
38.1 454 47,2 0.10
Hel ler-Aller Co. Multibladed, 2.44 7.6 3407 6.7 70.7 0.08 3.1 6.7 11.2 4)
Model: Baker, 8 ft. horizontal axis, 22,9 1325 82,5 0.10
upwlind 30.5 %08 %M,3 0.11
38,1 833 103,7 0.12
Heller-Aiier Co, Multibladed, 3.05 7.6 4731 6.7 98,2 0.07 3.1 6.7 11.2 4)
Model: Baker, 10 ft. horizontal axis, 22.9 1798 112,0 0.09
upwind 45,7 1060 132.0 0.10
76,2 814 169, 0 0.13
Heller-Aller Co. Multibiaded, 3,66 7.6 9084 6.7 188.6 0.10 3.1 6.7 11.2 4)
Model: Baker, 12 ft. horizontal axis, 22,9 4258 265,2 0.15
upwind 45,7 1987 247.6 0.14
91.4 757 188.6 0.10
Dempster Industries Multibladed, 1.83 7.9 1976 6.7 42.7 0.09 2.2 6.7 22.4 $525,
Modei: 6 ft. horizontal axis 11,9 1310 42.4 0.09 not including
18.9 780 40.2 0.09 tower
X 36,6 435 43.4 0.09 (4)
Dempster industries Multibiaded, 2.44 11,2 2952 6.7 90.7 0.11 2.2 6.7 22.4 $760,
Model, 8 f+. horizontai axis 16.8 2139 97.7 0.12 not including
27,1 1151 85.1 0.10 tower
52,4 655 93.5 0.11 (4)
Dempster tndustries Multibladed, 3.05 17.4 2403 6.7 113.8 0.09 2.2 6.7 22,4 $1275,
Model: 10 ft. horizontal axis 26.2 1582 113,0 0.09 not including
41.8 939 106. 8 0.08 tower
78.0 530 112.7 0.09 (4)
Danpster industries Multibiaded, 3.66 25.3 31 6.7 214.5 0.12 2,2 6.7 22.4 $2178,
Modsei: 12 ¢, horizontal axis 38,1 2059 213,8 0.12 not including
3.2 984 196,2 0.11 tower
118.3 581 219.6 0.12 (4}
Dempster industries Muitibladed, 4.27 37.8 2672 6.7 275.2 0.11 2.2 6.7 22.4 $3291,
Model: 14 ft, horizontal axis, 57.0 1760 273.4 0.11 not including
upwind 9.4 1045 260,3 0.10 tower
176.8 602 289, 9 0.11 (4)




Diam. QUTPUT Power (2) vy Ve v
NAME TYPE m, head, m L/hr YV m/s Output, W ) m/s m/s mgs HOTES
Aeranotor Multibladed, 1.83 5.2 3407 6.7 48.1 0.10 4.0 6.7 12.5 (4)
Model: 702-6 hor !zontal axis, 8.2 2157 48.4 0.10
upw I nd 19,8 852 46.0 0.1¢0
3%.6 397 42.9 0,09
Aeranotor Multibladed, 2.44 5.2 7097 6.7 100.2 0.12 4.0 6.7 12,5 4)
Model: 702-8 hor izontal axis, 9.1 3974 99.0 0.12
upwind 24.4 1457 96. 8 0.12
56.4 568 87.2 0.10
Aeranotor Multibladed, 3.05 4.3 12,491 6.7 145,2 0.11 4.0 6.7 12,5 (4)
Model: 702-10 horizontal axis, 14.0 3974 151.8 0.12
upw ind 36.6 1457 145,2 0.11
85.3 568 132.0 0.10
Aeranotor Multibladed, 3.66 6.7 12,491 6.7 2238.2 0.13 4.0 6.7 12.5 (4)
Model: 702-12 hor izontal axis, 20.7 5974 224.5 0.12
upwind 54.9 1457 217.9 0.12
128.0 568 198, 1 0.11
Aeranotor Muitibladed, 4.27 9.4 12,491 6.7 321,6 0.12 4.0 6.7 12.5 4)
Model: 702-14 hor izontal axis, 29,9 3974 323.5 0.13
upwind 79.2 1457 314,7 0.12
182. 9 568 282.9 0.11
Aeranotor Multibiaded, 4.88 15.2 12,49 6.7 518.7 0.15 4.0 6.7 12.5 4)
Model: 702-16 her lzontal axis. 48.8 3974 528. 1 0.16
129, 5 1457 514.4 0.15
304.8 568 471.6 0.14
Shermman's Saliwing, HA, 10.0 2.88 MJ 2.8 66.7 0.07 2.2 Cost: RS 5480
Madural cretan-type over 12-hr (5, 6)
period
Voltas, Ban bay Multibladed, HA 6.0 5-6 10,000 4.2 149. 9 0.12 (6)
5~6 18,000 5.6 269. 8 0,09
Poghl| Sallwing, H, 3.8 9 1500 4.2 36.8 0.07 2.8 5.6 12,5 Cost: Ns 3000
(Sr1 Amm Chettiar) cretan-type 9 1750 5.6 42.9 0.04 (7)
Merin Ltd. Multibladed, HA, 3.05 Cost: Rs 15,000 +
Modal: Mijahid upwind Rs 5000 for pump
(8)
Merin Ltd. Multibladed, HA, 6.1 Cost: Rs 60,000 +
Model: Tawana upwind Rs 7000 for pump
(8)
NAL Bangalore Multibladed, HA, 4.9 3.0 13,500 4.4 110.4 0.11 2.2 4.4 13.3 (9)
Model WP-2 upwind 7.6 6700 138. 8 0. 14
15.2 3400 140. 8 0.15
30. 4 1800 149, 1 0.15




NOTES

'.

2.

3.

4.

5

6.

7.

8.

9.

The amount of water pumped by a turbine depends not only on the slize of the machine and its efficlency, but also on the total
dynamic head which Increases with decreasing pipe dlameter and increassd flow. The figures given are theretore only
approximate. Vi = cut-in ulndspeed;vr = rated windspeed; Vo ® cut-out windspeed.

Power output is hydraullic power output, l.e. the power dellvered to tha water calculated as mass flow (kg/s) x gravity
(9,81 m/s%) x head ().

Power coefficlent def ined here Is the ratio of hydraulic power output to the power In the wind at the indicated windspeed,
Data Is fram Hunt, reference 7; costs are circa 1980.

Salls a1d spars replaced every 2 years for Rs 990; beams and poles reptaced every 5 - 10 years for Rs 500; lifetime 10 - 15
years,

Fran Jagadeesh, reference 25,
Fran Geethaguru, reference 17.
Fran Merin brochure: Merin Ltd, Bada Chanbers, M,A. Jinnah Rd., Karachi, Pakistan.

Fram Tewarl, reference 27.



Example 2

A wind system is required to irrigate 4 hectares of land at a rate of
100 mm per month. A source of water is available that can provide water at a
maximum rate of 6000 liters per hour. The total dynamic head is about 6.6
meters. The mean windspeed over the season when the irrigation is required
is 6 m/s.

Solution

The amgunt of water to be supplied is given by 4 x 10,000 m€ x 100 mm =
4000 m3/month. Assuming a 31 day month, the average flow of water, i, is

4000 x 1000

M = 31x 24 x 3600 - 1-49 ko/s

The water must be 1ifted against a head of 6.6 meters. The power required is
therefore

P = 1.49 x 9.81 x 6.6 = 96.5 Watts

It can be seen from the preceeding table showing the operating
characteristics of several water-pumping wind systems, that most of the
multibladed U.S. machines are designed to operate in 6 - 7 m/s winds. We
assume we can obtain a machine with the following characteristics:

Vi = 3m/s
Vo = 6 m/s
Vo = 22 m/s

The site windspeed, V, is 6 m/s. Using Equations 32-35 we can find P/Py
= 0.621. So a machine rated at Pr = 1 kW will deliver, on the average, 621
Watts under this wind regime. The machine needed here therefore should be
rated at 96.5/0.621 = 155 Watts at a windspeed of 6 m/s. At its rated
windspeed the machine will have a power coefficient of about 0.1. The area
of the turbine is found from Equation 40 as:

- 159 = 11.96 m2

0.6 x 63 x 0.1

This is a rotor with a diameter of 3.9 meters.

If one had to select a machine from a manufacturer it is necessary to check
that the machine will perform the intended task. For instance, consider the
NAL machine--the WP-2--listed in the table. It appears to be large enough,
with a 4.9 meter diameter rotor; it is reasonably efficient. But it is rated
at a windspeed of 4.4 m/s. How much water will this machine pump if the mean
windspeed is 6 m/s?

We have, for the WP-2, Vi = 2.2 m/s, Vp = 4.4 m/s, and Vy = 13.3 m/s.
Using the same equations as before we find P/Py = 0.75. From the table of
data for the WP-2 it appears that Pr is about 140 Watts. So it would be
expected that the WP-2 would deliver about 105 Watts over the season, which

s enough to supply the necessary amount of water.



Electric Power Generation

Wind electric systems are generally low-solidity designs that operate at
high tip speed ratios. Some of the early wind turbines used direct-drive
generators where the generator armature turned at the same speed as the
rotor. However, low speed generators, althouyh robust and durable, are
heavy and expensive. Modern wind electric systems usually have a gear system
designed to gear up the rotor speed to a higher level. This permits the use
of a smaller, lighter, less costly generator, but this saving is offset by
the cost and maintenance requirements of the transmission system.

Generators installed in wind electric systems can produce either direct
current (DC) or alternating current (AC). Alternating current is generated
in an AC generator or alternator. The frequency of the generated current is
governed by the rotational speed of the generator. To produce a constant
frequency output the wind turbine must therefore spin at a constant speed
even when the wind velocity is changing. This is accomplished by automat-
ically altering the pitch of the blades; however, this is an expensive
mechanism for small wind-electric systems.

Generators used to produce AC power at the same frequency as the utility
supply are called synchronous generators. This type of system increases the
complexity of the blade control mechanism and thus the cost of the wind
machine. On very large wind turbines, synchronous generators are a practical
concept. Generators that produce a constant frequency output under variable
speed conditions are under development. These generators are called field
modulated generators.

Generation of direct current, in the past, usually involved generation of AC
inside the generator, then conversion to direct current by means of brushes
and a commutator. The method commonly used now is to rectify the AC output
of an alternator to direct current. This technique eliminates the need for
brushes and a commutator and takes advantage of the superior low-speed
characteristics of alternators. The three basic generator configurations are
shown schematically in the figure below.

ac generator
with diodes

dc generator

Figure 36 Three types of generators [2]



WIND ELECTRIC SYSTEMS (1)

s I Il I s I I B e
AergLP?;gg Systems 3 bj:::i& HA, 366 1.5 10.7 36 45 $3.000
Ae‘;;gtgpi'A' 2 bisgfié 1A, 3.26 1.125 7.0 3.0 22.4 $7,400
AerZYSStyﬁ%A' i bi::?i& i 9.36 4.1 7.2 1.5 2.6 $35,350
AltESP-BB mUIS;SE::ed’ 1A, 2.32 1.5 12.5 4.5 33.5
“‘Zép-m “‘“1522123“’ i 3.51 2.2 12.5 3.6 26.9
Ame;;;iTZWind Turbine mulE;:isged, HA, V3-51 0.9 8.9 36 5.6 51,496
Ame;;;i?6Wind Turbine mulségiiged, v, 4. 66 1.8 8.9 36 179 52,420
Ast;;lgyélcon 3 bi;i?ié HA, 7.92 8.0 9.8 36 22 4 57,900
e ’ "iZS?ia - 4.57 2.5 13.4 4.0 13.4 $1,989
Dakgéfa > bi;:?i; A 4.27 4.0 12.1 3.8 none $7,350
Dun;;§:1 M Standard ’ biﬁiiié i 3.96 2.0 1.2 4.3 35.8 $6,350
pynerey 3 blades, VA 4.57 3.3 10.7 4.5 35.8 $6,975

meter
Ele;;g; G.m.b.h. 2 bi::?ié HA, 2.50 0.5 8.9 3.1 22.4 $3,871(4)
Ele;ﬁéosgém'b'h' ] bi;iiié HA, 5.00 6.0 13.4 3.1 22.4 $14,874
E“e;§§§T f?;g' 3 béj:jj;nﬁA’ 4.02 1.5 9.8 4.0 17.9 $2,900
Jac;2381 us 3 bll,;iirsu; HA, 4.27 1.8 10.3 3.1 44 .7 $1,800
S edel 1300 ’ it 3.66 1.2 9.4 3.1 31.3 $2,300
edel 1610 D i 4.88 2.0 9.8 4.5 | 2.8 53,195




e Il Bl e I R R T
Norﬁgd:ing kW bi;:?ié HAs 4.15 2.0 9.8 3.6 none $3,500
“°‘;‘;d:§“§ . bi;:isé HA, 4.15 3.0 11.2 3.6 none $4,600
Ping;g3Energy Corp. "i;ﬂ‘ii;ufﬁine 4.75 2.2 10.0 3.6 22 .4 $4,500(4)_
Senﬁi:ﬁufgoo—la bi::?:& - 3.66 1.0 10.3 3.1 26.8 $2,950
Sk’ﬂi‘é”él 1 bi:::;é i 4.57 4.0 10.3 3.4 40.2 54,795
St°§§'d'§i'sf8r béi:ﬁ:ingA’ 10.0 18.0 10.7 3.8 none $18,000
Whigé:irfdfower e bﬁ:ﬁ:mgA 3.05 2.0 11.2 4.5 22.4 $2,995
Ze",‘}iéel 647 VLS-PM béi:::in;m' 6.10 15.0 13.4 3.6 20.1 $25,000

Notes: 1. Data from V. Daniel Hunt, "Windpower", (reference 7); for more information on the machines in this table
see text.
2. HA: horizontal axis; VA: vertical axis.

3. All custs are circa 1980.

4. Not including tower.



Output Regulation

Generally, three methods are used for regulating or controlling the
electric output of the generator:

1. Voltage regulators are used on field wound units to contro] the
strength of the field, which 1in turn controls the output
voltage.

2. Voltage controllers may be used on permanent magnet units to
adjust voltage levels according to the output of the generator
and the needs of the system.

3. No regulation at all. The output of the permanent magnet
generator is used as is, while that of the wound field is fed
back to the field ejther directly, or through a resistor to
give a variablestrength field according to the strength of the
generator output.

Figure 37 is a schematic wiring diagram for a simple DC system with a
back up generator. The upper load monitor senses Situations when the wind
system generates more power than the batteries and loads A and B can accomo-
date, and responds by switching in load C. This Tload could be a resistance
heater heating water, another battery bank, or any load that can take the
excess power. The other load monitor is coupled to an automatic starting
system for the auxiliary generator. When this monitor senses a low-voltage
condition, which could occur during periods of light winds and heavy energy
demand, the monitor starts up the generator to supply the load and to charge
the batteries.

de

A
load A
L p
load B z = ol =
L ]
load
monitor batlery storage
load C N
'lw] ’
[
Vs [}
joad starter
monitor circuil

Figure 37 Complete wind-electrical system with backup generator



Wind System Economics

The economics of wind energy conversion systems are absolutely dependent
on the wind speed characteristics of the intended site. This means that it
is impossible to generalize about the cost of electricity, or of pumped
water, produced by a wind turbine; the eccnomist or planner must know the
average windspeed at the site before he can make any estimate of these
costs.

