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I. INTRODUCTION

This paper is titled "The Conversion of Wind Power to
Electrical Power." Two subject areas are emphasized in the
paper. First, an understanding of what wind is, how wind
acts, and how to collect, reduce and analyze wind data is
developed. And second, the history of windmills is reviewed,
windpower systems are classified and described, and six
recent windpower systems are reviewed, Although this paper
does not get into the real nuts and bolts of windpower
systems (for instance the aerodynamics of wind turbine blades
or the structrual dynamics of wind turbine towers), it does
help to put these subjects in perspective.

Sections II through X are the heart of the paper.

These sections are arranged such that the text appears at the
front of the section and any figures, graphs or tables appear
at the end of the section. The appropriate figure,.graph or

table is referred to as needed in the text.

Section II contains background information on the
atmosphere and on factors affecting the density of air.

Section III describes how the wind is caused by the
unequal heating and cooling of the earth. Also a general
description of global wind patterns, local wind patterns, low

pressure systems and high pressure systems is given.



Section IV gives a brief history of windmills starting
with the first windmills over 2000 years ago and leading up
to the 1940's. 1Included in the history are primitive
vertical axis windmills, early horizontal axis windmills,
post, tower and smock windmills, the famous American water
'pumping windmill, and the first successful electrical
producing windmills,

In Section V the maximum theoretical percentage of power
which may be extracted from the wind is derived. The system
efficiency is introduced and the basic equation for the power
output of a windmill is given.

Section VI explains why the use of windmills is limited
to rural areas, Excerpts from the Wind Enerdy Resource Atlas
are given. A procedure for selecting a wind power site is
outlined. And the concepts of wind shear, turbulence,
boundary layer, and wind gusts are presented in regards to
site selection.

In Section VII the methods of gathering wind data are
described. This includes the use of switch closure, light
chopper and generator anemometers, wind direction sensors
which use potentiometers, strip chart recorders and digital
data loggers.

Section VIII is an example of wind data reduction and
analysis. Wind speed and wind direction data taken at three
hour intervals over a one year period is reduced using a

computer, graphed, and the important features discussed.



In Section IX four classifications of windmills are
described and the advantages and disadvantages of each
listed. The four classifications are: (1) low speed,
drag-force, (2) low speed, horizontal axis, (3) high speed,
horizontal axis, and (4) high speed, vertical axis.

Section X is a review of six windpower systems. The
systems reviewed are: (1) Jacobs Model 1023, (2) Enertech 44,
(3) ESI-54-S, (4) DOE/NASA MOD-OA-4, and (5) DOE/NASA MOD-2.
Included in the review are pictures and schematics of each
system. A description of each system's component parts is
given. And two graphs are drawn for each system. The first
graph plots system output versus windspeed and system
efficiency versus windspeed. The second graph plots system
output for a year versus windspeed using the wind data

analyzed in Section VIII.



II. THE EARTHS ATMQOSPHERE & THE DENSITY OF AIR

The earths atmosphere is composed of four layers: the
troposphere, the stratosphere, the ionosphere, and the
exosphere. We are only concerned with the troposphere which
extends from the earths surface up to about 5 miles at the
poles and about 10 miles at the equator. The upper limit of
the troposphere increases during the summer and decreases
during the winter. This upper limit is defined as that point'
where the temperature of the air stops decreasing with
increasing height. The temperature decrease within the
troposphere is approximately 3 to 4 degrees Fahrenheit per
1000 feet. The temperature at the top of the troposphere is
approximately -50 degrees Fahrenheit above the poles, while
it is approximately -100 degrees Fahrenheit above the
equator. Most of the air in the atmosphere is contained in
the troposphere.7a13

Clean, dry air has a molecular composition (by volume)
of approximately 78% nitrogen, 21% oxygen, 1% argon and trace
amounts of other gases. Also contained in the atmosphere are
water vapor, dust, pollen, microbes, and salt from the
chans.7

The density of air varies. Factors which should be
taken into account when determining the air density are
(1) the atmospheric pressure and (2) the air temperature.32

The atmospheric pressure is closely related to the elevation



above sea level while the air temperature is closely related

to the time of year. Another factor which only sightly

affects the air density is the relative humidity. In the

atmospheric pressure range of 1 atmosphere (14.70 psia), air

may be treated as an ideal gas.13 Therefore:

rho =P/ (T *R) where, Egn. 1
rho = density of air, (lbm/£t”"3)
P atmospheric pressure, (lbf/ft"2)
T air temperature, (degrees Rankine = degrees
Fahrenheit + 460 degrees)
R gas constant for a particular gas, in this
case air = r/m, (ft*1lbf)/(lbm*degrees R)
r = universal gas constant
= 1545 (ft*1bf)/(lbmole*degrees R)
m = molal mass, (lbm/lbmole mixture)
XAMP :

For a standard day at sea level, (P)o = 2117 1lbf/ft*2,
(T)o = 520 degrees R, (R)o = 53.33 (ft*1bf)/(lbm*degrees R)

13

Notes: 1. The subscript ( )o shows that these are standard
conditions.
2. See Example 2 for the determination of (R)o.

(rho)o

(2117)/(520*53,33) = 0.0763 lbm/ft"3




Example 2 will show that the addition of water vapor to
air does not appreciably change the density of the air, as
long as the temperature and atmospheric pressure are the same
before and after the addition of the water vapor. In effect,
the water vapor, or humidity as it may be called, is
displacing air to maintain the given pressure. And in fact,
the displaced air weighs mote than the water vapor which

replaces it.

E P :

A, Dry air at (P)o=2117 1bf/ft"™2, (T)o=520 degrees R

Molecular Volume Molal Mass per Mass
Component Fraction Mass 1lbmole mixture Fraction
lbmole lbm 1bm lbm

lbmole mixture lbmole lbmole mixture 1lbm mixture

Nitrogen 0.78 * 28.02 = 21.86 0.754
Oxygen 0.21 * 32,00 = 6.72 0.232
Argon 0.01 * 39,9 = 0.40 0.014
Sum=1.00 m=28.97 Sum=1.000
(R)o = r/m = 1545/28.97 = 53.33 (ft*1bf)/(lbm*degrees R)

(rho)o = 2117/(520*%53,33) = 0.0763 lbm/ft"3



B. Saturated air at (P)o=2117 1lbf/ft”2, (T)o=520 degrees R:
First determine the partial pressures of the water vapor and
air. From psychrometric chart:

(P)w 36 1bf/ftA2

so, (P)a 2117-36 = 2081 1bf/ft"2

Next determine the mecle fractions (by volume) of water vapor
and air.

(x)w 36/2117 = 0,017

(x)a = 2081/2117 = 0,983

Therefore, the molal mass of the mixture is:
m=(28.97*0.983)+(18,02*%0,017)=28,78 1lbm/lbmole mixture

and,

R = 1545/28.78 = 53.68 (ft*1bf)/(lbm*degrees R)
rho = 2117/(520*53.68) = 0.0758 1lbm/ft”"3

From this example, it can be concluded that the error
induced by neglecting the relative humidity when determining

the density or air is very small (on the order of 1%).

Graphs 1 and 2 show the approximate variation of
atmospheric density with height above sea level and with air
temperature, respectively. Note that these are not straight

line relationships.
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II1, THE

Wind is the natural movement of the air in the
atmosphere. In theory, the wind blows from regions of high
atmospheric pressure to regions of low atmospheric pressure.
But, in certain instances the wind can blow parallel to
isobars. These pressure differentials within the atmosphere
are due to the unequal heating and cooling of the earth and
its atmosphere. Global wind patterns exist which are
largely due to the rotation of the earth. Local wind
patterns also exist, for example, land and sea breezes. 1In
most cases, both global and local wind patterns change with
the seasons,

The suns radiation heats the earth and its atmosphere.
Sunlight is composed of approximately 41% visible light, 9%
ultraviolet and shorter wavelength radiation, and 50%
infrared and longer wavelength radiation. Most of the
ultraviolet and shorter wavelength radiation is absorbed by
ozone and other gases. About 33% of the energy is reflected
back to space by atmospheric gas, dust and clouds, while the
earths surface reflects back about 5%. Water vapor and
carbon dioxide absorb some of the remaining insolation,
mostly at the infrared and longer wavelengths. The
remaining solar‘radiation is either absorbed by the
atmosphere or reaches the earths surfaée and is absorbed by

water, soil, rock, or vegetation. These materials heat up



10

and then re-emit radiation at infrared wavelengths. It is
apparent that the atmospheric heating or cooling is
dependent on many factors including cloud cover, dust
content, humidity, surface reflectivity, surface cover, and

time of year]

There is also a daily heating and cooling
cycle corresponding to night and day. Atmospheric winds are
a result of this highly variable, unequal heating and
cooling of the earths atmosphere. See Graph 3 and Figure 1.
The global wind pattern is shown in Figure 2.
At the equator there is a permanent low pressure center
while at the poles there are permanent high pressure
centers., Hot air at the equator tends to rise and flow
towards the poles, while cold air at the poles stays near
the ground and flows toward the equator. The rotation of
the earth causes the Coriolis force which curves the path of
the global winds. The trade winds are the most consistent
winds, and may blow for days or weeks with little change in
strength or direction. They hold heavy air moving near the
surface, towards the equator. Higher up, the lighter air
moving towards the poles sinks at approximately 30 degrees
latitude. This air spreads out with some of it forming the
trade winds, and the rest changing direction and heading
towards the poles to form the prevailing westerlies. The
prevailing westerlies of the southern hemisphere are almost

as persistant as the trade winds, but the prevailing

westerlies of the northern hemisphere are not as persistant
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due to the large land masses. At about 60 degrees latitude
the prevailing westerlies meet the polar easterlies and rise
to form jet streams about 6 or 7 miles\above the earth. The
heat of the prevailing westerlies is lost in the polar
region, The air becomes heavy, sinks and becomes part of
the polar easterlies literally pushing air out of the poles.

The most violent and varied weather takes place in the
mid-latitude, mixing cell between 30 degrees latitude and 60
degrees latitude. This is particularly true in the northern
hemisphere. This happens because the warm tropical air and
the cold polar air meet in this region.24

It should be noted that winds are named by the direction
from which they come. For example, the west wind blows from
the west to the east. One exception to this is the onshore
and offshore winds., Onshore winds blow from off the shore to
on the shore, while offshore winds blow from on the shore to
off the shore.24

A cyclone is a very large mass of low pressure air in
which the wind blows inward and the pressure is lowest at
the center., Cyclones, more commonly called lows, usually
bring "bad" weather. 1In the northern hemisphere they blow
counterclockwise, while in the southern hemisphere they blow
clockwise. A anticyclone is a very large mass of high
pressure air in which the winds spiral outward and downward.
Anticyclones, more commonly called highs, usually bring

"good" weather. In the northern hemisphere they blow
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clockwise, while in the southern hemisphere they blow
counterclockwise. 13

Geostrophic winds do not blow from regions of high
atmospheric pressure to regions of low atmospheric pressure.
Instead they blow parallel to isobars with a constant speed
proportional to the air pressure gradient. These winds
result when the Coriolis force and the pressure gradient
force cancel each other out exactly. But, they are limited
to heights at which the surface friction of the earth is
negligible. This is above the so called planetary boundary
layer which extends anywhere from 1500 feet to 3000 feet
above the earths surface. The surface roughness of the
oceans is less than that of land. Therefore, the
geostrophic wind is less disturbed by the oceans and the
average wind speed tends to be higher over the oceams.7’21

Local wind patterns also exist. For example, each
major land area has its own wind pattern due to factors
4which include the lands latitude, size, shape, topography,
and distribution of coastal and inland water. Within a land
areas wind pattern there are smaller local wind patterns,
such as land and sea breezes or mountain and valley breezes.
These smaller local wind patterns are also caused by the
unequal heating and cooling ofrthe atmosphere.32
Land and water, heat and cool at differant rates. This

is because the specific heat of water is about

two-and-a-half times that of land. 1In addition, heat is



13

distributed to lower depths of the oceans by turbulent
stirring, while only a shallow depth of soil and rock is
effected by heating and cooling. For these reasons, the air
temperature over land experiences greater extremes during
night and day and during summer and winter than does the air
over the oceans. These temperature differances can result
in land and sea breezes in coastal areas. The breezes are
usually onshore during the day, and offshore during the

night.32

See Figure 3. A calm period in duration from
several minutes to several hours may occur when the land
and sea breezes shift,

Mountain and valley breezes are another example of
smaller local wind patterns which help make up the overall
wind pattern of a major land area. Winds which blow up
mountain slopes are called anabatic winds, while winds which
blow down mountain slopes are called katabatic winds.
Examples of katabatic winds are the Chinook winds of the
Pacific Northwest United States, and the Santa Ana winds of
Nevada, Arizona and Southern California.32 See Figure 4.

Global and local wind patterns, and many factors which
effect the wind are well known. Overall wind and weather
patterns are also well known. For example, winter will be
cold and windy while summer will be hot and humid. But, the
actual wind and weather can only be accurately predicted a

few days in advance, at best. And even though certain events

can be predicted within limits, these events can not be
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pinpointed until they are about to happen or actually are
happening. For instance, June to November is known és
hurricane season, with most hurricanes occurring during the
month of September., But, when and where a hurricane will
form, how strong it will be, and what path it will take are
unknown until the hurricane actually takes form, grows and
moves., This uncertainty concerning the wind and weather has
led to the use of probability theory in an attempt to
accurately predict what the wind distribution of a

particular site will be.
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IV THE TORY OF M

It is believed that the Chinese, Babylonians or Persians
built the first windmills over 2000 years ago. These were
vertical axis windmills which probably evolved from the
timeless vertical-post horizontal-beam mill pushed or pulled
around by men or animals walking in a circular path. One
advantage of most vertical axis windmills is that they can
respond to wind from any direction} See Figures 5 and 6.

It is reported that the world's oldest windmills are in
Afghanistan (called by geographers "The Roof of the World").
These vertical axis windmills are shielded by walls. The
wind rushes in slots in the walls to turn the sails like a
revolving door. A disadvantage of these primative vertical
axis windmills is that they are close to the ground where
the wind is the weakest.®

The use of these vertical axis windmills subsequently
spread throughout the Islamic world. By 700 A.D. they were
a common sight in the Near East. These early windmills were
used to grind corn, pump water, and control drifting sands.

Later, in the Mediterranean region, the first
horizontal axis windmills appeared. From Greece to Portugal
the wind's power was tapped by wind wheels made of up to ten
wooden booms and rigged with light linen sails. These
windmills could not be rotated to face the wind, so they

were built facing the prevailing winds. Figure 7 shows a

18
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windmill of this type which is still used on one of the
Greek islands for grinding grain, 9

In approximately 1100 A.D., the first windmills appeared
in northern Europe. BY 1400 they were a common sight, said
to be spurred on by returning Crusaders. All over Europe
the windmill became the typical prime mover for grinding
grain and corn, pumping water, papermaking, pressing oil from
seeds, grinding pigments and chalk, and sawing wood. The
Dutch took the lead in improving the design of windmills,
although the English would probably dispute this,

Windmills were widely used in Europe until the
Industrial Revolution began in the mid-19th century. Each
was designed and built not only with its particular site and
wind conditions in mind, but with machinery fashioned for a
specific work purpose. Most were erected long before the
Industrial Revolution. 1In overall structure, there are
three main types of European windmills: post, tower, and
smock. These windmills were made sturdier than those of the
Mediterranean Region because of the stronger, variable and
gusty winds of northern Europe?4

Post mills, the earliest, were always made of wood. At
first perfectly horizontal windshafts were used but this
caused excessive wear on the front wooden bearing block. It
was discovered that by angling the shaft the thrust was
24

carried by the rear bearing block which could be made larger.