The approach to take, in order to estimate energy costs, has already
been introduced in the earlier section on energy conversion (p 28 - 42). We
demonstrate the technique again in this section for some commercially-
available wind machines in operation in the US.

Wind Electric Machines

Overleaf 1is shown two photographs of wind turbines operating in the
Altamont Pass area of California. This area, Jjust east of San Francisco,
enjoys high mean annual wind speeds of about 15 mph. The turbines in the
righthand picture are manufactured by US Windpower in San Francisco. The
characteristics of the model 56-50 are as follows:

Cut-in windspeed 8 mph
Rated power 50 kW
Rated windspeed 22 mph
Cut-out windspeed 40 mph

The cost of the machine is about $100,000, including sitework, and
maintenance is estimated at $2000 per year.

In the absence of any detailed wind speed frequency data for the site,
we assume a Rayleigh distribution of windspeed about the mean (V = 15 mph)
and therefore proceed as outlined earlier.

Using Equations 19, and 32 - 35 we find

a = -7/4v¢ = .0.0034907

A = a(222 - 82) = _1.46608

B = exp [a(402 - 82)] = 0.004693

C = exp [a(82)] = 0.7998

-1.46608) - 1

soP = 50 x 0.7998 [e"p(_1 TRe08

- 0.004693]

= 20.793 kW

So the energy produced each year may be estimated as 8760 x 20.793
182,147 kWh/yr.
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Assume that we finance the system with a 10-year loan at 12 percent interest;
then a capital recovery factor (CRF) is given by

CRF (1, 8) = 1— g.é?IZI'lo = 0.177

So annual charges are $100,000 x 0.177 plus maintenance charges of $2000
giving a yearly expenditure of $19,700. The cost of energy is therefore:

19,700

So the estimated cost of electrical energy production is approximately
11¢/kWh.

In the US, this cost would not be competitive with more conventional
electric power technologies, but generous federal and state subsidies and tax
credits make California windfarms an attractive proposition to many
investors.

As another example, again using data from a real machine operating in
California, consider the Mod-2 wind machine located in Solano County. This
large tws-bladed machine has been generating powersince April 1982.
Technical data is shown below.

Rated capacity 2.5 MW
Rotor rotational speed 17.5 rpm
Rotor tip speed 190 mph
Generator speed 1800 rpm
Cut-in wind speed 14 mph
Cut-out wind speed 60 mph
Rated wind speed 20 mph
Tower height 200 feet
Rotor length tip-to-tip 300 feet
Rotor weight 94 tons
Total weight 314 tons

The cost of the turbine was $6.7 million; the mean annual windspeed at
the site is estimated as 20 mph. Following the analytical procedure outlined
previously, we have

a = -0.00196

A = -0.40055

B = 0.001251
C = 0.6805

The annual energy production is therefore given by

8760 x 2500 x 0.6805 [exp(zg.gggggl -1 _0.0125]

= 12.2612 x 106 kwh/yr



Assuming the same financial arrangements as for the previous example,
and operation and maintenance costs of 2% of capital costs, annual expend-
itures would be 134,000 + 0.177 x 6.7 x 106 = 11,3199 million dollars a
year. Energy costs would therefore be given by

6
coincidentally, exactly the same as the cost of energy from the smaller
machine.

Cnly a few of these large machines have been built and put into
operation in the US. The hope is that if a sufficient number of these big
machines are purchased, the price will drop to about a million dollars per
machine. This would drop the cost of power generation to perhaps 2.5¢/kWh, a
cost which would be fully competitive with conventional electric power
technologies.

Water-Pumping Machines

The analysis of water-pumpers is essentially the same as the analysis
of wind-electric machines, except that there is usually less data available
on machine performance. But the table on page 68 gives operating data that
can be used to estimate the cost of pumping water using wind machines.

Take for example the 12 ft. Dempster machine. For a range of mean
windspeed it is possible to estimate the average power produced by this wind
machine using the data in the table, and substituting these values in
Equation 35, taking the rated power as about 210 Watts.

The cost of the Dempster is about $2200 (1980). Using a capital
recovery factor of 0.2638 (10 percent over five years), and assuming $100
per year for routine maintenance, annual expenses for the first five years
are 2200 x 0.2638 + 100 = $689/yr. Dividing this figure by the amount of
hydraulic energy delivered by the pump at each mean windspeed gives the cost
of pumping water. The table below gives the calculated data.

Table 8. Cost of Hydraulic Energy from Wind Machine

meanvwindspeed enersgdzg$gcgred energy cost
3 335 2.03
4 635 1.07
5 899 0.76
6 1034 0.66
7 1256 0.54
8 1366 0.50
9 1440 0.47
10 1484 0.46




The actual quantity of water pumped will depend on the head, H meters.
The flow can be found from:

- éenergy delivered (kWh/yr)
flow 8.76 x g % H kg/s

where g is 9.81 m/s2. The cost of water, in terms of so many dollars per
cubic meter, therefore depends on the characteristics of the water resource

at the site.

Water-pumping wind machines must be able to compete economically with
small diesel engine pumps, if wind machines are to have a role in irrigation
in the rural areas of developing countries. As an example, consider the
following diesel engine pump, the characteristics of which are 1listed
below.

Engine: single cylinder air-cooled diesel
Rated power: 3 kW

Cost: $1200

Fuel consumption: 0.42 liter/hr per kW

Lube oil: 0.008 liter/hr per kW

Pump efficiency: 30 percent

Maintenance: 3¢ per hour of operation

The engine will deliver 3 kW x 0.3 = 0.9 kW of hydraulic power. If E
is the hydraulic energy required annually (kWh/yr), then the number of hours
of operation, h, is simply

h = E/0.9 hr/yr

As before, we assume a capital recovery factor based on 5 years and 10
percent interest; so CRF (0.1, 5) = 0.2638. Annual costs therefore consist
of 4 component expenses:

$/yr
Capital charges (1200 x 0.2638 317
Fuel costs (Cp, $/1iter) (0.42 x 3) x h x Cr
Lube costs (C_, $/liter) (0.008 x 3) x h x CL
Maintenance 0.03 x h

The cost of lube 0il is taken to be twice the cost of diesel fuel; so
CL = 2 CF. So an equation can be developed for the cost of hydraulic
energy, Cg ($/kWh):

Ce = 317 + (1.308 CF + 0.03) x h $/kWh



Table 9 below shows the results of this calculation for a range of
energy requirements and for a range of diesel fuel costs.

Cost of hydraulic energy, $/kkh,

Hydraulic Operating : .
energy, kHh/yr time, hr/yr a§0d1fferent fuga costs (¢/]1t§6)
500 556 1.25 1.54 1.83
1000 1111 0.93 1.22 1.51
1500 1667 0.83 1.12 1.41
2000 2222 0.77 1.06 1.35
¢500 2778 0.74 1.03 1.32

This enalysis clearly suggests that in any area of irrigation where
there are mean windspeeds of 5 m/s or above, wind powered pumps will be
cheaper than diesel engine pumps. With windspeeds below 5 m/s a detailed
analysis will be necessary to determine which option appears more favorable.

However, there are additional ccasiderations that favor the wind
machines as a water-pumping technology. First of all, diesel fuel is more
expensive in the rural areas of many dev2loping ccuntries; it is also
impossible to obtain from time to time. And its price is likely to rise in
the future. Secondly, there is evidence that locally built wind machines
can probably be constructed less expensively than the American Dempster
machine used in the example above. For instance, locally fabricated sail
windmills in Ethiopia cost less than half the price of an imported 8 ft.
diameter Dempster machine, and also pumped more water [11].
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List of Manufacturers

Water Pumping Wind Systems

Aeromotor, Division of the Reymill Steel Products
Valley Pump Group Sta. Rosa
P.0. Box 1364 Neuva Ecija
Conway, Arkansas 72032 Philippines
Agro-Aids Sidney Williams & Co. (Pty) Ltd
27 Shrungar Shopping Centre P.0. Box 22
Mahatma Ghandi Road Dulwich HilN
Bangalore 560001 New South Wales
India Australia 2203
Bowjon Southern Steel Works Ltd
2829 Burton Avenue Ballyhale
Burbank, California 91504 Co. Kilkenny
Ireland
S.A. Bruno
Route du Mans Sparco (Denmark)
Bonchamps-les-Laval c/o Enertech Corp.
53210 Agentre P.0. Box 420
France Norwich, Vermont 05055
Dempster Industries, Inc. Tai U Sa Industrial Factory
P.0. Box 848 No. 5g/15 M007
Beatrice, Nebraska 68310 2 Pracharaj 2 Road
Dusit
Ecliennes Humblot Bangkok
8 Rue d'Alger Thailand
Coussey
88300 Neufchateau Toowoomba Foundry Pty Ltd
France 259 Ruthven Street
Toowoomba
ETS Poncelet & Cie Australia 4350
BP No. 1
10380 Plancy L'Abbage Verdun Co.
France P.0. Box 1481

Hutchison, Kansac 67501
Heller-Aller Co.

P.0. Box 29 Wakes & l.amb Ltd.

Napoleon, Ohio 43545 Millgate Works
Newark-on-Trent

M.B.P. (S.A.) PTY Ltd Notts NG24 4X%B

P.0. Box 2047 England

Adelaide

South Australia 5001 Wind Baron Corp.

3702 W. Lower Buckeye Road
Phoenix, Arizona 85009



Water Pumping Wind Systems (continued)

Maquinas Agricolas Fortuna Ltda
Divisao International

Rua Joao Adolfo, 118

conj. 710/711

CED 01050

Sao Paulo

Brazil

Windpumpen-Zentrale
Leutthoern i1
D 2330 Eckernfoerde
West Germany

Wyatt Brothers Ltd
Wayland Works
Whitchurch

Salop ST13 1RS
England

Large Wind Electric Turbines

Bendix Corporation
2582 South Tejon Street
Englewood, Colorado 80110

Boeing Engineering &

. Construction

P.0. Box 3703, MS 9A-65
Seattle, Washington 98124

Bosman
Waterbeheersing En
Milieverbetering B.V.
Steegjesdijk 4
Postbus 3518

3364 Piershil (Z-H)
Netherlands

Carter Wind Systems
Route 1, Box 405A
Burkburnett, Texas 76354

DAF Indal

3570 Hawkestone Road
Mississauga, Ontario
Canada L5C 2v8

Energy Sciences Inc.
P.0. Box 3009
Boulder, Colorado 80303

Fayette Manufacturing
P.0. Box 1149
Tracy, California 95376

General Electric

Advanced Energy Programs Dept.
P.0. Box 527

King of Prussia, Penn. 19406

Hamilton Standard
Division of United Technologies
Windsor Locks, Connecticut 06096

Westinghouse Electric Corp.
Advanced Energy Systems Divison
P.0. Box 10864

Pittsburg, Pennsylvania 15236

WECS-Tech Corp.
1505 Mahalo Place
Compton, California 90220

Wind Power Systems
8630 Production Avenue
San Diego, California 92121

Windtech, Inc.
P.0. Box 837
Glastonbury, Connecticut 06033

WTG Energy Systems, Inc.
251 Elm Street
Buffalo, New York 14203



Small Wind Electric Turbines

Aeolian Energy, Inc.
R.D. #4
Ligonier, Pennsylvania 15658

Aerolite
550 Russells Mills
P.0. Box 576

S. Dartmouth, Massachusetts 02748

Aerowatt Company
37 Rue Chanzy
75011 Paris
France

Alsthom-Neypric
Techniques des Fluides
B.P. 75

38041 Genoble Cedex
France

Altos - The Alternate Current
Horizon Industris

3700 Havana, #212

Denver, Colorado 80239

American Energy Savers

912 St. Paul Rd.

Box 1421

Grand Island, Nebraska 68802

Astral Wilcon, Inc.
P.0. Box 291
Millbury, Massachusetts 01527

Bergey Windpower Co.
2001 Priestly
Norman, Oklahoma 73069

Bircher Machine, Inc.
P.0. Box 97
Kanopolis, Kansas 67454

Carter Wind Systems
Rt. 1, Box 4C5A
Burkburnett, Texas 76354

DAF Indal

3750 Hawkestone Road
Mississauga, Ontario
Canada L5C 2v8

Jacobs Wind Electric Co.
2720 Fernbrook Lane
Minneapolis, Minnesota 55441

Lubing Maschinenfabrik
D-2347 Barnstorf
Postfach 110

German Federal Republic

Millville Hawaii Windmills
3028 Ualena Street
Honolulu, Hawaii 96819

Neah Energie Systeme Gmbh
Muhlenstr 11

D-53 Bonn

W. Germany

North Wind Pecwer, Inc.
P.0. Box 556
Moretown, Vermont 05660

PM Wind Power, Inc.
P.0. Box 89
Mentor, Ohio 44060

Product Development Institute
4445 Talmadge Road
Toledo, Ohio 43623

Sancken Wind Electric
4160 Skylark
Kingman, Arizona 86401

Sencenbaugh Wind Electric
P.0. Box 11174
Palo Alto, California 94306

SWX Corp.
17914 E. Warren Avenue
Detroit, Michigan 48224

Thermax Corp.
One Mill Street
Burlington, Vermont 05401

Trimble Windmills
Crimple Grange
Beckwithshaw

Harrogate

North Yorkshire HG3 1QU
England



Small Wind Electric Turbines (continued)

Davey Dunlite U.S. Windpower
P.0. Box 120 500 Samsome Street, #205
Oakleigh San Francisco, California 94111
Melbourne
Australia 3166 WESCO
Iroko House
Dunlite Bolney Avenue
c/o Enertech Corp. Peacehaven
P.0. Box 420 Sussex BN9 8HQ
Norwich, Vermont 05055 England
Enag SA WECS-Tech Corp.
Route de Pont-1'abbe 1505 Mahalo Place
F 29000 Quimper Compton, California 90220
Finistere
France WhirlWind FowerCo.
207 1/2 E. Superior
Energy Sciences, Inc. Duluth, Minnesota 55802
900 28th Street
P.0. Box 3009 Winco
Boulder, Colorado 80303 Division of Dyna Technology, Inc.
7850 Metro Parkway
Enertech Corp. Minneapolis, Minnesota 55410
P.0. Box 420
Norwich, Vermont 05055 Wind Power Systems, Inc.
8630 Production Avenue
Elektro Gmbh San Diego, California 92121
St. Gallerstrasse 27
8400 Winterthur : Windtech, Inc.
Switzerland P.0. Box 837

Glastonbury, Connecticut 06033

Fayette Manufacturing
P.0. Box 1149 Windworks, Inc.
Tracy, California 95376 Rt. 3, Box 44A
Mukwonago, Wisconsin 53149
Forces Motrices

Neuchateloises S.A. Winpower Corp.