This is shown in Figure 8. Figure 9 shows an authentic
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reproduction of a post mill in Williamsburg, Virginia. The
mainpost is a 2' x 2' made of oak from West Virginia that
was a sapling in 1675. It was often necessary to manually
turn post mills to‘face the wind.3®

The tower mill, often called the Dutch mill, was
developed in the 15th century. It had a fixed tower and a
rotatable cap. This was a significant step because the
tower could be built to practically any height. A subsequent
invention, the fantail, was also made so that the sails
‘would automatically turn to face the wind. The fantail is
set at 90 degrees to the main sails and through a set of
gears, with a ratio of several thousand to one, keeps the
windmill facing into the wind 2% Figure 10 shows a tower mill
in England that has a brick tower and a rotatable cap. This
particular tower mill was built by the once famous firm of
millwrights, Whitmore and Binyon.

The smock mill was a variation of the tower mill. The
differance being in construction material. It usually had a
stone base with a wood frame upper section covered in
weather boarding. Figure 11 shows King's Mill, a smock mill
in England which has been restored and opened to the public,
It features a stone base, a wooden tower and a rotatable
cap.3

As the windmill structure developed, the sails also

developed. The earliest sails used in Europe, common sails,

were wooden frames covered with cloth. Rotational speed of
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the sails was controlled by the area of cloth exposed and by
a brake. The major disadvantages were that the miller had to
stop the windmill to adjust the sails and that the cloth was
hard to work with in wet and/or cold weather. Also, if a
strong wind came up and the miller was unable to brake, the
runaway sails could vibrate the windmill to pieces. In
1772, the spring sail was invented. This consisted of a
series of shutters, connected by a bar and arranged like a
venetian blind., The shutters were opened or closed by a
spring to control sail speed. But the mill still had to be
stopped to adjust the shutters. This problem was solved in
1807 with the invention of patent self-reefing sails. These
were similar to spring sails but the shutters were controlled
automatically by a suspended weight. A problem with all
sails was that they often broke.2*
Many of the European type windmills were built along
the United State Atlantic Coast in the 1600's. But as
inland travel and development expanded, watermills replaced
these windmills.24
In the 1860's, the American windmill boom started.
Factory-built water-pumping windmills were produced by the
tens-of-thousands. The expanding railroad system needed
water tanks filled, and sodbusters needed household water as
well as water for their livestock. These windmills were of

all metal construction, with multi-vaned wind wheels of 12

to 16 foot diameters. Most used a tail blade to keep the
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blades pointed into the wind. Two main types of governors
were used. The first had movable blades which acted like
shutters and were controlled by a centrifugal governor. The
second had fixed blades with the tail blade fixed so that as
the wind pressure increased the blades would be turned out
of the wind. The windshaft was connected to a set of gears
and a cam. The cam drove a connecting rod up and down which
in turn operated a pump at the base of the tower. These
were slow-speed machines, but in a 15 mph wind a 12 foot
diameter wind wheel could produce about 1/6 horsepower and
could pump 35 gallons of water per minute to a height of 25
feet. The moderate rotational speeds simplified design so
that today there is little room for improvement in this type
of windmill. These machines were so durable, that with
minimal maintenance they would literally last a lifetime.
The American water pumping windmill, as seen in Figure 12, is
still produced and used worldwide.24

In the early 1900's, wind powered, electical, d.c
generators started to appear. To produce electricity, fast
turning propellers were required. This resulted in'the use
of 2 and 3 bladed windmills. Two of the more highly thought
of generators of this time were the Jacobs and the
Wincharger.l8 Marcellus Jacobs combined a 15 foot, wooden
propeller and a smooth-working flyball governor with a

massive 440 pound battery charging generator. His 32 volt

generator was rated at 2500 watts and 110 volt generator at
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3000 watts., Figure 13 shows a Jacobs 3 kW wind generator in
which rated output occurred in a 27 mph wind, He also sold a
50 foot tower which could be installed by 2 men in two days.
The Wincharger, shown in Figure 14, is a 12 volt electrical
battery charging generator with a 6 foot diameter, two
bladed, wood propeller. Rated output was 200 Watts in a

20 mph wind. As the Rural Electrification Administration
(REA) brought power to rural areas in the 1950's, fuel fired
generating plants replaced windpower. At the peak, 6
million small windmills, both electrical generating and water
pumping, were operating in the United States. But, today

only a small fraction of this number are operating.24
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FIGURE 5 - Drawing Showing How Persians Built Windmills in
Seistan.
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FIGURE 9 - The Reconstructed Robertson Post Mill at
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FIGURE 12 - American Water Pumping Windmill.l4
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FI E 13 - One of the Early Jacobs 3 kW Wind Generators, 32

FIGURE 14 - Windcharger Wind Generator .2t



\' T EORY OF POWE

A, Betz of the Institute of Gottingen, Germany developed
the following theory in approximately 1930.1% The theory
derives the maximum power that theoretically can be extracted
from a stream of free flowing air. Figure 15 shows an
idealized stream of free flowing air which passes through a

rotor.

ASSUMPTIONS:
1. The rotor is ideél in that it has no hub.
2, There are an infinite number of rotor blades.
3. The rotor blades have no drag resistance.
4, There is uniform flow at each section.
5. Steady flow conditions.

6. The velocity of the air at all points is axial, i.e.,
no swirl.

7. Air density is a constant, i.e., air is
incompressible.

8. Blade tip losses are neglected.

NOMENCLATURE:
rho=air density
m'=mass flow rate
Vli=velocity of undisturbed stream of free flowing air
Al=area of undisturbed stream of free flowing air
V2=velocity of stream of free flowing air at rotor

A2=area of stream of free flowing air at rotor

31



32

V3=minimum velocity of stream of free flowing air at
some point beyond the rotor

A3=area of stream of free flowing air at the point
of minimum velocity beyond the rotor

(P)available=power available in undisturbed stream of
free flowing air

P=power extracted from stream of free flowing air by
rotor :

(P)max=maximum theoretical power which can be extracted
from the stream of free flowing air

(P)out=the actual power output of a wind power system
F=force on rotor due to stream of free flowing air

(T)=change in kinetic energy of stream of free flowing
air between points of maximum and minimum velocity

[(C)p]lmax=maximum power coefficient = Betz Coefficient

(n)e=system efficiency
DERIVATION:
Constant mass flow rate at all points = m'

m' = rho*V1*Al = rho*V2*A2 = rho*V3*A3 Egqn 2
POWER AVAILABLE [(P)available] IN THE AIR STREAM,

The power available in the stream of free flowing air is

from momentum theory:

(P)available = [rho*A2*(V1°3)1/2 Eqn 3
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MAXIMUM AMOUNT OF POWER WHICH CAN BE EXTRACTED FROM THE AIR
STREAM BY A HORIZONTAL AXIS WINDMILL.

From Momentum Theory (Euler's Theorem):

F

Force on rotor m'*(V1-V3) Egn 4

P Power extracted F*V2 = m'*V2%(V1-V3) Egqn 5
Change in kinetic energy (T) from section 1 to section 3:
(T) = m"*[(V1"2)-(V3~2)]/2 Eqn 6
Equate P and (T):
m'*V2* (V1-V3) = m'*[(V1"2)-(V3~2)]/2 Eqn 7
so, V2 = (V1+V3)/2 Egn 8
This shows that the axial flow velocity at the rotor is the
average of the initial and final velocities.
And,
F=rho*A2* [ (V172)=-(V372)1/2 Egn 9
P=rho*A2*{ (V1"3)+[(V1"2)*V3]-[V1*(V3~2)]-(V3"3)}/4 Egnl0

For a given V1, the fluctuation of P with V3 can be studied.

(dP/dv3)=0 for (P)max Egn 11
(dP/dV3) =rho*A2* [ (V172)-(2*V1*V3)-(3*V3~2)]/4 Egn 12
Solving gives, V3=V1l/3 Egqn 13
So, (P)max = [rho*A2*(V1°3)/2]*[16/27] Eqn 14

Therefore,

[(C)plmax = maximum power coefficient
[(C)plmax = (P)max/(P)available Egn 15
[(C)plmax = 16/27 = 0.593 or 59.3%

This is also called the Betz Coefficient.
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Figure 16 shows the idealized optimum operating
conditions for a horizontal axis windmill.

If [A2>(3*A1/2)], then [V2<(2*V1/3)]. This results in
a low volumetric flow rate, a large pressure drop, and less
than optimum performance. This occurs when there is too
much blade area.°

If [A2<(3*Al1/2)], then [V2>(2*V1/3)]. This results in
a high volumetric flow rate, a small pressure drop, and less
than optimum performance. This occurs when there is too
little blade area.’

To optimize performance the flow rate and the pressure
drop must be optimized. Accomplishment of this is dependent

on the overall system design. The system efficiency, [(n)e],

is defined as:
(n)e=(useable power produced)/(wind power available) Egn 16

Existing wind power systems have system efficiencies of
anyway from 0.10 to 0.50, with 0.20 to 0.30 being the norm.
Factors which affect the system efficiency include the rotor
and generator efficiencies, friction losses in the bearings,
gears, and other rotating machinery, losses in transmission
wires, power used on site, and the limitations caused by the

. . 2 . s
cutin, cutout and rated wind speeds.gﬁ%hen system efficiency
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is included, the equation for power output is:

(P)out = [(n)e*rho*A* (V1~3)]/2 Egqn 17

From this equation it can be seen that the power output
is linearly related to the system efficiency, air density,
and area swept, while being related to the cube of the wind
velocity. This means that doubling the system efficiency,
air density or area swept only doubles the power output.

But, doubling the wind speed increases the power output eight
fold. Therefore, choosing a site with a high annual average
wind speed is the easiest way to increase the power output

of a wind power system.
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VI, SITE SELECTION

Care must be taken in choosing a site because it can be
the deciding economical factor in a wind power system. In
comparison to internal combustion engines and large power
stations, wind power systems have very, very small power
outputs per square foot of land used. This fact alone limits
windmills used for commercial electricity production to
rural areas. In most cases, the use of windmills in urban
areas by homeowners or small businesses is not possible
either. This is due to several factors, including safety
and zoning laws. In general, windmills are limited to rural
areas, 2’

Choosing a site for a wind power system has been widely

studied.23’42

To start, it is probably best to look at a map,
such as in Figure 17, of the continental United States which
shows the annual average wind power at a particular height.
This map gives a rough idea of the regions with good wind
power potential. Note that the Mid-Atlantic coast to the
North Atlantic coast, and the mountains of North Carolina to
the mountains of Vermont are regions which show promise for
wind power sites. But, the low lying, inland regions of
Virginia and North Carolina show little promise for wind
power sites.,

The U.S Department of Energy has published 12 volumes

42

of the Wind Energy Resource Atlas. Volume 5, The East
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Central Region, covers the states of Delaware, Kentucky,
Maryland, North Carolina, Tennessee, Virginia, and West
Virginia. In the atlas are maps of each state showing the
approximate wind power potentials. Also, there is processed
wind data for about 20 sites in each state. Graphs are given
for each site which show the Interannual Wind Power and
Speed, Monthly Average Wind Power and Speed, Diurnal Wind
Speed by Season, Directional Frequency and Average Wind
Speed, Annual Average Wind Speed Frequehcy, Annual Average
Wind Speed Duration, and Annual Average Wind Power Duration.
The wind power potential of each site can be compared by
using these graphs. As an example of the value of these
graphs, information on 3 locations in North Carolina has
been taken ffom Volume 5 and placed in Figure 18. It is
apparent from the information shown that Cape Hatteras has
the most abundant wind resources of the 3 locations, while
Charlotte has the least. Several other important points
should be noted: (1) the average wind speed varies with the
time of day, the month, the year, and the direction from
which the wind blows, and (2) caution must be used when using
wind data because it can be unrepresentative of the actual
wind conditions at a site due to the 1ocatiod of the wind
sensors. Use of the atlas in the preliminary stages of site
selection will show how regions compare to one another in
regards to wind powerApotential, and will give a good idea

of whether or not a region is worthy of consideration for
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wind power sites,

Topographic maps should be consulted once the process
of site selection is narrowed down to certain regions within
a state. Topographic méps used in conjunction with other
maps such as road maps, land use maps and meteorological
charts will show specific areas within a region which may be
good wind power sites. The following features are
indicative of high mean wind speeds: gaps, passes and
gorges in areas of frequent strong pressure gradients, long
valleys extending down from mountain ranges, high elevation
plains and plateaus, plains and valleys with persistent
strong downslope winds associated with strong pressure
gradients, exposed ridges and mountain summits in areas of
strong upper-air winds, and exposed coastal sites in areas
of either strong upper-air winds or strong thermal
and pressure gradients, Features which are indicative of
low mean wind speeds include valleys perpendicular to the
prevailing winds aloft, sheltered basins, short and/or
narrow valleys, and areas of high surface roughness such as
forested hilly terrain.??

Before going out in the field and surveying possible
sites, several factors other than available wind power must
be considered. These factors include ease of site access,
distance to existing power lines, land price or land rights,
adequate room for expansion, zoning laws, aesthetics,

possible interference with air traffic and proximity to bird
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sanctuaries. These factors should help in rating the areas
in terms of value as wind power sites.

At this point it would be advantagous to go the the
most highly rated areas. The purpose of the trip is to get
a first hand look at the areas under consideration and to

decide which sites are best suited for windmills.2?

It has
been suggested that the trip include a meteorologist. An
extensive and informative account of the site investigation
undertaken for the Smith-Putnam wind turbine (1940's) is

contained in Putnam's Power From the Wind, second edition.23

Among the techniques used by Putnam and bthers to identify
high wind sites is the deformation of vegetation. This
technique can be particularly useful in forested country.
Good exposure to the wind may alsoc be a sign of a high wind
site. Tall obstructions should be avoided as they tend to
block the wind. Low hills with gentle slopes can be good
sites because air streams are often compressed while
passing over a hi11.24As shown in Figure 19, this is an
advantage because the mean wind speed increases and the wind
shear is reduced. Low wind turbulence areas are desirable.
One type of turbulence, eddy currents, is illustrated in
Figure 20, Eddy currents can interfere with normal wind
flow and subsequent power output. Small eddy currents will
occur even at good sites, but large eddy currents will
develop in winds passing over sites with rough terrain.

Excessive turbulence can also cause premature failure of
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wind power systems. As can be seen in Figure 21, raising
the rotor above the turbulence is one way of avoiding
turbulence. 1In this case the rotor should be about three
times as high as the house.24The prevailing winds must also
be considered during the survey, as they will be a
controlling factor in the site selection. Caution must be
taken when evaluating mountain summits and ridges because
the winds in these areas can be complex and highly variable.q'3
In coastal areas, the winds diminish with distance inland.
Wind power surveyors and enterprisers should have an
understanding of the boundry layer concept.zzThe concept was
officially introduced by Ludwig Prandtl, a German
aerodynamicist, in 1904. As shown in Figure 22, the concept
idealizeé the flow of a fluid (air) past a boundary (the
earth) as being divided into two regions. One, the boundary
layer, in which the viscosity of the fluid is important, and
the other, oufside of the boundary layer, in which the
viscosity of the fluid may be neglected. This idealization
simplifies the visualization of a fluid's velocity varing
from zero at the boundary to a constant value at a point some
distance away. The following equation is widely used to
determine the wind velocity at differant heights within the

boundary 1ayer:32

V1/V2 = (H1/H2)**n where, Eqgn 18

V1l and V2 are wind speeds at heights H1 and H2,
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respectively, and

n - the surface friction coefficient - is a
dimensionless exponent whose value may depend on wind speed,
atmospheric stability, and surface roughness.