Rue Pourtales 13 P.0. Box 99
CH-2000 Newton, Iowa 50208
Neuchate!l

Switzerland

Hummingbird Windpower
Power Group International
12306 Rip Van Winkle
Houston, Texas 77024
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Rocky Flats Wind Systems Program
P. O. Box 464
Goliden, CO 80401
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PERFORMANCE SUMMARIES, produced by the Rocky Flats Wind Systems Program,
are intended to aid manufacturers and prospective consumers evaluate
small wind energy ccnversion system (SWECS) performance. Information
for these reports is gathered through atmospheric and/or controlled vel-
ocity tests. While normal test periods for machines average two years,
the data reported in performance sheets may reflect the results from

a shorter period. Information supplied by the PERFORMANCE SUMMARIES
includes machine desigr specifications, methods of testing, arnd the
results of those tests (see explanation on reverse side). Periodic up-
dates are performed to reflect additional or changed information

The data contained in these sheets are collected and processed by the
small Wind Systems Test Center (WSTC) at the U.S. Department of Energy's
(DOE) Rocky Flats Plant near Golden, Colorado. Operated by Rockwell Inter-
national as part of the Federal Wind Energy Program, the WSTC nrovides

data gathered from atmospheric and contiolled velocity testing of SWECS

to manufacturers, researchers, and cthers interested in wind cneray
conversion.

Commercially available SWECS, commercial prototypes, and prototype
machines developed by private businesses under DOE contract are installed
for a test period of approximately two years to compile deta on machine
performance in a variety of wind and weather conditions. To provide
more immediate results, some are tested under controlled velocity con-
ditions. Controlled velocity test (CVT) data are gathered while the
SWECS is mounted on a rail car (pushed by a Tocomotive) with the same
instrumentation package used during atmospheric tests. The CVT data
can provide information on the SWECS power output over specific wind
speeds, but cannot preuict a system's abiiity to withstand the varying
conditions present during atmespheric testing.

DISCLAIMER

This report was prepared as an account of work sponsored by the United States Government.
Neither the United States nor the United States Department uf Energy, nor any of their em-
ployeas, makes any warranty, express cr implied, or assumes any legal liability or respon-
sibility for the accuracy, completeness, or usefulness of any information, apparatus, product.
or arocess disclosed, or represents that its use would not infringe orivately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, mark,
manutacturer, or otherwise, does not necessarily constitute or imply itc endorsement, recom-
mentation, or faroring by the Unites States Government or any agency thereof, The views and
opinions expressed herein do not necessarily state or reflect those of the United States
Government or any agency thareof.
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How to Use Performance Summary Sheets
MANUFACTURER’S SPECIFICATIONS

{See U.S. CCNTACT for available options)

DESIGN OUTPUT:

ROTOR SPEED CONTROL:

OPERATING WIND SPEEDS:
Cut-in wind speed:
Cut-out wind speed: -

ROTOR CONFIGURATION:

GENERATOR/TRANSMISSION:

MACHINE DESCRIPTION:

U.S. CONTACT:

The power output at which the wind machine
is rated and the lpwest wind speed at which
this output is predicted.

Method used to prevent sxcessive rotational
speed. Protects the ‘SWECS from sustaining
Structural damage resulting from high winds
(wind speeds exceeding design conditions).

Cut-in is the wind speed at which the SWECS
begins producing power. Cut-out is the speed
at which the SWECS is no longer expected to
produce power.

Describes the size of the rotor, its physical
eonfiguration, and the construction materials.
Describes the mechanism which produces the
power, tne type of power (ac/de; voltage),

and the transmission (if any) used to increase
shaft rpm to meet generator requirements.

General description and design characteristics

For cost information and other details.

ROCKY FLATS PERFNRMANCE DATA

MEASURED CHARACTERISTICS:

Cut-in wind speed...
Cut-out wind speed..
Survived wind speed.
Output € _  .......

POWER CURVE:

POWER (WAITS)

——RFADJ TD
SEA LEVEL

WIND SPEED

ESTIMATED ANNUAL ENERGY
PRODUCTION:

SUMMARY :

Represents synopsis of the test results
for key characteristics. Unless otherwise
noted, all data are valid at sea level.
Survived wind speed i1s the highest wind
speed experienced during testing without
damage or failure.

Wind speed vs. power output. The machine
perforimance is represented by a power curve
on a graph where the horizental axis repre-
sents the wind speed and the vertical axis
represents the generated power. To determive
power output at a specific wind spe=d, first
locate *he desired wind speed clong the hor-
izontal axis. MNext, trace vertically until
the power curve is intersected.

Predicted annual energy production at sites
with annual wird speeds of 8, 10, 12, 14,
and 16 mph.

Defines vesting method, duration, and results
to date.



Rocky Flats
DECEMBER 1980 Performance Summary

MANUFACTURER’S SPECIFICATIONS AERO 'POWER SL1000

(Sez U.5. CONTACT for availuble options)

DESIGN OUTPUT: '

vvvvwmr«wuuw-mmw
1.0 kW 8 9 m/s (20 mph) :

"'"J'r "."" .'nm ({' e
ROTOR SPEED CONTROL:

Mechanical, centrifugally advanced to
feather.

OPERATING WIND SPEEDS:

CUT-IN: 2.7 m/s (6 mph)

CUT-0UT: HNone; machine operates at all
wind speeds.

ROTOR CONFIGURATION:

ROTOR DIAMETER: 3.05 m (10 ft)

ROTOR TYPE: Horizontal axis, variable pitch,
upwind, *

NUMBER OF BLADES: 3

MATERIAL: Aircraft spruce, stainless steel
leading edge.

GENERATOR/TRANSMISSTON:

OUTPUT: 14.5 volts, 3P rectified to dc.
GEARBOX: 3:1 ratio.

MACHINE DESCRIPTION:

The Aero Power SL1000 is a 3-bladed, upwind machine. The machine utilizes the centrifugal
force imposed on the hub to control the blade pitch, which in turn controls the rotational
speed. The machine is designed primarily to charge batteries and is adaptable as a 117 Vac,
60 hz power source with the use of an inverter.

U.S. CONTACT:

AERO POWER SYSTEMS, INC.
2398 FOURTH STREET
BERKELEY, CALIFORNIA 94710

(415) 848-2710
MARIO V. AGNELLO

This PERFORMANCE SUMMARY was prepared and published by the Rozkwell Intermatiomal Corporation
Energy Systems Group, Rocky Flats Plant, Wind Systems Program, P.0. Box 464, Golden, (0 80401
for the
U.S. Department of Energy, Office of Solar Power Applications
Federal Wind Energy Program

Contract DE-AC04-76DP03533

DISCLAITHMER
This report was preparcd as an account of work aponaored by the United States Governmant. Hefther the Unitrd States one the United Statex Department
of Enerpy, nor any of thelr employees, makes any warranty, express or impllud, or assumanm any lemal Jlahiliey nr cespernsiatlity (ar the accuracy, coa-

pletenesa, or usefulness of any fnformation, apparatus, product, or process dincloved, or represents that Tte o vond bt anfrin wravately ovial
cighta. MRefarence herein to any specilic commarcial product, peocens, or service by trale name, mirk, mambactuere, ar othrevls, ew Aot accessaril):
canwt ltute or Imply Lts endnoracment, receowmcndation, or favering by the United Statea Cavepmnenr of any s nev therent. [ vicws and apiotons of

authurs expressed herein do not necesnarily state oc reflect those of the United States Goverament of anv apency ' ereat
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ROCKY FLATS PERFORMANTE DATA
Aero Power SL1000

MEASURED CHARACTERISTICS
(ADJUSTED 7C SEA LEVEL)

CUT-IN WIND SPEED.........................34 m/s (9 mph)
CUT=OUT WIND SPEED........ovovvrununnnnnnnnnn. «+evv..None
SURVIVAL WIND SPEED................. «evs...Not Available
OUTPUT @ @ m/s (20 mph)........oovvnuvennn... ;649 Watis
OUTPUT @ 11.2 m/s (25 mph).........0ouvvnn.... .984 Watts
NOISE @ RATED OUTPUT........... Ceereaaea ..Not Available
2000
F RF ADJ TO
1808 SEM LEVEL
1600
1430 |
v 1200 [
E
< 1ooB|
o }
w S
3 seof .
508 |
b \
400 L
200L
at 1 1 s L t al N ———l .
%] S 19 15 20 25 30 3% 40
WIND SPEED
(M/SEC)
(1 m/s = 2.24 mph)
ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)
AVERAGE WIND VELOCITY ANNUAL ENERGY QUTPUT
{m/s) {mph) (kwh)
3.58 8 440
4.47 10 1040
5.36 12 1820
6.26 14 2660
7.15 16 3490
NOTE: The awmual energy output is based on the measwred Rocky
Flats power curve for this machine. The power curve is
superimposed on a Rayleigh velocity duration curve to
generace a power duration curve which is then integrated
over time to obtain energy. Energy output will vary at
specific sites dus to variations in wind characteristics
and other factors.
SUMMARY

Performance data presented above were collected during Controiled Velocity Testing (CVT) of

the Aero Power SL1000 at the Department of Transportation rail site in Pueblo, Colorado. Duye

to the fact that this version of the 5L1000 has not yet been tested under natural (atmospheric)
conditions at the Small Wind Systems Test Center, no survivability data are available. However,
an earlier version of the SL1000 was tested at Rocky Flats from January 1979 through HMay 1979
and survived winds in excess of 35.8 m/s (80 mph) without incurring structural damage.

12/80 dlm
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Rocky Fiats
AUGUST 1980 Performance Summary

MANUFACTURER'S SPECIFICATIdNS ALTOS Mcdel 88

(See U.5. CONTACT for available options)

DESIGN OUTPUT:
1.5 kW @ 12.5 m/s (28 mph)

ROTOR SPEED COMTROL:

Mechanical; foldable tail; automatic or
manual.

OPERATING WIND SPEEDS:
CUT-IN: 4.5 m/s (10 mph)
CUT-0QUT: 33.5 m/s (75 mph)

ROTOR CONFIGURATION:
ROTOR DIAMETER: 2.4 m (8 ft)

ROTOR TYPE: :orizontal axis, upwind, fE
bicycle;multibladed, fixed pitch. 4

NUMBER OF BLADES: 24
MATERIAL: Aluminum, 5352

GENERATOR/TRANSMISSION:

OUTPUT: Rectified to 24 Vdc,
0-70 amps, trickle draw.

GEARBOX: 11:1 ratio
MACHINE DESCRIPTION:

The Altos (formerly Amerenalt) is a light weight machine manufactured by Altoc Corporation,
Boulder, Colorade. The main generator housing is welded steel, The alternator is coupled
through a 11:1 cycloidal gearbox and is driven by a muitibladec rotor 2.4 m in diameter. The
rotor is constructed of formed aluminum Clark Y airfoils supported by stainless steel spokes
and inner and outer rims.

Rotor overspeed control is provided by utilizing increasing wind pressure on the rotor to
swing the rotor and alternator assembly (which is offset from the tail assembly) out of the
oncoming wind. During this operation, the tail remains parallel to the wind stream. As the
wind decreases, a return spring causes the tail to reopen with respect to the rotor and
alternator. This brings the rotor back into the wind stream.

U.S. CONTACT:

ALTOS: THE /.LTERNATE CURRENT
P.0 BOX 905
BOULDEf., CO 80302

(303) 442-0885
EDWARD GITLIN

This PERFORMANCE SUMMARY was prepared and published by the Rockwell International Corzoration,
Enargy Systems Growp, Rocky Flata Plant, Wind Systems Program, P.J. Bor 464, Golden, Co 8040!
for the
U.S. Department of Energy, Office of Solar Power Applications
Federal Wind twerqy Program
Contract DE-AC04-76DP03533

DISCLAINECR
Thia tepore was prepsred as an srconnt of work tpunsnred by the United Statae Guvernment. Nelther the Untted States noe ehe Uniteg States Nepartment

at fnercy, nor anv af thetr emnluyaes, mikem anv warrinty, eapress nr tmpticd, or aseumes anyv lersl 1) ity o respoavibibity tar the drcuricv, caome
pleteness, or usxefvn)ness nf 1av infarsatica, apparatus, oraduct, of procoss diac linned, e Fepresiate that dea e onld aor inreiage arivately owned
rignts,  Relerence horein to anv aperit le vommeretal sradint, peocess, of sprvies he trade CLARL AmAPE, UL R, a1 CEeTw i, degt g Accestard Ly
ConuLitute ur 1wplv 1LY endoTavmrnt, res Ammmcieiatlon, of favarioe he the Untred Sistra Gavernment fr oy viency thoreot . e views and uptnions of

Suthors eapressed linretn do not necesmarily state or reflece thote of the Uniced SCates Lovernment nr any wency therent,

08/80 dlm
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ROCKY FLATS PERFOKMANCE DATA

ALTOS Model €8

MEASURED CHARACTERISTIiCS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED. ... 4 m/s (9 mph)
CUT=0UT WIND SPEED.. .. v vesssensneenn . Not available
SURVIVED WIND SPEED..... T 42 m/s (94 mph)
OUTPUT @ 9 m/s (20 mph) .o .. N 393 Watts
OUTPUT @ 12.5 m/s (2B mph) . v v e e e me e, 393 Watts
NOISE @ RATED OUTPUT. ... ..o, Not available

r.
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% 1sgof

E : %

< 12set

= :

: 3

2 1ee8|
7set
SE0 b
2sof

a: A L 1 | e i i I
) 5 10 15 20 25 30 35 40
WIND SPEED
(M/SEC)

(1 m/s = 2.24 mph)

ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY ANNUAL ENERGY OUTPUT

(m/s) (mph) (kwh)
3.58 8 240
4.47 10 560
5.36 12 1050
6.26 14 1690
7.15 16 2390

NOTE: The amual energy output tg8 based on the measured
Rocky Flats power cwwe jor this machine. The
power curve is superimposed on a Rayleigh velocity
duration curve to gemerate a power duration curve
which {8 then integrated over time to obtain energy.
Energy output will vary at specific sites due to
vartations in wind characteristics and othen factors.

SUMMARY

The Altos Model 8B WTG survived wind speed in excess of 36 (80 mph) while undergoing atmospheric
testing at the WSTC. Although the machine experienced three failures, the failures appeared to
be more related to manufacturing problems than design deficiencies. During atmospheric and con-
troiled velocity testing (CVT), the machine did not achieve its rated output. A tail over-travel
Problem continually hampered performance of the Altos and contributed to the machine's inability

to produce rated output. This over-travel problem was not resolved by the manufacturer during
the test period at Rocky Flate, )
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ROCKY FLATS PERFORMANCE DATA

American Wind Turbine AWP-16

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED..............0vuuvnnnn.nn.. ‘.5 m/s (11 mph)
CUT=OUT WIND SPEED...............0covvunnnnn.s, NOT AVAILABLE
SURVIVAL WIND SPEED........................ 44.7 m/s (100 mph)
OUTPUT @ 9 m/s (20 mph).......ovvueeunnnnnnn. ., F....470 Watts
OUTPUT @ 12 m/s (27 mph).u'eeuiuuniinsennnnnnnn,. 925 Watts
NOISE @ RATED OUTPUT....eovvnernennennnnnnnn.s. NOT AVAILABLE

2500

2250t RF ADJ TO

SEA LEVEL

2000 |

1750 F

1500 |

POWER (WATTS)
~
o

1000
’S0L
SO0 L
2S00
0 1 ] 1 " i L
(%} 5 10 15 29 ke 39 35 40
WIND SPEED
(M/sEC)
(1l m/s = 2,24 mph)
ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)
AVERAGE WIND VELLOCITY AtINUAL ENERGY OUTPUT
{m/s) (mph) * (kwh)
3.58 8 190
4.47 10 560
5.36 12 1050
6.26 14 1490
7.15 16 1800
NOTE: The annuai emargy output is based on tha meagured

SUMMARY

Rocky Flats power curve for thig machine. The

power curve is suparimvosed on a Rayleigh velocity
duration curve to generats a power duration curve
which 18 then integrated over time to obtain energy.
Energy output will vary at spectific sites due to
variations in wind characteristics and other factors.