In many cases, n=1/7 has been used as a rule of thumb.
This happens to be the same equation and exponent used in
fluid mechanics and heat transfer for turbulent flow past a
flat plat.5 In an attempt to account for the various terrain
roughnesses, tables of surface friction coefficients have
been developed. Table 1 is such a table. 1In general, the
rougher the terrain is, the greater the boundary layer

thickness will be.32

One problem caused by boundary layers

is wind shear. 1In large wind turbines, the wind velocity

at the top of the rotor can be much greater than that at the

bottom of the rotor. Figﬁre 23 shows that sites with low

surface friction coefficients exhibit less wind shear than

sites with high surface friction coefficients. This wind

shear results in a cyclic shearing force on the windmill

blades. Wind shear can be especially troublesome at sites

experiencing land and sea breezes, as the wind may be

blowing in one direction at the bottom of the rotor while

it is blowing in the other direction at the top of the rotor.
Wind gusts are also a type of turbulence. 1In general,

the rougher the ground, the gustier the wind. Short gusts

have little effect on power output., But, wind gusts must be

taken into account in the structural design of windmill
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blades and towers. Figure 24 shows graphically what a wind

gust looks like. Table 2 gives information on predicting

the number of gusts that can be expected at a site during a

year. As an example of the use of this table assume n=0.3

and the mean wind speed=14 mph. We can then expect 207 gusts

to speeds of 60 mph during the year while the wind is

blowing 30 mph.32
It should also be pointed out that the wind does not

have to blow horizontal. For example, at Grandpa's Knob,

site of the Smith-Putnam wind turbine, the mean flow through

the rotor area from 50 feet to 237 feet above the ground is 5

degrees above horizontal.23
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Cape Hatteras is on the easternmost Asheville is located in the French Broad
island of the Outer Banks off the coast of River valley, which cuts through the Great
North Carolina. Wind measurements are Smoky and Blue Ridge Mountain ranges, and
taken at the Weather Office in Buxton, is orjented northwest-southeast near the
within about 1 kilometer (0.6 mi) of Tennessee border and becomes more north-
the shoreline. The wind power estimztes south at the southern end of the valley.
should be representative of most of the Ridge crests and mountain summits rise
coastal islands, with the instruments about 1,200 m (4,000 ft) above the valley
mounted on a ground mast at 9.8 m (52 ft). floor within about 25 km (15 mi) on either
However, obstruction from trees growing side of the valley. The wind-measuring
around the anemometer may have affected instruments are located at the airport
data recorded from approximately 1972 to about 20 km (12 mi) south of the city of
1978 (see Section 6.3.1). Asheville, and their exposure is excellent.

Charlotte is located in the southern
Piedmont. The wind power estimates should
be representative of the surrounding area.
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TABLE 1 - Surface Friction Coefficients32

Terrain Description n
Smooth, hard ground; lake or ocean 0.10
Short grass or untilled ground 0.14
Level country with foot grass, occasional tree 0.16
Tall row crops, hedges, and a few buildings 0.20
Many trees and occasional buildings 0.22-0.24
Wooded country: small towns and suburbs 0.28-0.40

Urban areas, with tall buildings 0.40
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TABLE 2 - Number of Wind Gusts Per Year to Twice the
Departure Speed. 32

Surface Friction Coefficient/Mean Wind Speed (mph)
Departure
Speed n=0,20 n=0.30
(mph)
10 12 14 16 10 12 14 16
10 25 22 18 15 2269 2004 1701 1430
20 5 8 11 12 430 780 1022 1140
30 0 1 2 4 13 77 207 369
40 0 0 0 1 0 2 17 57
50 0 0 0 0 0 0 1 5




VII, GATHERING WIND DATA

Once it has been decided which sites are best suited
for windmills, the procéss of gathering wind and weather data
should begin. The best way to get wind data for a site is to
install wind speed sensors, wind direction sensors, and
recording instruments at the site. It is perferable that
data be gathered at the site continuously for at least a one
year period. Gathering data for shorter periods of time will
reduce the accuracy of the data. A one year record may
depart from the five year average by as much as 25 percent,
while a one month record may depart from the 5 year average
for that month by as much as 75 percent?3 In view of these
facts, the gathered data should be correlated with data from
nearby meteorological recording stations (within 50 miles and
2000 feet elevation) to obtain a correction factor.
Recording stations which may supply data for comparison are
operated’by several organizations, including the U.S.
National Climatic Data Center (NCDC), NASA, NOAA, U.S. Forest
Service, airports, universities, utility companies, and
military installations.* Care must be taken when determining
a correction factor because a direct comparison between the
two sets of data may not be possible. For instance,
airports are often located at low wind sites, and airport
anemometers are typically 13 feet above the ground.

Therefore, a direct comparison of wind data from an airport
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and a windmill site may not be made. But, the airport wind
data will contain valuable information on such things as the
monthly, seasonal and yearly wind patterns.32
The wind data gathering instruments installed at a site
should consist of at least one anemometer (wind speed
sensor), one or more wind direction sensors, and a recording
device. A meteorological instrument tower is also required.
The height of the tower will depend on the anticipated
windmill height., 1If only one anemometer and one wind
direction‘sensor is used, they should be mounted at the
anticipated windmill hub height. Any additional
anemometers and wind direction sensors should be mounted at
heights different from the hub height so that information on
the wind shear can be obtained. These additional sensors
should be mounted on struts at least 10 tower diameters in
length and pointing into the prevailing wind at a 45 degree
angle. It is also suggested that lightning arrestors be
used and indicating safety lights affixed to all towers.
Security measures such as fences and pad locks are advisable
because vandals seem to be drawn to installations such as
this.32
The most common anemometer is the rotating cup
anemometer. Other anemometers used are the impeller,
pressure-plate, pressure-tube and Gill. Basically there

are three configurations used in anemometers: (1) switch

closure or wind run, (2) light chopper, and (3) generator.
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The switch closure and light chopper have low starting
thresholds, while the generator provides long term
maintenance-free operation. The switch closure employs a
magnet and a reed switch. It measures the miles of wind
passing the instrument per unit time. Miles of wind divided
by time gives the average wind speed in miles per hour. This
information can be automatically recorded on strip chart
recorders or digital data loggers. The switch closure can
be used as a odometer for long term wind speed averages, or
as a speedometer for instantaneous wind speed readings. A
low power source is required. The light chopper employs a
slotted, circular disk, a light emitting diode (LED), a
phototransistor, and a drive shaft. As the drive shaft
responds to the wind, the phototransistor is alternately
exposed and masked to the LED by the slotted disk. 1In
response to the light, the phototransistor generates
electrical pulses which are proportional to the wind speed.
The output signal is amplified, shaped and conditioned by a
signal conditioner and power supply. The output signal can
be conditioned to take many forms depending on the signal
proéessor used. In a generator type anemometer, a AC or a
DC generator is coupled to the wind speed shaft. The
internal drag of the generator causes the starting wind
speed threshold to be relatively high. As in the light
chopper, the output signal can be conditioned to take many

forms. The output signal required will be determined by the
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signal processor used, whether it be indicating dials, a
strip chart recorder, etc. The generator type anemometers
are relatively inexpensive, have long service lives, and do
not require an independent power source. A couple of other
factors concerning anemometers should also be considered.
One, when there is a short term decrease in wind speed, there
is a tendency for anemometers to overspeed and indicate
higher than actual wind speeds. The distance constant is a
measure of this tendency. A low distance constant indicates
good anemometer response. And two, a heated anemometer may
be required to avoid ice build up in the cups and subsequent
loss of data.

Most wind direction sensors use a potentiometer to
create an output signal. For years a 360 degree
potentiometer has been standard. But when the wind is from
the north, slight variations in the wind move the
potentiometer wiper back and forth from maximum output to
minimum output. This output signal presents problems for
recording instruments and data analysis equipment. More
recently, 2 potentiometers with wipers joined together have
been used to provide a continuous, uninterrupted 540Adegree
output. In addition to measuring wind direction; amplitude
and frequency variations in wind direction can be measured.
But, as the wind vane responds to a change in wind
direction, there is a tendency for the vane to overshoot.

The dynamic response of wind vanes is primarily determined



57

by their damping ratio. A vane with a damping ratio of 0.6
damps out quickly, while a vane with a damping ratio of 0.2
damps out slowly. The output signals of wind direction
sensors can be made compétible for operation with dial
indicators, strip chart recorders, data loggers, etc. A
power source is required for operation of wind direction
sensors using potentiometers.