While undergoing atmospheric testing at Rocky Flats, the American Wind Turbfne “WP-16 substantiated
the manufacturer's survival wind speed of 44.7 m/s (100 mph). The one major faflure occurred when
winds reached speeds of 53 m/s (119 mph). However, the machine was unable tu produce the manufac-
turer rated output during the test period. It is believed two factors contributed significantly

to this low power output.

The first factor was the use of a manufacturer specified resistive load,

rather than a submersible pump motor which the machine was designed to power. The second factor
was the high start-up torque of the variable frequency, permanent magnet generator,
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ROCKY FLATS PERFORMANCE DATA

Jay Carter Model 25

MEASURED CHARACTERISTICS*
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED............ovuuuninnn. .. 4 m/s (9 mph)
CUT=0UT WIND SPEED..........oovnuuuennnnnnnon . NONE
SURVIVED WIND SPEED............oo...... 40.2 m/s (90 mph)
OUTPUT @ 9 m/s (20 mph).......ooouusnonnn oo, 10.3 k¥
OUTPUT @ 11.6 m/s (26 mph).............0v'oeonn. ... 19 kW
NOISE @ RATED OUTPUT....................... NOT AVAILABLE
AR RF ADJ TO
SEA LEVEL
36000 F
32000

ADJUSTED POWER (HATTS)*

220095

24000

20R00

[y, =0

12000

2000

4020

=) 10 1S 20 25 30 35 49
WIND SPEED
(M/SEC)
(1 m/s = 2.24 mph)

ESTIMATED ANNUAL ENERGY PRODICTION
(USING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY ANNUAL ENERGY OUTPUT*
(m/s) (mph) (kWh)
3.58 8 4840
4.47 10 13,870
5.36 12 27,130
6.26 14 42,640
7.15 16 58,430
NOTE: The annual anerqy ourput is based on thz measured Rocky

Flata power curve for this machine. The power curve ig
superirposed on a Rayleigh velocity Duration curve which
18 then integrated over time co obtain 2anrgy, nergy
output will vary at specific sites due to variations in
wind characteristics and othep factora,

® The above data were gathered on a ®machine with 4 31 ft, rotar diameter
rather than the 32 ft. diameter standsrd on Hode) 25's. In addition,

wind speeds vied fn RF data were Qithered

56 ft. (hub height), wnile

were based on wind speeds measured at )0 ft,

SUMMARY

The Jay Carter Model

mospheric testing at Rock

manufacturer data, i

while the standard Model

shortened to 31 ft,
marufacturer-install

4t an anemometer height of

the manufacturer data (see DESIGN QUTPUT)

25 has operated satisfactorily in winds of 40.2 m/s (20 mph) while undergoing at-

y Flats (RF).

Although performance data generated at RF do not agree with

t is important to note that the machine tested at RF has a 31 ft. rotor diameter,

25 has a rotor diameter of 32 ft. The rotor diameter of the test machine was

by the manufacturer as a result of damage suffered through the use of an incorrect

ed tower section.
problem re-occurring.,

Subsequent tower redesign has eliminated the possibility of this

To help compensat for the lower air density at the Rocky Flats Wind Systems Test

Center, the initial blade pitch angle of the test machine was changed from -1 degree to 0 degrees. All
RF data were adjusted to reflect temperature and barometric pressure differential between Rocky Flats

and sea level standard day conditions.

02/81 dim
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ROCKY FLATS PERFORMANCE DATA

DUNLITE Model 81/002550

MEASURED CHARACTERISTICS .

(ADJUSTED TO SEA LEVEL)

CUT-IN WIND SPEED......... e e i i 4 m/s (9 mph)
CUT=0UT WIND SPEED. . vvtvvrnintnnenes i, . .NONE
SURVIVED WIND SPEED. ...t vereeennnnnnnn.. 36 m/s (80 mph)
OUTPUT @ 9 m/s (20 Mph) v e e, 1.1 kW
OUTPUT @ 11 m/s (22 mph) e e i, 1.9 kW
NOISE @ RATED OUTPUT (at base of LOWer) .. ... v, 55 dBA
4008 ¢
! RF ADJ TO
3600 SEA LEVEL
3200 |
2800 F
v 2400fL
—
-
Z 000
[~ 4
% 1eooL
o >
n- 3
12001
800 L
400+
E,. 3 1 1 L L L
7} S 10 15 20 25 30 3% 40
WIND SPEED
(M/SEC)
(1 m/s = 2.24 mph)
ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)
AVERAGE WIND VELOCITY ANNUAL ENERGY OUGTPUT
(m/s) (mph) (kwh)
3.58 8 720
4.47 10 1680
5.36 12 5000
6.26 14 4540
7.15 16 6200

NOTE: The annual emergy output is based on the meagured
Rocky Flats power curve for this machine. The
bower curve ig superimposed on a Rayleigh veloeity
duration curve to generate a power duration curve
which {s then integrated over time to obtain energy.
Energy output will vary at specific sites due to
variations in wind characteristics and other factors.

SUMMARY

The Dunlite Model B81/002550 WTG has met all manufacturer claims of performance and reliability.
The machine operated satisfactorily in winds up to the manufacturer rated survival speed of

35.8 m/s (B0 mph). In addition,
eight hours without incurring dam

the
age.

Dunlite operated in winds exceeding 22.5 m/s (50 mph) for
Damage to the machine occurred when wind speeds exceeded

40.2 m/s (90 mph). If winds of this velocity are expected, the manufacturer offers a high speed
model designed to withstand winds of 49.5 m/s (110 mph). Testing of the Dunlite indicated that
the machine is capable of producing fts rated output of 2 kW at 11 m/s (25 mph).

08/80 dlm
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ROCKY FLATS PERFORMANCE DATA

Enertech 1500

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT-IN WIND SPEED........... Ce et 4.2 m/s (9.5 mph)
SHUT DOWN SPEED....30 .second average of 26.8 m/s (60 mph)
SURVIVED WIND SPEED............o''nn... 44.7 m/s {100 mph)
QUTPUT @ 9 m/s (20 mph). .o ee i, 695 Watts
OUTPUT @ 9.8 m/s (22 mph).........ccovv.. ... M. . 1095 Watts
NOISE @ RATED OUTPUT......vvvuonnnnnnnn, Not Available
s _ RFAD TO |

oo SEA LEVEL

B Inlu)s
(200l a\ i

Loy J’ \,

POWER (WATTS)

200¢L /

i - I Il I 1
d

1 15 0 29 30 K

WIND SPEED
{M/SEC)
(1 m/s = 2.24 mph)

n

VD

ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY ANNUAL ENERGY OUTPUT
(m/s) {mph) (kWh)

3.58 8 528
4.47 10 1225
5.36 12 2115
6.26 14 3048
7.15 16 3920

NOTE: The annual energy output is based on the measured
Recky Flata power curve Jor this michine, The pouwer
curve ig superimposed on a Rayleiyh velocity duration
curve to generate a power duration curve which s then
integrated over time to obtain energy.  Emergy outpuc
will vary at specific sites due o variations in wind
characteristics and other Jactors.

SUMMARY

Performance data presented above were generated by Controlled Velocity Testing (CVT) of the
Enertech 1500 at the Oepartment of Transportation rail facility in Pueblo, Colorado and are
in close agreement with data generated by testing under natural {atmospheric) conditions at
Rocky Flats. It is important to note, however, that RF performance data are for a machine
with blade tip brakes; while manufacturer specifications contained in this Performance
Summary Sheet are for an earlier model without the tip brakes. Up to this point in its
atmospheric testing program, the Enertech 1500 has survived wind speeds of 44.7 m/s (100 mph).

12/80 dlm
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ROCKY FLATS PERFORMANCE DATA
KEDCO Model 1200

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED............oovvevvrnnnnnnn, 5 m/s (11 mph)
CUT=OUT WIND SPEED........o\ovuennnnnnnnnnnn . Not available
SURVIVAL WIND SPEED...............0.0'o..... «....Not available
OUTPUT @ 9 m/s (20 mph).......... e cefiiiee....550 Watts

................ teeeieene.. 750 Wetts
...... Not Available

FN

w Ll e

1200 RF ADJ TO
SEA LEVEL

POWER (WATTS)

] s - 2 s . .
] S 12 1% 21 KR 0 3% 41

WIND SPEED
(M/SEC)
(1 m/s = 2,24 mph)

ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY ANNUAL ENERGY OUTPUT
(m/s) (mph) (kWh)
3.58 8 430
4.47 10 1030
5.36 12 1850
6.26 14 2810
7.15 16 3810

NOTE: The amnual energy output is based on the meagsured
Rocky Flats power curve for this machine. The
power curve ig superimposed on a Rayleigh velocity
duration curve to gemerate a power duration curve
which ia then integrated over time to obtain energy.
Energy output will vary at specific sites due to
variations in wind characteriaties and other factors.

SUMMARY

and transport it to the Department of Transportation rajl facility in Pueblo, Colorado for
controlled velocity testing (CVT). Prior to the start of CVT, a new control box was installed

on the Kedco. The control box performed flawlessly during the tests. Also, the feathering
mechanism was manually adjusted during CVT, thereby eliminating problems encountered during
atmospheric testing, It is felt that the CVT data presented above are reflective of the true
performance of the Kedco and would be in close agreement with data obtained from atmospheric testing.

08/80 dlm
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ROCKY FLATS PERFORMANCE DATA

MEHRKAM 440

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED......vvvvieinnennnnnnn.n. 4 m/s (9 mph)
CUT-0UT WIND SPEED......vvvvnrnnrnnnns. 17.? m/s (40 mph)
SURVIVED WIND SPEEDY.................. 44.7 m/s (100 mph)
QUTPUT @ 9 m/s (20 mph)..ovuu... et e i 3540 Watts
OUTPUT 8 12.1 m/s (27 mph)e.v e, .5660 Watts
NOISE @ RATED OUTPUT.......ovvronnnn.... ..Not Available

* See SUMMARY below

fetufara!
L RF ADJ TO
45000 £ SEA LEVEL
40000
35000 L
% 30000 L
= o
= H
= o
Z zsooot
il r
§ 20006 [
15000 £
10600 |
5000 |
@:.. AAAllllll"l‘.A'AA“'IIII‘I‘JA'AIJ
0 5 19 15 20 25 aC 35 4c
WIND SPEED (M/SEC)
(1 m/s = 2,24 mph)
ESTIMATED ANKUAL ENERGY PRODUCTION
(USING A RAYLEISH WIND DIJTRIBUTION)
AVERAGE WIND VELOCITY ANNUAL ENERGY oOuTPUT
{m/s) (mph) (kwh)
3.58 8 6410
4,47 10 11350
5.36 12 16480
6.26 14 21120
7.15 16 24560

NOTE: The annual energy outzut ts based on the measured Rocky
Flato power curva for this machine. The power curve ig
superimposed on a ayleigh veloeity duraticn curve which
is then integrated over time to obtain energy. Energy
output will vary at specijic sites due to variations in
wind characteristice and other facvors.

SUMMARY

While unde:- atmospheric testing at the Wind Systems Test Center, the Mehrkam 440 exnerienced wind
speeds of 44,7 m/s (100 mph) while in a total shutdown mode. However, while in this mode fatique
cracks occured at the junction of the blade support spars and hub ends of all six blades. Oue to
the significant diffarences between Rocky Flats test data and manufacturer's predictued machine
performance, the machine was removed from the tower to undergo dynamometer testing and aerodynamic
rotor analysis to determine the cause for the disparity. These analyses incicated that the torque
required for the unit to generate 40 kW could only be obtained at wind speeds of at least 26.8 m/s
(60 mph) and with a blade pitch angle that would prohibit rotor startup in moderate winds. During
these tests, a short developed in the rotor brake control system. Based upon these findings and
manufacturer unavailability to perform necessary repairs, further testing was suspended.
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ROCKY FLATS PERFORMANCE DATA

Pinson C2E1

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED.......................... 4 m/s (9 mph)
CUT=OUT WIND SPEED....................... 22 m/s (49 mph)
SURVIVED WIND SPEED................... 52.7 m/s (117 mph)
OUTPUT @ 9 m/s (20 mph)...ovvuunnvnnnnn ... 938 Watts
OUTPUT & 10.7 m/s (24 mph)............o0'. ... 1669 Watts
NOISE & RATED OUTPUT....................... Not Available
?3@0£
RF ADJ TO
srsat T SEA LEVEL
{a]a]s]
5250}
4500 L
%)
E 37501
& TOn L
3
= 228qf
1sg0t
750f
of . . . . .
0 5 19 15 20 25 30 3S 40
WIND SPEED
(M/SEC)
(1 m/s = 2,24 mph)
ESTIMATED ANNUAL ENERGY PRODUCT]ON
(USING A RAYLEIGH WIND DISTRIBUTION)
AVERAGE WIND VELOCITY ANNUAL ENERGY ouTPUT
(m/9) (mph) (kWwh)
3.58 8 690
4.47 10 1540
5.36 12 2820
6.26 14 4500
7.15 16 6450

NOTE: The amnual energy output ig based on ths meagured Rocky
Flats power curve for this machine. The powar curve is
superimposed on a Rayleigh velocity duration curve which
18 then integrated ovar time to obtain energy. Energy
output will vary at specific sites due to variationa in
wind chamacteriatics and other factors.

SUMMARY

While undergoing atmosp“.eric testing at Rocky Flats, the Pinson C2E1 was mounted on a Rohn SSV tower
with an octahedron extension. Following a windstorm that produced speeds of 42 m/s (94 mph), cracks
were observed on the C2E1 hub plates and blade skins. The machine feathered normally during this wind-
storm and no conclusive data exist linking the high wind speeds and the cracks. A subsequent inves-
tication revealed that machine/tower interaction was at least partially responsible for these cracks.

Coiisequently, the Rohn SSV was replaced with octahedron sections and the hub plates redesigned.
Following this change, the C2E1 underwent 1imited atmeshperic testing and survived wind speeds of
52.7 m/s (117 mph) without incurring structural damage. However, performance during these tests
was sparse and inconclusive. As a result, performance data presented above were generated during
controlled velocity testing at the Department of Transportation rail facility in Pueblo, Colorado,
The maximum output oresented above may be attributed to the fact that the auto-pitch control was
not attached during these tests and, therefore, the machine did not feather as desianed.
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ROCKY FLATS PERFORMANCE DATA

SENCENBAUGH 1000-14

MEASURED CHARACTERIS

TICS

(ADJUSTED TO SEA LEVEL)

CUT-IN WIND SPEED...........0ovuvunnnnnn .. 3 m/s (7 mph)
CUT=QUT WIND SPEED..........covvuvuninnnnn... Not available
SURVIVAL WIND SPEED..................... 22.5 m/s (117 mph)
OUTPUT @ 9 m/s (20 MPh) e 780 Watts
OUTPUT @ 10.3 m/s (23 mph).o i, 820 Watts
NOISE @ RATED OQUTPUT.............. e +-Not available

2000

gEAADJ 70
LEVEL

1300}

1600 |

1400 F
» 1200t
E
Z 1puoL
. r
=
&

29 25 30 35 40
WIND SPEED
(M/SEC)
(1 m/s = 2.24 mph)

ESTIMATED ANNUAL ENERGY PRODUCTION

(us

ING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY

ANNUAL ENERGY OUTPUT

(m/s) (mph) (kWh)
3.58 8 960
4.47 10 1750
5.36 12 2550
6.26 14 3270
7.15 16 3860
NOTE: The annual energy output is based on the measured
Rocky Flats power curve Jor this machine. The

powaer curve

s superimposed on a Rayleigh veloeity

duration curve to Jenerate a power duration curve

which ig then integrated over t
Energy output will vary
varitations in wind

SUMMARY

The Sencenbaugh Model 1000-14
undergoing atmospheric testing
exceeding 52.5 m/s (117 mph).
(S0 mph) for 17 hours without i
pheric testing of the machine d
wind speed range. It should be noted that the machine tes
variety of tail assembly adjustments, It is believed that
the tail design contributed to the machine's inability to

HTG met or exceeded all manu
at Rocky Flats. The machin
In addition, the Sencenbaug
ncurring damage. However,

fd not agree with manufactu

NA/AD dAlm

ime to obtain energy.

at specific sites dwa to
characteristics and other factors.

facturer claims of survivability while

e operated satisfactorily in wind speeds

h operated in winds exceeding 22.5 m/s

performance data generated by atmos-

rer performance data over the entire

ted at Rocky Flats was tested under a
the operational characteristics of

reach rated output.



Rocky Flats

Performance Summary
DECEMBER 1980

MANUFACTURER’S SPECIFICATIONS WHIRLWIND A120

(Le2 Uo S8, CONTACT jor availakble options)

DESIGN OUTPUT: e -
2.0 kW @ 11.2 m/s (25 mph) = L I

ROTOR SPEED CONTROL: ST e
Electromagnetic; actuated by wind sensor for . K a -
wind gusts above 13.4 m/s (30 mph); manually T e SR s
activated for maintenance and inanticipation N e e Lo

of high winds; will hold propeller shut down RSN
in winds up to 80 mph. B i

OPERATING WIND SPEEDS:

CUT-IN: 3.1 m/s (7 mph)
CUT-0UT: 13.4 m/s (30 mph)

ROTOR CONFIGURATION:

ROTOR DIAMETER: 3.05 m (10 ft)

ROTOR TYPE: Horizontal axis, fixed pitch,
downwind.

NUMBER OF BLADES: 2
MATERIAL: Wood, polyurethane finish.

GENERATOR/TRANSMISSION:

OUTPUT: 3@, alternator; permanent magnet
type; 18 pole.

GEARBOX: Direct-drive.
MACHINE DESCRIPTION:

The Whirlwind is a horizecntal axis, downwind machine with a two-bladed, fixed-pitch propeller-
type rotor. It is rated at 2 kW in an 11.2 m/s (25 mph) wind., The 3 phase alternator is self-
excited and produces variable frequency ac. The control box accepts the output of the generator
and produces four distinct load types. These are: 1) 90-110 V, 500 watts (W) of regulated ac
(40-130 Hz); 2) battery 2,000 W (17 amps) at 120 Vdc; 3) system heater (space heaterg 2,000 W ac;
4) auxiliary heater (optional) 2,000 W ac.

The control box has a "priority" switch which allocates the power from the wind generator. In
the automatic position of the priority switch, the control box will first send power to the reg-
ulated ac load, second to the battery, third to the auxiliary heater, and lastly, to the system
heater. The switch can also be set to send power only to the auxiliary heater or only to the
battery. When power is directed to the auxiliary heater only, power will be redirected to the
?yggem heater when the heating requirements of the auxiliary heater are (thermostatically) sat-
sfied.

U.S. CONTACT:

WHIRLWIND POWER COMPANY
2458 W, 29th AVENUE
DENVER, COLORADO 80211

(303) 477-6436
ELLIOTT BAYLY

Thin PERFORMANCE SUMMARY was prepared and published by the Rockwell International Corporation
borgy Systems Group, Rocky Flats Plant, Wind Systems Program, P.O. Box 464, Golden, CO 80401
for the
U.S. Department of Energy, Office of Solar Power Applications
Federal Wind Emergy Program

Contract DE-AC04-76DFP03533

DISCLAIMER

1 fn rrjart was prepared as an account af unrk sponsored by tha United States Grvarnment, MNelther the Unfted States nor the United States Dep,etrust
Al I'nerry, nor any of thelt employecs, wakes 1nv varrsnty, exprass or implied, ot asmmes any legal tlahllity or responsihility (ar the sccuricy, iem
pivtearea, oc u-efnlncss of iny Inlurmation, apparatus, product, or process dlscloned, or reproments that lts ude would not Infringo privately ovacd
fhni. Refargnee hersin to any soecifte commarcial produrt, procesn, or sarvire by trade amme, rark, manefacturce, nr othervive, Anes not necess )
CH e e Eply ite ndorsemeat, recoemendation, or (avnring by the United ftates Covarnment or wy aescncy theeunf, The views and aptatunn 1o
t'une cepresscd hercin do not necessarily atate or reflect those of the Unlted States Gavernment or any agency thereof .
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ROCKY FLATS PERFORMANCE DATA
Whiriwind A120

MEASURED CHARACTERISTICS
(ADJUSTED TO SEA LEVEL)

CUT=IN WIND SPEED.........couvuuinnnnnnnnnnnn. .. 5m/s (11 mph)
CUT=OUT WIND SPEED.......covvveerrnnnnn... e 14 m/s (31 mph)
SURVIVAL WIND SPEED.........oovuunnnnn... .. 35.8 m/s (80 mph)
OUTPUT @ 9 m/s (2¢ mph).............. e e, ..1088 Hatts
OUTPUT @ 11.2 m/s (25 mph) . vvun i, [, 1.8 kW
NOISE @ RATED OUTPUT......o.ovvuinennnnnnnn .., NOT AVAILABLE
2500
RF ADJ TO
2250 F SEA LEVEL
2000 F
CSnt
%) -
E
E  sat
&
§ 100 L
’SOL
SO0 L
250¢L
] 1 i L 1 { i
i S 12 1S 20 25 30 35 40
WIND SPEED
(M/sEC)

(L m/s = 2.24 mph)

ESTIMATED ANNUAL ENERGY PRODUCTION
(USING A RAYLEIGH WIND DISTRIBUTION)

AVERAGE WIND VELOCITY ANNUAL ENERGY OUTPUT
(m/s) (mph) (kWh)
3.58 8 590
4.47 10 1580
5.36 12 2900
6.26 14 4250
7.15 16 © 5360

NOTE: The annual enei'gy sutput ig based on the measured Rocky
Flats power curve ror this machine. The power curve is
superimposed on a fayleigh veloeity duration curve which
ia then integrated over time to obtain eneryy. Energy
output will vary at specific sites due to variationa in
wind characteristics amd other factors,

SUMMARY

22.4 m/s (50 mph) thereby creating excess:ve heat which destroyed the generator. A1) Al20's
now marketad include a “sidewheel” yaw riachanism that is designed to prevent failures of this
nature. However, Rocky Fiats testing of the A120 was concluded prior to the addition of this
feature. ocky Flats performance data sre in close agreement with manufacturer-produced data
and indicate the A120 is capanle of priducing its rated output.

12/80 dim



EXPLORATORY PHASE
WIND RESQURCE CLIMATOLOGY

H. L. YWegley, 0. L. E1liott and W. R. Barchet
Pacific Morthwest Laboratory

Establisnment of a wind resource climatology for a region or nation can
be divided into three phases:

1) identification of all available wind data sources

2) use of supplemental information for data-sparse areas, and

3) synthesis and presentation of the wind data to show spatial
and temporal variations of wind energy.

1.1 DATA SQURCES AND QUALITY

Most countries have a climatological data center that can provide the
majority of wind data for a wind resource analysis. Data available at a
climatic center may be digitized on magnetic tape, exist in wind sunmaries, or
be simply a collection of unsummarized weather logs. Digitized data can be
easily processed to produce summaries providing theres is access to computing
facilities. Unsummarized wind data can be summarized by hand or it can be
entered intd a data storage system for orocessing. However, both of thesa
aporoaches can be time consuming and costly. An alternative is to screen the
data to infer or estimate the wind characteristics. (Suggested scireening
orocedures will be discussed later in this section.)

Sources of data other than those available at national climatic canters
should also be investigated. Thesa sources might include wind data “rom
offshore platforms, ships, or lighthouses. Routinelv gathered, or experi-
mental, air pollution wind data may be available from industrial or other
sites. Universities with programs in the atmospheric sciences or agriculture
may have wind data. Rawinsonde or pibal measurements may also be a usaful
source of data. Tneir application is described in Section 1.2.1.



Once all wind data sources nave been identified, the data should be
stratified according to quality. Stratification by quali<y, though oftan
subjective, will help to ensure that only the highest quality data available
are used in each region analyzed. As the wind data become more sparse, lower
quality data will become useful in describing the wind charac*aristics of a
region.

Wind data quality depends upon factors, such as:

© the size of speed classas in available wind summaries

e the sampling (observation) rate

© the averaging intarval of the observation

e the accuracy of the observational equipment or technique
® changes in height and exposure of anemometry

e Tormat of the data used

® knowledge and experience of the observer

e wind speed sample size.

High quality data will contain many observations per day, which have an
averaging interval close o the WECS response time to the wind. The data will
be collected by either accurate anemometry (which is properly maintained) or
by a knowledgeable obsarver. Height and exposure changes of the anemometry
should be documented. The best data will contain five or more years at a
constant height and exposure.

Screening of unsummarized wind data by the above criteria may eliminate
data from the analysis or nlace data in a lower-quality category so they would
only be used in data-sparse regions. [F unsummarized data are to be used,
selectad periods can be scanned visually. By visually scanning and catsgo-
rizing the seasonal and annual wind soeeds, the need for more detailed analysis
of unsummarized data can be determined. [F a site appoears to nave moderats or
strong winds or appears to be an anomaly in a region, then more detailed
visual scanning can be performed on at least one year of the unsummarized wind
records to estimate the most frequent wind speeds, orevailing direction,
frequency and direction of the higher wind speeds (those capable of driving a
WECS), and the persistence of the winds.



1.2 INTERPOLATION IM DATA-SPARSE AREAS

In data-sparse regions, an objective interpolation among wind lacations
may not provide & reliable wind resource analysis. Quite oftan the data-
sparse reqgions are in areas of complex terrain, and certain indirect indicators
of wind energy, such as 1) meteorological and topographical indicators,

2) vegetation features and 3) eolian 1andforms(a) may aid the analysis of the
wind resource.

1.2.1 Meteorvlogical and Topoaraohical Indicators of “/ind

Some meteorological and topographical features indicative of high wind
enerqy are:

e corridors of frequent and strong pressure gradients

e long, sloping valleys parallel to prevailing winds

e high elevation plains and plateaus in areas of strong geostrophic winds

e plains and valleys with persistent downslope winds associated with strong
pressure gradients

e exposed ridge crests and mountain summits in areas of strong geostrophic
winds

e exposad coastal sites in areas of strong geostrophic winds or thermal
gradients.-

Low wind power areas are often associated with:

e valleys perpendicular to the prevailing wind
e small and/or sheltared basins

® short and/or very narrow valleys or canyons
e areas of nigh surface roughness.

Figure 1.1 illustrates many of the indicators of both nigh and low wind
energy potential as they have been apnlied to the Rocky Mountains of the
United States.

{(a) Numericai or physical modeling discussed in Section 3.2 of "Selaczing
Sites for Yind Machines" may also provide insight into the wind resource
in data-sparsa areas.
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In mountainous areas, rawinsonde data can be used to infer nigh wind
energy potantial on exposed ridge crests. Rules-of-thumb that have been used
for estimating wind power in exposed mountainous locations from free-air
observations are:

e the 10-meter wind power is equal to one-third of the free-air wind power
® the S0-meter win  ower is equal to two-thirds of the free-air wind
oower,

Any available wind data in such locations can be used to augment or refine
these estimates.

The 1/3 and 2/3 wind power rules-of-thumb are based upon median values
obtained when correlating mountain-top and free-air wind speeds, then con-
verting the mean wind speeds to wind power density using a Rayleigh distri-
bution. Seasonal climatologies for 850 mb, 700 mb, and 500 mb constant
pressure levels can be used in a linear interpolation scheme to estimate the
free-air wind speed for a mountain peak. An alternate procedure is to develop
mean seasonal wind profiles up to the height of the highest peaks from rawin-
sonde summaries for the region and to estimate the free-air speed at mountain-
top level. The latter procedure is preferred in trade wind regimes to account
for the wind speed maximum that generally is found between 900 mb and 850 mb.

1.2.2 Vegetation and Eolian Indicators of Yind

In remote forested areas, vegetation indicators may be useful in estimating
wind energy notential. The flagging of trees is perhaps the most easily
observed method of using vegetation to infer wind speed. (A flagged tree is
one in which the growth of branches produces an asymmetrical crown.) Figure 1.2
depicts flagged trees from the side and top and numerically classifies the
degree of flagging using the Griggs-Putnam Index. Oifferent soecies of trees
may be flagged to different extents by the same winds; however, classification
of flagging 5y tree type has demonstrataed that this method can be used to
obtain rough estimates of the annual average wind spead. Some results of
using the Griggs-Putnam Index to estimate the average annual winds are shown

in Figure 1.3. The mean spead prediction error for this tachnique is +15% of
the true mean wind Speed.
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The deformation ratio shown in Figure 1.4 ranks second to the Griggs-
Putnam Index in accuracy. Linear regression of the deformation ratio with
medn wind speed produced the results shown in Figure 1.5. These results

represent approximately a +18% mean error in estimating annual average winds.

lihen using vegetative indicators of wind, there are certain drawbacks
which must be considered. The degree of flagging is a species-dependent
phenomenon and may be biasad toward winds cccurring during the growing season
(spring and summer). Past or oresent growing conditions, diseasas, trees that
once grew nearby nd ice storms may also cause deformation of the tree
crown. Although ti:es provide only rough estimates of wind power potential,
continued research in this area involving more species of trees and the
analysis of large data samples should yield vegetation indicators that provide
a useful means of estimating the wind resource in forested data-sparse areas.

Eolian landforms are another type of supplemental wind information that
may be useful in data-spa''se regions. Eolian indicators of wind are most
likely to be present i1 Jarsely vegetated arid and semi-arid lands. Surfacs
features indicative of areas of strong wind are sand dunes, playas(a), and
scour features produced by wind erosion. Mapping of such features from
satellite imagery or aerial phetography can be usad to locate regions of
possibly nigh wind energy potantial. However, quantitative techniques for

estimating wind speeds from an analysis of eolian landforms are still in the
developmental stage.

1.3 SYNTHESIS AND PRESENTATION OF WIND RESCURCE DATA

A realistic goal of any wind resource analysis is to provide as com-
pletely as possible a description of the spatial and temporal variations in
the availabnle wind energy and to describe the analysis techniques employed to
give the user an appreciation of the uncertainties in the analysis. Further-
more, the spatial variation of the resource is sensitive to the exposure of

sites to the wind and to the height above the surface at which the resource is
to be depicted.