Manually taking recordings at certain time intervals is
one method of recording the wind data. But this method is
probably not practical for gathering data at a proposed wind
power site because the site is likely to be remote and
unmanned. This method is also limited in the amount of data
which can be recorded. Strip chart recorders and digital
data loggers are two good ways of automatically recording
wind daﬁa at potential wind power sites. Strip charts give a
continuous record of wind speed and direction. Typically
the chart moves at a rate of 1 inch/hour and must be replaced
every month or so. The major disadvantage of strip charts
is that the data is in graphical form and may take many man
hours to interpret and reduce. Digital data loggers record
the information in a form which may be used directly by a
computer. Therefore, when compared to strip charts, in an
equal amount of time significantly more wind data can be
reduced and analyzed by digital data loggers.l]"6’23’24’31’32
It might be noted that the fastest mile of wind

recorded in the shortest period of time, in the free
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atmosphere near the earth's surface, was 231 mph (SE) in
April of 1934 at Mt., Washington, New Hampshire.39

Other details about a site which should be known
include the number and duration of calm periods (a calm
period being described as a time the wind speed is less
than 10 mph), surface roughness, altitude, temperature
trends, gale, tornado and thunderstorm chances, amounts of
ice, sleet, hail, snow and freezing rain, soil conditions,
seismic stability, and occurences of blowing dust, sand or

other objects.32



VII D A _RED I ALYST

After gathering wind data at a perspective wind power
site, it must be reduced and analyzed., Basically, the data
will consist of wind speed and wind direction readings taken
at set time intervals. The time intervals may range from a
matter of seconds to several hours, depending on the
recording instruments used.

An example will be used to illustrate the reduction and
analysis of wind data. The data used was obtained from the
National Climatic Data Center (NCDC). It was recorded at
the Cape Hatteras, North Carolina weather bureau office
during the year 1982. The data consists of wind speed and
wind direction readings taken at 3 hour intervals. The wind
speed is rounded to the nearest whole knot (1.15 mph=1 knot)
and the wind direction is rounded to the nearest 10 degrees.,
Appendix A contains information on NCDC, samples of the data
used in the example (Local Climatological Data), and a
letter from NCDC concerning the type, location and exposure
of the wind instruments.

Reduction of this wind data consisted of: (1) manually
entering the data into sequential access files which were
then stored on a floppy disc, (2) writing several computer
programs (BASIC) to summarize the data, and (3) graphing the
summarized data. There were 5840 data points which had to

be entered. A total of 24 sequential access files were
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used; two for each month, one for wind speed and one for wind
direction. It took six to eight hours to input the data.
After this, several computer programs were written. These
programs are listed in Appendix B. The programs are
basically all the same. First, the data was read into
arrays, then the data was searéhed in a step-wise fashion,
and last, the desired results were printed out. The programs
were written and tested for one month data periods, and then
expanded to cover the entire year. As a final step in data
reduction, Graphs 4 through 22 were drawn using the
summarized data from the computer programs.

The wind power plotted in these graphs is the total
power in the wind. That is, the power has not been reduced
by the Betz coefficient (0.593).

Graph 4 is a plot of the mean monthly wind speeds. The
mean monthly wind speeds for January, February, March, and
April are higher than the annual mean wind speed. The
annual mean wind speed of 11.2 mph is slightly below the
normal annual mean wind speed of 11.4 mph. Graph 5 is a
plot of the average monthly wind power. The mean monthly:
wind power for the months of January, February, April, and
October is higher than the annual mean wind power. The
cubic nature of wind speed in relation to wind power can be
seen in the sharp peaks and valleys of the wind-power plot.
This point is easily seen in the month of October where the

mean monthly wind speed is equal to the mean annual wind
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speed, but the mean monthly wind power is much greater than
the mean annual wind power. This increase in wind power is
due to a strong storm with high winds which occurred during
the month.

Estimating the mean annual wind power at a site by
using the mean annual wind speed may be conservative. Once
again, this is due to the cubic relation of wind speed to
wind power. For instance, if the mean annual wind speed of
11.2 mph is used to directly estimate the mean annual wind
power, a value of only 7.2 (watts/ft"2) is obtained. This
is far below the estimate of 12.1 (watts/ft"2) obtained by
determining the wind power at 3 hour intervals and then
averaging them over the entire year.

The éir density must also be considered when
determining the wind power. In this analysis, average air
density values for each month were used. More accuracy can
be obtained by determining and using the air density at each
3 hour interval.

Graph 6 shows the diurnal variation of wind speed with
season, Graph 7 shows the diurnal variation of wind power
with season. There is a definite trend during all four
seasons for both the wind speed and the wind power to begin
building at about 7 A.M., peak at about 1 P.M., decrease
until about 8 P.M., and then level off.

When the monthly and diurnal variations of wind power

are known, they can be correlated with the load to determine
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how well they match. For example, Graph 5 shows that the
winds of the cold months are powerful, while the winds of
the warm months are weak. Therefore, the heating load of
winter is well matched. But, the air conditioning load of.
summer occurs when there is little wind power. This a
problem if wind power is to be coupled with the utility
industry because summer is a heavy load period for the
utilities. As a matter of fact, VEPCO set a new
generating mark late in August, 1983 at almost 10,000 MW,37
but at the time the winds were light and variable. The
diurnal wind power variation of Graph 7 can be used as
another example for correlating the available wind power to
the load. In this case, the diurnal wind power variation
correlates well with the daily load experienced by

utilities.

Graphs 8 and 9 show the direction frequency of the
wind. The prevailing wind directions are north-northeast,
and southwest. Two graphs are used to show the same
information because the first graph is easy to read, while
the second graph or wind rose is easy to visualize.

Graphs 10 and 11 show the average wind speed coming from
each direction. The strongest winds are from the
north-northeast, with the next strongest coming from the
south. The southwest to northwest winds are fairly strbng,
while the east winds are the weakest.

Graphs 12 and 13 are drawn by combining the information



63

of Graphs 8 through 11. In these two graphs, the miles of
wind are obtained by multiplying the wind speed by the time
it blows. For example, 10 miles of wind is equal to a 5 mph
wind blowing for 2 hours. It can be noted from these two
graphs that most the wind comes from the north-northeast, and
from the southwest.

Graphs 14 and 15 show the average wind power of each
direction. On the average, the north-northeast and the
south winds are the most powerful. Once again the cubic
nature of wind speed in relation to wind power can be seen
by comparing the wind roses in Graphs 11 and 15.

Graphs 16 and 17 show the percentage of total wind
energy coming from each direction, Most of the energy comes
from the north to north-northeast, and from the south to
west-southwest directions. These graphs are very similar to
Graphs 12 and 13.

Graph 18 shows the percent of time the wind blows at
each speed. The Rayleigh Distribution for a mean wind speed
of 11.2 mph is also plotted. The agreement between the
actual data and the Rayleigh Distribution is good.

The Rayleigh Distribution is a distribution function
which can provide a reasonable description of wind
characteristics in some locations. It provides an
approximation of the annual average wind speed frequency
when the only data available is the annual average wind

speed. The error is usually less than ten percent, but
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should not be used for sites with less than a lb mph annual
average wind speed. Other distribution functions which have
been used before are: (1) Bivariate, (2) Weibull and

(3) Square Root Normal. The equation for the Rayleigh

Distribution is given below: 23,32

H = (PI/2) * (V/T°2) * [e"(-k)] * 8760 Eqn 19
where,

H=the number of hours per year the wind blows at speed V,
V=wind speed,

V=annual mean wind speed,

k = (PI/4) * [(V/V)"2]

Graph 19 shows the annual total energy density
(Rwhr/ft"2) contributed at each wind speed. The area hndér
the curve is the annual total energy density.v'Note that
most of the energy is contained in wind speeds higher than
the mean wind speed, and that little energy is contributed
by wind blowing at speeds three times that of the mean wind
speed. Again the Rayleigh Distribution has been plotted and
shows good agreement with the actual data.

Graph 20 shows the percentage of time during the year
that the wind attained a specific wind speed. Using this
graph, it can be seen that 36% of the time the wind speed
was greater than 10 knots. But only 11% of the time was the
wind speed greater than 15 knots.

Graph 21 shows the percentage of time during the year
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that the wind power reached a specific level. Using this
graph, it can be seen that 36% of the time the wind power
was greater than 7.7 (Watts/ft"2). But only 11% of the time
was the wind power greater than 26 (Watts/ft"2).

Graph 22 is drawn by using the data of Graph 19. The
graph shows cumulatively the percent of energy contributed
by the wind up to a certain speed. For example, 55% of the
wind energy is contributed by winds with speeds of 15 knots
or less, It can also be seen that about 85% of the wind
energy is contributed by winds with speeds between 7 and 24
knots.