{(a) Playas are snhallow desart basins wnere water gathers aftar rains and then
evaporates.
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Adjustment of wind data to a standard referencs neight above the surface
is a necessity for the proper intercomparison of the wind resource at various
sites. An examination of long-term mean wind speeds at air terminal 1ocations'
and at towers with multiple levels of anemometry indicates that e power-law
extrapolation is generally adequate. This extrapolation is as shown:

Vr Zr o Pr VA b
==l or L={st (M
Va a Pa a
where
V; . and 5; p = the mean wind speed (V), or mean wind pewer density (F),

at the anemometer and reference levels respectively.
@ = the power law exponent.

An o of 1/7 has been found to be widely applicable to low surface roughnesses
and well-exposed sites (such as air terminals). Other techniques for vertical
extrapolation include 1) power-law extrapolations where o is allowed to vary
with surface roughness and stability, or 2) log-law extrapolation, where both
the surface roughness(es) and the depth of the boundary layer are considered,
or 3) power-law extrapolations in which a is given by an empirically deter-
mined function of the mean wind speed.

The selection of well-exposad sites as the reference exposure o prasent
the resource appears optimum for wind énergy purposes. Well-exposed sites
include mountain summits, ridge crests, hill tops, and large upland clearings
that are open to the prevailing wind (i.e.; not sheltered by upwind topo-
graphical features or nearby obstructions).

The completed analysis of the wind resource represents a synthesis of
wind data, information on the characteristics of the sites at which data
were taken, indirect indicators of wind energy, and the meteorology and tooog-
raphy of the region. A combination of regional maps, as suggestad below, plus
selected individual station wind data provides a very effactive prasentation.

-
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1) a map showing major cities and significant cultural and geographical
features

2) a detailed topographical relief map

3) a map showing wind data locations as well as data or analysis
tachniques used in data-sparss areas

4) annual wind-power maps showing wind power for exposed locations at
reference heights typical of both large and small WECS (see Figure 1.6)

5) a table relating wind power density to mean wind speed (see Table 1.1)

6) seasonal wind-power maps (in the same scale and format as the annual
map)

7) maps for at least four times of -the day showing the diurnal variation
of wind power by season (where there is sufficient data). '

TABLE 1.1. Classes of Wind Power Density at 10 m and 50 m'3)
(E17iott and Barchet 1979)

10m (33 fr) 30 m {164 fr)
Wind Wind Power wind Power .
Power Densiry, Speed.(b! Density, Speed,ib)
Class watts/md m/s (mpm watts/ ms m/s (moh)
1] Q Q 1]

! 100 4.4 9.8 200 5.6 1123)
; 150 5.1(11.5) 360 B4 (14.3)
3 200 3.6 {113) <00 7.0015.0
T 250 32.01013.4) 300 7.5(16.8)
: 100 6.4 (14.3) 500 3.0 (17.9)
3 400 7.0 (15.0 300 4.3 (19.7)

1000 3421 2000 11.9 {26.6)

{@ertical extrapolation of wind soeed based on the 1/7 cower law

{OInlean wind speed is based on Ravieign speed distributon of
equivalent mean wind power density. \Vind speed is for standard sea-
level conditions. To maintain the same power censity, speed increases
5%.,°5000 ft {3%/1000 m) of aievatan.

Some potential WECS users may consider WECS sitas very near existing wind
stations. As a result, grajhs or *ables of the following wind charactaristics
for selected stations should be included in the presentation of data:

interannual wind power and speed variation
monthly average wind power and speed

joint wind speed and direction frequencies

1)
2)
3) diurnal wind power and speed by season
4)
5) wind speed and power duration,

12
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An atlas of the wind resource containing the suggested wind characzeristics
would serve a variety of users. It may provide the potential small WECS user
with sufficient information to determine YECS feasibility for his intanded
apolication. The maps in such an atlas could be overlaid with maps of land
availapility, thus enabling utilities to locate areds for more intansive
siting studies for large WECS. In a similar manner, the maps in the atlas
could be overlaid with costs of electricity to define potential markets for
WECS manufacturers. Such a wind energy atlas could provide the neaded 1link
between wind resource assessments and WECS siting methodologies.
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EFFECT OF SITE WIND CHARACTERISTICS ON ENERGY PRODUCTION

William T. Pennell and Harry L. Wegley
Atmospheric Sciences Department
Pacific Northwest Laboratory
Richland, Washirgton,

ABSTRACT

The effect of differences in wind characteristics on estimates of wind
turbine performance has been examined. Net energy production over a given
period can be estimated if both the performance characteristics of the tur-
bine and the wind speed probability density function (PDF) are known. Simu-
lations covering a range of PDFs and machine performance characteristics
showed that reasonable estimates of net energy production can be made using
simple, analytic POFs. The anilytic PDFs only require knowledge of the aver-
age wind speed at a site.

Some wind energy applications require knowledge of how temporal vari-
ations in turbine output interact with temporal variations in the load. The
effect of var1at1ons in the diurnal modulation of wind speed on load matching
was examined by simulating the energy transfer between a utiiity and a
residence equipped with a small wind turbine generator. Turbine performance
was simulated at six sites having a wide range of diurnal characteristics.
The simulations showed that for a given turbine, a given average wind speed,
and a residential-type load, large differenzes in diurnal characteristics had
minimal effects on energy transfers between the house and the utility. This
suggests that only approximate knowledge of the diurnal behavior of the wind
speed is required when evaluating residential applications of wind turbine
generators.



1. INTRODUCTION

A decision to purchase a wind machine will] usually be based on its per-
ceived economic value. Economic value is a stroﬁg function of the amount of
energy a machine generates at a site, and the way this energy interacts with
the Toad. Under some conditions, the value of a wind machine will only
depend on the total energy produced over a given time period; that is, the
machine must do a certain amount of work but there is no need to meet a power
demand at a specific time. This condition could be met, for example, if the
load serviced by a machine were always greater than or equal to the maximum
output of the machine and if the cost of back-up power were constant. Under
other conditions, however, economic value may depend on the temporal match
between the load and machine output. An example of this condition is a smal]
wind turbine connected to a residence that is supplied by a utility. Here,
the match between the temporal characteristics of the load and the temporal
Characteristics of machine output could be very important to the economics of
the installation, since the rates the utility charges for energy consumed and
the credits it gives for excess energy produced could be a function of the
time of day.

This paper examines two topics:

® wind data requirements for estimating the annual energy production
of a wind turbine

® wind data requirements for examining the temporal match of load
and turbine output.

The emphasis in the paper is on small, residential-size wind turbine gener-
ators, but some of the conclusions could apply to large machines, as well.

2. ESTIMATING ENERGY PRODUCTION

Energy production can be estimated by combining knowledge of site wind
Characteristics with information on machine performance. Usually, the only
dvailable performance information is a machine's steady-state performance
function. This function gives the relationship between power output and wind

speed when the machine is operated in an absolutely steady, homogeneous flow.



In reality, the performance of a machine will differ from that predicted by
the steady-state performance characteristics, since the natura] wind is
unsteady and non-homogeneous and the ‘response of the machine to the wind is
fairly complicated. Some of the differences between actual performance and
the performance predicted by the steady-state performance function can be
illustrated if we assume that :he power output at’any time t can be expressed

p(t) = j(m k(T)V(t-t)dr (1)
0

where V(t) is some suitably weighted average of the wind through the rotor
disk and k(t) is the response function (or the impulse response) of the
machine. Equation (1) assumes that a wind turbine behaves 1like a linear
filter. Over most of a machine's performance envelope, this is probably a
reasonable approximation as long as fluctuations in wind speed and direction
are not too large. The response function k(t), however, will be a function
of wind speed.

When steady-state performance characteristics are used to estimate aver-
age power production, the average wind speed is determined for a given time
interval (an hour or less) and the average power output is assumed to be
defined by the steady-state performance function. The actual power output
averaged over some time interval T is, however,

t 4T e

1
E<t1 + ;— T) = ]T / / kK(t)V(t-1)dtdt . (2)

t] 0

Thus, average power output is a function of the temporal behavior of the wind
through the rotor disk and the responsiveness of the machine. The variance
between the actual average power and an estimate of the average power obtained
by using steady-state performance characteristics usually increases as the

length of the time interval increases. Variance between actual and predicted
performance is also increased when wind information from a single height is
used to represent flow th~cuqh the entire rotor disk.
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Estimates of energy production over long periods of time, such as a
month, a season, or a year, can be made by summing time series of energy pro-
duction estimates that are determined from time series of average wind speed
and the machine's performance characteristics. Net energy production can
also be computed if the probability density function (PDF) for wind speed is
known at the site. The POF gives the probability that the wind speed will
fall within a given wind speed interval. At a given location, the exact form
of the POF will depend on the time interval over which the wind speed is aver-
aged and the total period to which the POF applies (i.e., a day, a month, a
season or a year). Since an hour is the shortest time scale for conventional
meteorological observations, it is the averaging time usually used to develop
PDFs. Once the PDF is known, the average power output of a particular machine
can be estimated as

3=f°° o(v) £(v)dy (3)
0 .

where p(v) is the steady-state performance function and f(v) is the POF.

The most obvious way to determine the POF at a site is, of course, to
collect the pertinent data and compute it. However, if this is not done,
there are several analytic PDFs that can be used to estimate the wind charac-
teristics at a site. The simplest is the Rayleigh distribution:

2
fly) = %— exp(— %—) (4)
2y 4y

where v is the average wind speed over the period for which the PDF applies.
All that is needed to determine the Rayleigh distribution for a site is the
mean wind speed.

The Weibull function is another possible PDF:

- (6 sof2)] g



The Weibull distribution has two adjustable parameters (c and k) and can be
made to fit a wide range o7 observed PDFs more accurately than the Rayleigh,
which is actually a special case of the Weibull. A simple relationship
exists between the Weibull parameters ¢ and k in equation (5) and the first
two moments of the probability distribution:

P r(k) ()

and

— 2.
2 _ 2 2
=Bt (7)

Thus, the Weibull distribution can be estimated once the mean wind speed and
the standard deviation of the wind speed about the Tong-term mean are known.

Figure 1 compares two analytic PDFs with two observed ones; all of the
distributions have the same mean. Curve 1 is the Rayleigh function and
Curve 2 is a Weibull density for a site where the wind tends to blow at a
fairly constant speed (the standard deviation is small). Curve 3 is an
Observed PLF of hourly averaged wind speed, based on 12 months' measurement
at an actual wind turbine site in the trade winds east of Puerto Rico.
Curve 4 is the observed PDF after 12 months' measurement at a site displaying
a double peaked (i.e., bimodal) distribution. The curves illustrated in

Figure T snould be fairly typical of the range of PDFs that might be experi-
enced at typical sites.

Ssurprisingly, there is very little published information on how accu-
rately energy production can be estimated given machine performance data and
wind data in either a time series or a PDF format. Golding [1] describes a
study by Juul [2] in which actual energy production from an operating machine
was compared with computed energy production. Juul used a 13 kW, fixed-pitch
machine with a rotor diameter of 8 m. Power was measured by a watt-hour
meter and wind speed was measured at hub height on a nearby tower. Monthly
energy production was compared with computed production using hourly averaged

5
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Fig. 1. Some Wind Speed Probability Density Functions.
Curve 1 is the Rayleigh distribution and
Curve 2 is a Weibull. Curves 3 and 4 are
observed distributions.

winds. After eight months, computed energy production agreed to within

10 percent of the actual production. However, there was a great deal of
scatter between computed and measured energy production on a monthly basis.
Even for some of the windier months, the discrepancy between computed and
measured output was 30 to 40 percent. It is not certain that 10 percent
agreement between computed and measured performance would have been typical
of other long-term averages.



3. EFFECTS OF SITE WIND CHARACTERISTICS ON ESTIMATES OF MET ENERGY
PRNDUCTION -

The preceding section suggests that energy production estimates based on
conventional procedures are imprecise. The acclracy of such estimates depends
on many factors, some of which are unique to a given machine or a given site.
Based on currently available information*, the authors would estimate the
uncertainties in computations of average energy production based on the hourly
averaged wind speed at hub height and steady-state performance characteristics
to be between 10 and 30 percent. Given this fundamental uncertainty, how
accurately must the wind behavior at a site be known? If estimates of the net
energy production are all that is required, can these be obtained from ana-
lytic models of a site's PDF, for example, cr must the actual wind behavior -

bg'mgasured?

B R
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In order to show how energy production estimates depend on wind behavior,
the annual average power output was computed for two very different sets of
wind turbine characteristics using the four PDFs shown in Figure 1. Steady-
state performance characteristics for the two turbines are shown in Figure 2.
The characteristics are modeled after manufacturer's performance information
for two actual machines. These characteristics probably represent extremes
in the shape of the performance function. The resylts are depicted in
Figures 3 and 4 for a wind speed range that covers what would be expected at
most potential sites. The figures show machine performance characteristics
to have a pronounced effect on dverage power output. Although both machines
have the same rated output, the average power output of Turbine B is much

larger, since Turbine B produces its rated output over a wider wind speed
range than Turbine A.

The figures also indicate that estimates of average energy production
are not particularly sensitive to the form of the PDF. Result. indicate that
reasonable estimates can be made with Timited wind data. For example, over
most of the wind speed range shown in the figures, the dverage power output

*This information includes the previously cited study by Juul and experience

with the NASA/Department of Energy 200 kW wind turbine at Clayton, New
Mexico [3,4]. :
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obtained by using a Rayleigh POF differs by no more than =15 percent from
estimates obtained by using the other PDFs shown in Figure 1. Differences of
this magnitude do not seem large when compared with the other uncertainties
inherent in energy production estimates.

Differences between energy production estimates based on an observed PDF
and a model POF can be further reduced if a Weibull distribution is used.*
However, using a Weibull distribution to fit the PDF at a site requires more
knowledge of wind characteristics than fitting a Rayleigh function. Fortu-
nately, there appear to be empirical relationships between mean wind spead
and the two Weibull parameters. Cherry [5] has found the following empirical
relationships predict the Weibul] parameters at several sites in New Zealand
with reasonable accuracy:

C = ]39 v (8)

(V'- 2)0.089

k=1+0.48(v-2)05 (9)

The general applicability of (8) and (9) is not yet known. Cherry is cur-
rently extending his analysis to sites in the United States, and the results
should be published in the near future. Using a function such as the Weibul]
to estimate net energy production has certain additional advantages, however,
By varying the ¢ and k parameters through reasonable Timits, uncertainties in
energy production estimates due to uncertainties in the form of the PDF can
be gauged.

*Curve 2 in Figure 1 is a Weibul] fit to the Puerto Rico distribution
(curve 3). The average power output curves in Figures 3 and 4, which corre-

spond to curves 2 and 3 in Figure 1, show the effacts that differences in
these PDFs have on production estimates.
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4. EFFECT OF DIURNAL WIND BEHAVIOR ON THE ENERGY CONSUMPTION OF A
RESTDENCE

Wind speeds are usually a strong function of the season of the year and
the time of day. At most sites, the wind is driven by pressure gradients
associated with large weather systems. At temperqte latitudes, the intensity
and frequency of these weather systems are greateéi in the winter and spring;
thus these are the seasons of strongest winds.

The diurnal modulation of wind speed is a result of solar heating of
the earth's surface. This heating causes wind speeds near the surface to be
greatest in the afternoon. There is a simple explanation for this phenomenon.
Surface heating generates turbulence, and this turbulence transports momentum
from higher Tevels in the atmosphere to the ground. Since wind speed usually
increases with height, the transport of momentum to the surface increases the
wind speed there. The intensity of surface heating depends on the solar angle
of incidence and on cloud cover; hence, diurnal modulation of the wind Speed
is greatest in summer and lowest in winter. A few hundred feet above the sur-
face, however, the diurnal effect is reversed. At these elevations, surface-
generated turbulence increases the effect of surface drag, and wind speeds
tend to be higher at night than during the day.

To examine the importance of variations in the diurnal cycle on load
matching, the net energy consumption of a typical residence equipped with a
small wind turbine generator was simulated for a variety of wind conditions.
Time series of hourly average wind speed, spanning a three-month period, were
obtained at six locations. The locations exhibited a range of diurnal wind
speed behavior. The wind data were converted to time series of average power
output using the steady-state performance characteristics of two machines
designed for residential use. The performance characteristics of the machines
are shown in Figure 5.* To isolate the importance of the diurnal cycle, wind
Speeds at the six sites were adjusted by a constant amount so that the total
energy production at each of the sites was approximately the same for a given
machina. Because of differences in the performance characteristics of the

*In Figure 5, Turbine B is the same machine as that in Figure 2.
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Fig. 5. Steady-State Performance Characteristics for
Two Small Wind Turbines

two machines, the magnitude of the adjustment was a function of both the
site and the machine.

Table 1 lists the sites used, indicates the time periods covered by the
data and gives both the actual dverage wind speed and the adjusted average
wind speed for each of the two machines. Since adjusted wind Sspeeds were
used in obtaining all of the following results, the sites will be identified
by the Tower case letters shown in Table 1.

The average diurnal cycle is shown for each of the sites in Figure 6.
Sites a, b and ¢ illustrate diurnal wind behavior typical of springtime on
the Great Plains. Site d shows a diurnal behavior typical of winter. Site e
shows a mean diurnal cycle for a "special" site where unique topography and
meteorology combine to produce a localized wind resource. Site e also belies
the usual rule that the wind never blows during the summer. The last site,
t, is typical of an isolated high hill or ridqe.

12



Table 1. Summary of Wind Data

Actual Adjusted Adjusted
Av. Wind Wind Speed Yind Speed
Speed . Turbine C Turbine B

Sita (m/s) (m/s) (m/s)

Russell, KS (a) 6.1 7.0 6.7
March-May 1978

Huron, SD (b) 5.7 6.8 6.7
April-June 1978

Amarillo, TX (c) 7.4 6.6 6.6
March-May 1978

Montauk Pt., Long Island (d) 7.9 6.7 6.5
January-March 1978

San Gorgonio Pass, CA (e) 8.0 6.4 6.2
June-August 1977

Boone, NC (f) 7.4 7.1 6.7

February-April 1977

Figure 7 depicts the diurnal behavior of average power output for
Turbine C at each of the six sites. The figure shows that the estimated
dverage power output follows the average hourly wind speed vefy closely, as
s expected. But now we come to the central question: Do variations in the
diurnal behavior of the magnitude shown in Figure 7 significantly affect the
net energy consumption of a residence equipped with a small wind turbine gen-
erator? If they do, how accurately must this behavior be known? Are detaiied
wind measurements required, or can one estimate the effects by applying
fairly crude models of wind behavior?

Figure 8 is the Toad that was used to simulate the electrical demand of
a typical house. Figure 8 represents typical appliance and Tighting loads
only; it does not include water heating, space heating, or air conditioning.
In conducting the simulations, the house was assumed to be connected to a
utility system and to have no means of temporary energy storage. The energy
flow between the utility and the house was computed for each hour of the

simulation by subtracting the estimate of the turbine's energy production
from the load. The results for Turbine C are summarized in Table 2,

13
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Table 2. Effact of the Diurnal Behavior of the Wind on
Estimated Energy Consumption for a Residence.
A1l estimates are for a three-month period.

(Turbine C)

Energy Energy
Total Energy Total Energy Required from Supplied to

Consumed* Generated Utility Utility

Site (kiWh) (kWh) (kih) (kih)
a 1590 1305 829 544
b 1586 1335 780 529
c 1589 1309 822 542
d 1584 1342 834 592
e 1591 1331 827 567
f 1595 1292 893 590
Average 1589 1319 831 561

*VYariations in total ener
slight differences in th

gy consumption among the sites are due to
e length of the wind data records.
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Table 2 shows that at each site the total energy produced by Turbine C
equals about 80 percent of the electrical energy consumption. However, the
simulated wind turbine reduced the amount of energy purchased from the
utility by only about half. The balance was fed back to the utility.

Table 2 also shows the reductions in energy purchases are surprisingly
independent of the mean characteristics of the diurnal wind speed cycle. For
sites a through e, between 57 and 60 percent of the total energy generated
goes directly to reducing energy purchases from the utility. Even at site f,
which shows the poorest match between turbine output and load, 54 percent of
the total energy production goes towards reducing energy purchases. There
are two major reasons for this insensitivity to the djurnal behavior of the
wind. The first is that all six lTocations are very good wind turbine Sites.
Even during the "off" hours, there is usually enough wind to generate power.
The second is related to the nature of the load serviced by the machine.
Although this load shows several large peaks (Figure 8), there is a fairly
constant base load of about 0.6 to 0.8 kN from around 8:00 a.m. to about
9:00 p.m. This base load is also well matched to the average output of
Turbine C over these hours (Figure 7).

Table 2 shows that the net energy flows between a utility and a residence
served by a small wind turbine were not a strong function of the mean charac-
teristics of the diurnal cycle. However, it does not follow that wind-
generated electricity would have the same value in reducing the total utility
bill at each site. The credit given a customer for excess energy will
undoubtedly be a function of the time of day; in addition, a utility might
charge a wind turbine customer a time-of-day rate for energy consumed.

A certain utility in the eastern United States is Currently offering the
following rate to customers with wind turbines: the rate charged for energy
purchases is not a function of the time of day, but it does change with
season. Credit for excess energy depends on the time of day in three broad
classifications: on-peak (10 a.m. to 10 p.m.), off-peak (midnight to 7 a.m.),
and intermediate (all remaining hours). The value of these credits also

changes with season.
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Table 3 summarizes the distribution of the surplus energy generated among
the three time-of-day categories. Since these categories are so broad, only
site f shows any significant difference.

¢

!

Table 3. Effects of Diurnal Behavior of the Wind
on Energy Flow to the Utility System.
A1l estimates are for a three-month period.
(Turbine C)

On-Peak 0ff-Peak Intermediate
(10 a.m.-10 p.m.) (Midnight-7 a.m.) (A11 Other Hours)
Site (kih) (kih) (kWh)
a 240 260 44
b 245 244 40
o 222 282 38
d 206 338 48
e 257 263 47
f 159 331 100

The results shown in Table 3 could be different for a load showing a
stronger diurnal dependence. They could also be a function of the per-
formance characteristics of the wind turbine. To examine this possibility,
the entire simulation was repeated using a hypothetical wind turbine with
the performance characteristics of Turbine B. The results are summarized in
Table 4. The table shows that although the energy generated by the turbine
exceeded the electrical énergy consumed by the residence, this excess energy
did not go to further reducing energy purchases from the utility. It went to
increasing the size of the surplus returned to the grid.

The distribution of this surplus among three broad time-of-day cate-
gories is shown in Table 5. At sites a, b, ¢ and e, Turbine B supplies
between 55 to 60 percent of its surplus generation during on-peak times. At
these same sites, only about 45 percent of Turbine C's surplus is supplied
during on-peak hours. Clearly, any differences in the value of the electricity

Produced by Turbine B over the value of the electricity produced by Turbine C
would be governed by the utility's buy-back rates.
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Table 4. Effect of the Diurnal Behavior of the Wind on
Estimated Energy Consumption for a Residence.
A1l estimates are for a three-month period.
(Turbine B)

Energy Energy
Total Energy Total Energy  Required from Supplied to
Consumed Generated Utility Utility
Site (kWh) (kih) " (kWh) (kWh)
a 1590 1835 847 1092
b 1586 1861 792 1067
o 1589 1842 838 1091
d 1584 1850 873 1139
e 1591 1859 827 1095
f 1595 1823 956 1184
Average 1589 1845 856 1111
"Table 5. Effects of Diurnal Behavior of the Wind
on Energy Flow to the Utility System.
A1l estimates are for a three-month period.
(Turbine B)
On-Peak Of f-Peak Intermediate
(10 a.m.-10 p.m.) (Midnight-7 a.m.) (A11 Other Hours)

Site (kiWh) (kWh) (kWh)

a 611 370 111

b 621 330 116

o 572 412 107

d 502 510 127

e 640 361 94

f 403 638 143
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5. WIND DATA REQUIREMENTS FOR EXAMINING LOAD MATCHIM

Understanding how a small wind turbine generator might affect energy
consumption and utility bills requires knowledge of how the output of the wind
turbine generator intaracts with the load. In the previous section we showed
that the effect of a small wind turbine on a resideﬁfia]-type load was not
especially sensitive to the characteristics of the mean diurnal cycle. This
suggests that only approximate knowledge of the diurnal characteristics of
the wind is required.

If the PDF for wind speed were known for each hour of the day, one could
determine how a given wind turbine would interact with a given load. For
example, the average power output as a function of time of day is

p(t,T) = ]m p(v) f(v,t,T)dv (10)
0

where f(v,t,T) is the POF at time t, and T is the time interval (such as an
hour) over which the wind speed, v, is averaged. Since f(v,t,T)dv is the
probability of the wind speed falling between v and v + dv,

Ym
NeT J/F YF(v,t,T)dv (11)
v

n

is the length of time v falls in the interval (vn,vm). In expression (11),
N is the number of days in the period (such as a month or a season) for which
f(v,t,T) applies. The energy produced by the wind turbine during the time
the wind speed falls between v and Vm 1s

Ty

E(&n,vm,t> = N.T J/ m p(v)f(v,t,T)dv . (12)

Vi

If the Toad serviced by the turbine, 2(t), is assumed to be only a
function of time of day, a wind speed vz(t) can be defined where
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The energy flow from the utility system to the house is then

+ ) \)
¥ (t) = N-T[z(t) f p(v)f(v,t,T)dv] (14)
0

while the energy surplus delivered to the grid is,

E(t) = N'T[ﬂ(t) -fm p(V)f(v,t,T)dv] - (15)
v
2

The PDFs in Equations (10), (14) and (15) can be measured or they can
be approximated by some analytic function, such as the Rayleigh or Weibull
densities. There are several reasons for pelieving that a Rayleigh or
Weibull function is an acceptably accurate approximation for f(v,t,T). First,
the Rayleigh and Weibull distributions are conservative; they tend to under-
estimate the available wind power at lew wind sites, while yielding good
estimates at higher wind sites [6]. Second, the machine performance
..Characteristic, p(v) in Equations (10)_thrqggh4§]5), is a strong filter.
Convoluting p(v) with f(v,t,T) reduces the sgéhificance of differences in the
shape of the PDF. This effect is illustrated in Figures 3 and 4. Third, the
nature of tne residential-type load and the buy-back provisions that utili-
ties are beginning to offer residential customers moderate the need for pre-
Cise load matching. Fourth, a probability density determined from a single
month’s or season's measurement is also only an estimate of the true, clima-
tological PDF and will be in error by an unknown amount. Lastly, the reader
should recognize that the methods used in modeling wind turbine output (aver-
age hub-height wind speeds and steady-state performance characteristics) are

fairly crude. Results obtained by using these models should only be treated
as approximate. '

As a partial test of the hypothesis that analytic PDFs can be used to
estimate energy flows in residential agplications of small wind turbines,
the average power output for each hour of the day was computed using the
actual wind data and using Equation (10) with f(v,t,T) taken as a Rayleigh
function [Equation (4)]. Both estimates of the average power output were
compared at all six sites and for each of the two machines.
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Figure 6 shows that the means of the hourly averaged wind speeds ranged
from just over 4 m/s at site e to just under 9 m/s at site b. Examination of
POFs determined from the actual wind data showed %hat the observed PDFs for
a8 given hour varied from near-Rayleigh in appearance to definitely bimodal.
Estimates of average power output were again found fo be fairly insensitive
to the exact shape of the PDF, as expected. The average discrepancy between
estimates based on the Rayleigh function and estimates based on the actual
data was 8 percent with a standard deviation of 7 percent.

6.  CONCLUSIONS

Intelligent use of wind turbines requires some knowledge of the amount
of energy a wind turbine will produce at a particular site and of how the
turbine will interact with the load to be serviced. If similar applications
of wind energy have been made in the neighborhood, knowledge of the success
or failure of these applications is the best information for making a decision
on installing a wind turbine. If there is no experience with wind turbines
in the vicinity, the performance of a turbine at the site must be estimated.

The usual method for simulating wind turbine performance uses information
on the behavior of wind speed at a site and the steady-state performance
characteristics of a machine to produce estimates of energy production. The
wind speed information can be in the form of time series or probability den-
sity functions. The accuracy of these methods of simulation is still uncertain.
It would be prudent to assume that any estimate of wind turbine enerqgy pro-
duction could be high by as much as 10 to 30 percant.

The amount of energy a wind turbine will produce in a given time period
can be estimated if the wind speed PDF is known for that period. We have
shown that estimates of the énergy output ov a turbine over a given pefiod
are not especially sensitive to the exact form of the wind speed POF. Thus,
estimates of energy output can be made if thé actual PDF is approximated by
a Rayleigh or a Weibull function. Since there are empirical relationships

between the Wejbull parameters and the mean wind speed, use of either of these

functions only requires'knowledge of the mean wind speed for the period in
question,
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Many potential applications of wind energy require knowledge of how the
output of a wind turbine will interact with the load it services. Since many
loads show considerable seasonal and diurnal variability, the seasonal and
diurnal modulations of turbine energy production must be understood.

Seasonal effects can be accounted for if the inte;action of the turbine and
the Toad are analyzed on a monthly or seasonal bas}s. The effects of the
diurnal modulation of turbine energy output can be simulated if the PDF for
wind speed is known as a function of che time of day.

In this paper we have shown that the energy transfer between a utility
system and a residence equipped with a small wind turbine depends on the way
the turbine output modifies the load. However, we showed that for selected
wind turbine characteristics, estimates of this energy transfer were only
slightly affected by differences in the temporal behavior of the wind speed
at good wind turbine sites. On the basis of this relative insensitivity and
because of the uncertainties inherent to simple models of wind turbine per-
formance, we argue that simple cnalytic PDFs such as the Rayleigh or Weibull
functions aré acceptable approximations to the wind speed PDF for a given
time of day. The Rayleigh function is particularly attractive since it only
depends on the mean wind speed, and using it only requires knowledge of the
monthly or seasonally averaged diurnal cycle. On the other hand, the Weibull
function has the advantage of enabling one to test the sensitivity of his
analysis to the form assumed for the PDF. In either case, the effect of a
small wind turbine on a residential-type Toad could be estimated with knowl-
edge of only a few, easily determined wind characteristics.
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THE PERFORMANCE OF SIMPLE HORIZONTAL AXIS WIND-TURBINES FOR THE DIRECT DRIVE OF WATER PUMPS
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ABSTRACT

Two turbine types were considered. Interest
in both types, Cretian compliant~sail tladed mach-
ines and turbines with multiple flat slats as
blades, has recently been revived, in developing
nations, for water pumping applications. The work
was based on wind-tunnel tests the results of
which are presented in the form of power and torque
coefficients versus velocity ratio. It was shown
that a Cretian turbine can attain a maximum power
coefficient of approximately 0.28 and alsc achieve
a high starting torque. It was also found that
optimised slatted wind-turbines are limited to max-
imum power coefficients of 0.19 to 0.23 depending
upon their construction. The present results were
combined with those of an earlier paper to yield
what is believed to be a comprehensive summary map
of the operational characteristics of optimised
horizontal axis wind-turbines for the direct drive
of water pumps.