Figure 18 has graphical data for the Cape Hatteras, NC
weather bureau office., The graphs in. Figure 18 are based on
14 years of data (1965-1978). Comparing Graphs 4, 5, 6, 8,
10, 18, 20, and 21, which are based on 1 year of data, with
those of Figuré 18, shows that the two sets of graphs are in
good agreement, in most cases. The only graphs which do not
compare well are the average monthly wind speed, and the
average monthly wind power graphs.

The fastest wind speed recorded at this site during
1982 was 44 mph from the north-northeast. The fastest wind
speed recorded at this site since 1971 was 48 mph from the
north-northeast. A 110 mph west wind was recorded in 1944
at another site in the same locality.

The anemometer at the Cape Hatteras site is reportedly

30 to 32 feet above ground level. But, the exposure is
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questionable and would have to be inspected in person before
the data could be used with confidence.

The conclusions which can be drawn from this example
are: (1) Before beginning to gather wind data at a
perspective wind power site, data reduction and analysis
should be carried out on data obtained from at least one
meteorological recording station in the locality being
considered. The data should cover at least a five year
period. (2) The results of the analysis should yield
valuable inforﬁation on the energy densities of the wind
in the locality, the prevailing wind power directions, and
the diurnal, monthly, seasonal and yearly wind patterns.
(3) The recording station from which the data is obtained
should be inspected in person to determiné the height, and
more importantly, the exposure of the wind instruments.
(4) Once the wind data for the perspective site is gathered,
it should be reduced in a similar fashion. The cutin,
cutout and rated wind speeds of various wind power systems
may then»be used to compare the estimatedAyearly energy

output of each system.
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IX, TYPES OF WINDMILLS
A, GENERAL

Windmillé can be broadly classified according to the
means by which they intercept the wind's power. The
windmill's rotor converts the passing wind power to
mechanical power. There are two types of rotors available
for use in windmills: drag-force driven rotors and
lift-force driven rotors. Many configurations of these two
types of rotors have been devised for use in windmills.
These rotor configurations provide the basis for the
classification of windmills., Windmills are classified as
either (A) low speed, drag-force, (B) low speed,
horizontal axis, (C) high speed, horizontal axis, or (D)
high speed, vertical axis.

A windmill's rotor converts the wind power into
mechanical power. As the wind strikes the rotor blades a
drag force develops. The magnitude of this drag-force
depends on (1) the size, shape and configuration of the
rotor blades, (2) the angle at which the wind strikes the
blades, (3) the relative speed of the wind to the blades,
(4) the density of the air, and (5) the skin friction of the
blades. Several configurations of windmills have been
developed that utilize the drag-force as the driving force.
These rotors are designed to develop the maximum drag-force.

But, drag-force rotors have not been used for electrical
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generating windmills because (1) they are aerodynamically
inefficient and (2) because the ratio of the rotor tip
speed to the wind speed (tip-speed-ratio) is low. The
rotor speed is a critical factor because most electrical
generators must be driven at high rotational speeds.
Lift-force rotors can be used to obtain high aerodynamic
efficiencies and high tip-speed-ratios. These rotors are
designed for maximum lift-force and minimum drag-force. The
blades of lift-force rotors are actually airfoils., The shape
of the airfoil is such that when the wind moves past, the
force exerted on the airfoil has a larger component normal
to the direction of flow (lift) than along the direction of
flow (drag). This lift-force can be explained by
Bernoulli's Principle. Daniel Bernoulli (1700-1782)
discovered that the pressure of air decreases as its speed
increases?7 Therefore, airfoils are designed so that the air
moving over the upper surface moves faster than the air
moving under the lower surface. Hence, the air pressure
above the airfoil is less than the air pressure beneath the
airfoil. It is this pressure differential which results in
the lift-force. There are three lift-force rotor
configurations used in windmills. The low speed, horizontal
axis rotor is not used in windmills which generate
electricity because of its low speed and aerodynamic
inefficiency. But, this rotor is widely used in mechanical

power producing windmills because of the high torque it
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develops. Both the high speed, horizontal axis rotor and

the high speed, vertical axis rotor are used in electrical
,32,44

generating windmills. Both configurations arels’]'6 3

aerodynamically efficient and exhibit high tip-speed-ratios.

B, ILOW SPEED, DRAG FORCE WINDMILLS

Dragfforce rotors operate at low rotor speeds, with
tip-speed-ratios in the range of 0.8 to 1.0. This fact, and
the low aerodynamic efficiency of drag-force rotors has kept
this type of rotor from being used in electrical generating
windmills. But, drag-force rotors are ideal for converting
wind power directly to mechanical power because they are
self-starting and exhibit high torque. The Savonius rotor
is the most common drag-force rotor, but there are many
other possible rotor configurations., 1In Figure 25
various Savonius rotor design options are shown. These
options include varying the number of blades or the aspect
ratio. Intervane gaps and tip plates are two other options
shown. Although they are not used to convert wind power to
electrical power there are several advantages to drag-force
rotors: (1) they are self-starting and have relatively high
starting torques as compared to lift-force rotors; (2) they
are ideally suited for mechanical power purposes; (3) the
rotors can be easily manufactured; and (4) no yawing

mechanism is required for most configurations. There are
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also several disadvantages to low speed, drag-force rotors:
(1) tip-speed-ratios are very low; (2) the rotor is
aerodynamically inefficient; (3) only low power outputs per
rotor size, weight, and cost are obtained; (4) the rotor can
be hard to control in high winds, with a brake being the most
feasible control; and (5) the tower must be designed for
lift-forces produced by the Magnus Effect. As air on one
side of the rotor is slowed down, air on the other side is
speeded up. This results in a lift force, or Magnus Effect,
that causes the machine to move perpendicular to the wind.
Even though drag-force rotors are not used to convert wind
power to electrical power, an understanding of their

features is valuable. For instance, drag-force rotors have
been used as starter motors for high speed, vertical axis

windmills, 1632,44

W_SPEED I TAL AX WINDM

Most low speed, horizontal axis windmills are used to
pump water, Basically, they consist of the following
components: 30 to 40 blades, hub, power shaft,
transmission, water pumping mechanism, tail vane or other
yawing mechanism, brake and/or furling mechanism, tower,
and foundation. A typical low speed, horizontal axis
windmill is shown in Figure 26. The term "horizontal axis"

comes from the fact that the rotor's axis of rotation is
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horizontal to the ground. High solidity windmills, such as
the American water pumping windmill, operate at low
tip-speed-ratios and high torque. The solidity ratio is
defined as the ratio of blade area to total area swept by the
rotor in one rotation. In general, high solidity windmills
operate at low tip-speed-ratios while low solidity windmills
operate at high tip-speed-ratios. Horizontal axis windmills
are further classified as being upwind or downwind, depending
on the position of the rotor relative to the tower during
operation. The rotor diameter of low speed, horizontal axis
windmills is usually in the range of 6 to 20 feet. There
are several advantages to these low speed, horizontal axis
windmills: (1) they are well suited for mechanical power
applications due to the high torque they develop; (2) the
blade configuration helps to maximize the lift-force
produced; (3) design and construction is relatively simple;
(4) they are self starting; (5) operation controls are
relatively simple; (6) minimal maintenance is required;

and (7) expected life time is 20 to 30 years. There are
also several disadvantages to low speed, hotizontal'axis
windmills: (1) the rotor is aerodynamically inefficient;
(2) the aerodynamic efficiency is further reduced (by up to
10%) by the high swirl induced in the airstream downwind of
the blades; (3) due to their low tip-speed-ratios, high
solidity rotors are not readily adaptable for use in

electrical producing windmills; (4) the high solidity
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rotor results in higher tower loads; and (5) low speed,
horizontal axis windmills are static technology in that they

show no sign for improvement, 16,32,44

D I PEED T AX DM

In general, high speed, horizontal axis windmills are
used to generate electricity. Basically, they consist of
the following components: blades, hub, power shaft,
transmission, generator, yawing mechanism, brake and/or
governor and/or furling mechanism, tower, and foundation.