NOMENCLATURE

o>
=3

= Blade aspect ratio

= Power coefficignt T rotor power

P output/iol3 (70°)

= Torque coefficient = torque/gpuz(zoz)(g)
= Diameter of rotor =4 4

= Hind velocity

» Blade stagger angle (angle between blade
surface and rotor center line)

Velocity ratio = peripheral velocity of

rotor/Um

= Maximum value of A (i.e. A at runaway)

SO n

>
]

Max
= Value of X for which C_ is a maximum
= Air density P
= Rotor solidity (see Fig. 2)
= Sail-setting parameter (Cretian turbine -
see Fig. 2)

€ QD == >

INTRODUCTION

In recent years there has been a revival of
interest in the use, primarily in developing na-
tions, of simple horizontal axis wind-turbines for
the direct drive of water pumps and other mechani~
cal equipment. This has resulted in the develop-
ment of new turbine designs (1,2), and attempts to
adapt conventional, well established, concepts.
Examples of the latrer are classical, metal, multi-

bladed turbines commonly employed, for stock water-
ing duties primarily in North America and Australia
(3); other examples are Cretian and simple slatted
type turbines which are particularly easy to con-
struct. One of the difficulties associated with
the adaptation process is the lack of definitive
performance data applicable to the various con-
cepts. Recently, newly obtained performance data
relating to classical multibladed turbines have
become available; these results (4) agree, quite
closely, with earlier information (5). However,

so far as is known to the writer, no definitive,
easily interpretted, experimentally obtained per-
formance characteristics are available for either
Cretian or slatted type turbines.

The objectives of the work described here are
to present experimentally obtained performance
characteristics for Cretian and slatted turbines
and to compare these results with those for classi-
cal multibladed machines in addition to two new
designs (1,2). It is, of course, essential that
for this work to be meaningful the final compari-
sons should be made between optimised versions of
each configuration. The focus of attention re-
lates to small machines of approximately 10 to 13'
(3 to 4m) rotor diameter.

TEST PROCEDURES

The Cretian turbine was tested, in model form,
in an open-jet wind-tunnel at the University of
Calgary. The wind-tunnel jet cross-section was
4.5" x 2.5' (1.37m x 0.76m). The model rotor was
20" (508mm) diameter and was located 12" (304mm)
downstream from the jet entry into the enlarged
working chamber. This location was established,
on the basis of the known performance of a rotor
used for calibration purposes, as the correct lo-
cation, for the size of model tested, to eliminate
either blockage problems due to too close an ap-
Proach to the tunnel exit or jet-wake mixing in-
fluences due to excessive withdrawal of the model.
A correction was incorporated to compensate for
small velocity profile distortions at the jet-exit
plane. Rotor speed was measured by means of a
stroboscope. Torque measurements were carried out
using a swmall prony brake attached to the turbine
rotor shafc.

Due to the small size of the model and the
relatively low wind velocity of approximately
13 fe/s (4 m/s) at which the wind-tunnel tests
were carried out a Reynolds-number based correction



was applied to relate the results of the model
tests to full scale units of 10 to 13' (3 to 4m)
rotor diameter operating at a representative wind
speed of 15 mile/h (7 m/s). A small additional
correction was also incorporated, as explained
later, to compensate for unavoidable geometric dif-
ferences between the model and full scale Crerian
turbines.

A single slatted type turbine, also of 20"
um) rotor ciameter was also built and simil-
tested in the wind-tunnel. The results of
this test were used to provide a correlation bet-
ween modern wind-tunnel test methods and tests
carried out approximately one hundred years ago on
a2 comprehensive series of slatted rotors by Perry
(6). Perry's tests were performed using a powered
arm, orbiting in a horizontal plane, whick moved

a dynamometer equipped turbine rotor, mounted at
the extremity of the arm, into air nominally at
rest within a large test cell or enclosure. The
uncertainties with Perry's tests, which tend to
inhibit direct use of his results, relate to the
opposing influences of a potential over-estimate
of performance due to the orbitting motion of his
(5' (1525 mm) diameter] turbine models and a per-
formance underestimate due to the tendency of the
model turbine to generate a circulatory movement
of the air within the test enclosure.

The results of both the model tests and sub-
sequently predicted full-scale performances were
expressed in terms of power and torgue coeffi~-
cients, €, and Cr respectively, presented as func-
tions of velocity ratio A. It has been shown
elsewhere (4) that for the definitions of C_ and
Cr emploved; P

(508
arly

2
C,r T Cp (1)
and when ) = 0;
C. = 2(==5) (2)
T d-. (> = 0)

These relationships were helpful in ensuring the
consistency of the Cp and C,r curves.

CRETIAN TURBINE

The origins of the design of Cretian wind-
turbines appears to be lost in antiquity. Accord-
ingly there do not appear to bte any definitjive
design rules available. The wind tunnel model, was
therefore, based on relatively modern, metal
framed, versions of the machine since these pre~
sumably suffer less from windage losses than more
traditional forms with relatively thick wood
spokes. The geometry of the frame of the wind-
tunnel model unit is shown in Fig. 1. Figure 2
shows the planforms of the four sets of thin,
plasticised-cloth sails tested. Each sail plan-
form was tested using four lengths of the sail con-
trol line BC. The blade stagger angle, that is the
angle at which the blade is set relative to the
rotor axis, is, in effect, controlled by the sum of
the total length AB, of the outer edge of the sail
plus the control line length BC. The parameter ¢
employed in defining the sail setting is defined
as the total length AC divided by the straight line
length XY between adjacent spokes. Hence the min-

-
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Fig. 1 Rotor Frame of Wind - Tunnel Model of

Cretian Wind-Turbine.
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Fig. 2 Sails of Model Cretian Wind-Turbine

imum value of ¢ is unity and the larger the valye
of ¢ the smaller the blade stagger angle. The
table in Fig. 2 lists the solidities of the four
sets of sails employed.

It can be seen, therefore, that a total of
sixteen configurations were tested and each config~-
uration is identified uniquely by specifving both
the solidity o and the sail setting $. The best
result obtained is presented on the C and C
versus )} planes in Fig, 3. The dottel curves of
Fig. 3 represent the power and torque coefficients
corrected to give the predicted performance of a
full scale unit of 10 to 13' (3 to 4m) diameter
operating in a wind of about 15 mile/h (7 m/s)

The applied correction is made up of two approxi-
mately equal components. One portion of the cor-
rection was for the influence of Reynolds number
and was based on a correction normally applied to
a single stage of a reaction turbine (7). Since
the wind turbine does not have any nozzle blades



A

Fig. 3 Best Performance Characteristic
Model Cretian Wind-Turbine;
Solidity o = 0.57, ¢ = 1,06.
Estimated Full Scale Performance
Shown Dotted.

only half the correction normally applicable to a
full reaction stage was used. This correction
procedure has been used previously to correct mod-
el test data for conventional multibladed turbines
(4). The other correction factor relates to the
incomplete use of the rotor disc projected area
due to the outer edges of the sails being set in
radially by 1% of the rotor diameter D (Fig. 2).
Whilst this feature was virtually unavoidable in
the model, it should be possible to eliminate this
deficiency in a full scale machine.

The main trends apparent from the tests of the
Cretian configurations are represented, by means of
cross plotting, in Fig. 4, 5, and 6. It can be
seen from these figures, which represent directly
wind-tunnel test data and have not been corrected
to full scale, that the configuration yielding the
highest starting torque is not that which produces
the highest power coefficient. Likewise it can
also be seen that for each solidity, the highest
runaway velocity ratio is, as might be expected,
associated with the minimum possible value of .

It is alsv apparent from Fig. 4 and 5 that perform-
ance increases with increasing solidity, o, over
the range investigated, Substantial increases in

0 are relatively difficult to achieve in practice,
in conjunction with values of ¢ only slightly
greater than unity, due to the geometry of the sys-
tem. Too large a value of AB (Fig. 2) results in
the outer edge of each sail tending to curve such
that there is an adverse influence on performance.
There is evidence of such an effect in Fig. 4 for

g =0.57, ¢ = 1.0.
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SLATTED TURBINE

Multibladed wind-turbines, generally con-
structed of wood, featuring flat-plate blade sur-
faces appear to have constituted the most common
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form of water-pumping turbine in North America up
to about a century ago. This design was gradually . \
displaced by the now classical multibladed machine, c SN / c
featuring cambered sheet metal blade surfaces, }E\\\\\\
still in use today. The resurgence of interest in
slatted turbines in developing nations appears to X\
relate, primarily, to their ease of construction \
using indigneous materials. A detajiled and com- / \\§\
prehensive experimental study of the performance 0.1 | b 404
of slatted turbines, using the technique described ﬁSQ\
previously, was carried out during 1882 and the X\
following year by Thomas 0. Perry on behalf of the / \\
United States Wind Engine and Pump Company of /

Batavia, Illinnis. Due, it -ppears, to the prop- / X\\
rietary nature of Perry's study the results were
not published until 1899 (6). By this time there
was, it seems, little interest in the bulk of
Perry's results since attention had already been No4 o
diverted from slatted to multibladed rotors of the 0.5 1.0 1.5 2.0
now familiar type. A
The best of Perry's slatted rotors for which Fig. 8 Comparison of Kesults for Perry's Rotor
full performance results are available is shown in No. 6 (0 = 0.544, 24 Blades, B = 60°) with
Fig. 7. A 20" (508 mm) diameter mode] of this Those for University of Calgary Replica.
rotor was built and tested in the University of
Calgary open jet wind tunnel. A comparison of the 0.1
results obtained by Perry and those of the recent
wind-tunnel tests is presented in Fig. 8. It can
be seen from Fig. 8 that apart from a slight dis~ A
€repancy at very low velocity ratios the two sets i
[
[V

O v 0 640 1AR 92 1}

O 20 6¢0 (AR o4 21
=0 788 O-e0 %44

of results are virtually coincident. This implies =080 AR =5 11
that the previously referred to causes of error in

Perry's tests largely cancel. However, it should A

be born in mind that the Reynolds number for J»

Perry's tests was approximately three times that of 1;¥

the vind-tunnel mode] tests and'hence, with a com- °a m = " - - -
plete error cancellation, Perry's results should A DECAEES)

be somewhat superior to those obtained using the
wind-tunnel. Nevertheless it appears that Perry's Fig. 9 Maximum Power Coefficient versus Blade
results can be treated as if they were all obtained Stagger Angle for Perry's Slacted Rotors,



rom 20" (508 mm) diameter models tested in the
niversity of Calgary open-jet wind-tunnel and
forrected to yield a result applicable to 10 to 13'
[3 to 4 mn) diameter rotors in a 15 mile/h (7 m/s)
tind velccity exactly as for such models (7). Such

correction procedure accounts for the dotted
urves appearing in Fig. 8.

Results obtained by Perry, without correction

to full scale, are presented, in parametric form
s a result of cross-plotting, in Fig. 9, 10 and

l. These curves, it should be pointed out, repre-
ent a sumnary of the results obtained from 29 con-
igurations most of which have 24 blades. An
nteresting feature of Fig. 9 is that a slightly
mproved performance was obtained at a solidity,
», of 0.660 by reducing the blade aspect ratio

AR) by a factor of 2. The blade aspect ratio
reduction was achieved by using 12 blades each of
thich was twice the average chord of the 24 blades
:orresponding to twice the aspect ratio. Presum-
ibly the performance gain was due to a reduction
.n the blockage due to blade thickness dominating
wer the fundamental influences of aspect ratio;
.ndividual blade thickness was the same for both
'he 12 and 24 bladed rotors. It can also be seen
‘rom Fig. 10 that increasing rotor solidity has
he expected effect of increasing startingtorque.
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Fig. 10 Torque Coefficient at A = 0 versus Blade
Stagger Angle for Perry's Slatted Rotors.
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Fig. 11 Runaway Velocity Ratio versus Blade

Stagger Angle for Perry's Slatted Rotors.

It can be noticed from Fig. 7 that the six
timber spokes supporting Perry's rotor constitute
a fairly substantial blockage in 6 of the 24 flow
passages between the blades. Whilst for an all
wood rotor Perry's construction, or something
sxmxlar, appears to be essential a performance
improvement could, it was thought, be obtained by
the use of thinner metal spokes. A wind-tunnel
test was conducted using a modified version of
Perry's design which confirmed this expectatien.
The maximum power coefficient was increased by 287
by this means. However such a modification tends
to defeat the advantages of an all wood construc-
tion,

PERFORMANCE COMPAR1SON

The performances of the best Cretian and slat-
ted rotor configurations can be compared with each
other, and with any other system, on the basis of
power coefficient and torque coefficient provided
account is taken of the differing velocity ratios
of the units. Differences in velocity ratio can
be accommodated by using, as an abscissa of the
performance comparison curves the ratio, for cach
wachine, of X divided by Apax+ Hence the numerical
value of this paramaster ranges from zero to unity
for all units. The influence of rotor speed on
torque characteristics can also be accommodated by
using ACT in place of CT where A is the value of
for which Cp is a maximum. The ACT parameter is,
therefore, the torque obtained when the output
torque is measured not at the rotor shaft but on an
output shaft geared to the rotor shaft by friction-
less gears. For a prescribed wind speed this fic-
ticious output shaft runs at the same rotational
speed for all units when each unit operates at its
maximum power coefficient ie. at a velocity ratio
A = A,

Comparative performance curves for the Cretian
and slatted rotors are presented on the C, versus
A/dmax and ACy versus /Ay, planes in Fig. 12 and
13 respectively. Corresponding curves for another
type of turbine, termed a delta-turbine, have been
added to Fig. 12 and 13. The delta-turbine has
previously been found to have one of the best over-
all performances of fixed-pifch water pumping wind-
turbines which produce maximum torque at zero rotor
speed in conjunction with a relatively high maxi-
mum power coefficient (4). 1t can be seen that
both the Cretian and slatted rotors are less efii-
cient, and produce lower torques, than the delta
turbine (4). Curves have been added to Fig. 12
and 13 representing the performance of a Perry tvpe
optimized rotor modified for metal construction as
distinct from wood.

By combining the results reported here with
earlier information (4) it is possible to make a
broader comparison of horizontal axis wind-turbines
in the size range from 10 to 13' (3 to 4m) rotor
diameter. For this comparison to be of most use
to designers when selecting a rotor type, the rel-
evant curves are presented on the C, ~ A plane in
the manner pioneered by Eldridge (5? Figure 14
is the Cy ~ A comparison chart from which diagram
it can be seen that the Dutch desxgned SWD WEU-I-2
unit (1,4) gives the highest maximum C. value. The
next best value is due to the delta turbine (4).

On a basis of starting torque, it can be shown that
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Fig. 15 Torque Characteristics Corresponding
Fig. 14.

a multibladed turbine, which is in effect
a metal slatted turbine with cambered
blades, gives a yet better performance

iv)

v) the delta-turbine gives the best results
overall when attention is paid to both a
high starting torque and a relatively
high operational efficiency.
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