A typical high speed, horizontal axis windmill is shown in
Figure 27. The rotor diameter varies from several feet for
very small windmills to several hundred feet for very large
windmills. There are several advantages to high speed,
horizontal axis windmills: (1) they are well suited for
electrical generation due to the high tip-speed-ratios which
they operate at; (2) transmission requirements are reduced
because of the high tip-speed-ratios; (3) the
aerodynamically efficient, high speed rotors develop more
force per swept area than slower, lift-force rotors and
drag-force rotors; (4) lower tower loads occur with low
solidity rotors; _(5) high power-output-to-weight ratios
result in lower cost-to-power-output ratios;  (6) high
speed, horizontal axis rotors will self start; and

(7) largs diameter rotors with high power levels are more
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easily obtained. There are also several disadvantages to
high speed, horizontal axis windmills: (1) careful attention
must be paid to the aerodynamic design of the rotor;

(2) blade flutter and vibration problems can occur; (3) a
yawing mechanism must be used to turn the rotor into the
wind; (4) only low starting torques are developed, but they
are usually sufficient to start the machine; and

(5) generating, gearing and other heavy mechanical equipment
is located at the top of the tower. 1In addition to
necessitating a stronger tower, this presents problems in
the installation, maintenance and repair of tower ﬁop
equipment. High speed, horizontal axis windmills are by far
the most common wind machines used for generating

electricity. 6,15,16,24,32,44

B H SPEED TICAL AX M

Most high speed, vertical axis windmills have the
following basic components: blades, 2 hubs, center power
shaft, transmission, generator, brakes/governor, Starting
motor, tower, guy wires, and foundation. The term "vertical
axis™ refers to the fact that the rotor's axis is vertical
to the ground. Their low solidity and high tip-speed-ratio
render high speed, vertical axis windmills well suited for
electrical generation. The two basic types of high speed,

vertical axis windmill are the Darrieus and the giromill.
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An example of each of these is given in Figure 28. The
troposkien shape (derived from the Greek; literally,

"turing rope") of the Darrieus blades is the natural shape a
flexible cable would assume if spun about a fixed axis. This
shape helps to minimize the stresses in the blades. The
Darrieus blades have a symmetric cross section. The giromill
employs straight, symmetric cross section, variable pitch
blades. Articulation of the blades during each rotation
helps to maximize the driving lift-force. There are several
advantages to high speed, vertical axis windmills: (1) they
are well suited for electrical generation due to their high
tip—speed—ratiés; (2) transmission requirements are reduced
because of the high tip-speed-ratios; (3) the aerodynamic
efficiency is relatively high, and lift-force is produced
over almost the entire circular path; (4) the tower
structure is less massive than that associated with high
speed, horizontal axis windmills; (5) high
power-output-to-weigh ratios and low cost-to-power-output
ratios are possible; (6) generating, gearing and other
heavy mechanical equipment may be located on the ground
which helps to reduce tower loads, and facilitates
installation, maintenance and repair of the equipment; and
(7) last but not least, no yawing mechanism is required
because the windmill will respond to wind from any direction
equally well. There are also several disadvantages to high

speed, vertical axis windmills: (1) the Darrieus blades
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usually are long, precisely shaped and difficult to
ménufacture; (2) the ends of the Darrieus blades contribute
little to power output; (3) controls for varying the
giromills blade pitch increase the complexity of the system;
(4) the blades are exposed to constantly varying loads
during each revolution; (5) a starter motor or other
starting mechanism is usually required to put the blades in
motion, but they have also been known to unexpectedly
self-start; and (6) the rotor is easily stalled when
overloaded or in gusty winds. In comparison to high speed,
horizontal axis windmills, high speed, vertical axis
windmills are in an early stage of development. Future
improvements may lead to expanded use of high speed,

vertical axis windmills, 8,15,16,24,32,44
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87

PUMP ROD

- Typical Low Speed, Horizontal Axis Windmill.36

RE

F



FIGURE 27 - Typical High Speed, Horizontal Axis Windmill.
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FIGURE 28 - Typical High Speed, Vertical Axis Windmills.



X REVIE F _FIVE POWE YSTEM

A, GENERAL

The following windpower systems are reviewed:

Jacobs Model 1023
Enertech 44
ESI-54-S

DOE/NASA MOD-OA-4

DOE/NASA MOD-2

The review consist of pictures and schematics of each
system. A written description breaks the systems down into
their component parts. Two graphs are given for each
system. The first graph plots system output versus wind
speed and system efficiency versus wind speed. The second
graph is the result of an analysis done to estimate the
yearly system output at each wind speed if the system were
located at Cape Hatteras.

The information for the system output versus wind speed
graph was supplied by the systems manufacturer. The
following procedure was used to estimate how these systems
would perform if located at Cape Hatteras. The Cape
Hatteras wind data analyzed in Section VIII was used to
estimate what the yearly system output would be at each wind
speed. First, the number of hours the wind blew at each

speed during the year was determined by using a computer to

90
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sort the wind speed data. No reduction for system
unavailability was taken. It is important to note that each
wind data point used is a three hour average wind speed.
Due to the cubic relationship of wind power to wind speed
this can result in underestimates of total system output.
More accurate estimates can be obtained by using wind speeds
averaged over shorter time intervals, such as -five minutes.
Second, graphs of system output versus wind speed were
used to estimate system output at each wind speed. These
graphs were drawn for the wind speed at the windmill hub.
The graphs were small and difficult to read with accuracy.
In addition, the graphs were plotted as a function of wind
speed in miles-per-hour while the wind data was given in
knots. This added to the difficulty of reading the graphs.
Third, the wind data which was obtained at 30 feet above
ground level had to be adjusted to agree with the height
that the graphs in Step 2 were drawn for. Equation 18 from

Section VI was used to accomplish this:

(V1/v2) = (H1/H2)"n

A value of n=1/7 was used. This step was difficult

because the adjusted wind speeds were not integer values and
therefore could not be directly correlated with the system
output data. To get around this problem, plots of adjusted

wind speed versus hours-per-year were drawn. The number of
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hours of wind at integer values of wind speed were then
determined.

Fourth, the yearly system output at each wind speed was
determined. A computer program was used tb multiply system
output at wind speed X by the number of hours of wind speed
X during the year to determine the yearly system output at
wind speed X. A "FOR NEXT" statement was used to cover all
wind speeds. The yearly system outputs at each wind speed
could easily be improved by using more wind data and more
accurate system output estimates.

The system efficiency, n(e), at each wind speed was

determined using Equations 16 and 17 from Section V:

n(e) (usable power produced / wind power available)

(P)out / [rho*A* (V1~"3)/2]

1

n(e)

As in the fourth step above, a computer program was used to
determine the system efficiency. The system output at each
wind speed, (P)out, was determined in the second step above,
The total power avéilable, [rho*A* (V1"3) /2], was determined
for each value of wind speed, V, as follows. The swept

area, A, was entered for each system and the air density,
rho, was assumed to be constant at 0.08 1lb/ft3. The computer
then stepped through each wind speed and determined the
efficiency.

Additional graphs similar to those in Section VIII
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could be developed. For instance, the following graphs
could be drawn: Average Monthly System Output, Diurnal
System Output by Season, Average System Output by Wind
Direction, Total System Output by Wind Direction, System
Output by Percent of Time, and Cumulative Frequency Diagram
of System Output versus Wind Speed. Computer programs used

in this section are listed in Appendix B.
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B. JACOBS MODEL 1023 20

Manufacturer: Jacobs Wind Electric Company; Minneapolis, MN
Model: 1023 - Shown in Figure 29.

Rated Output: 10 kw

Design Life: 20 years

Warranty: 2 year limited warranty - Dealer installed

Years in Business: Over 50

ROTOR

Type: Horizontal Axis, Upwind

Diameter: 23 feet Swept Area: 413 sq. ft.

Rated Output/Swépt Area: Approximately 24 Watts/sq. ft.

Number of Blades: 3

Material of Blades: Laminated wood, painted

Blade Chord: Varies from 4 inches at the tip to 8.5 inches
at the root

Rotor Speed: 0 to 210 (+/-) rpm

Comments: The use of a 3 bladed, tail vaned system eliminates
the jerking motions during yawing and reduces the blade

pitching motions found in 2 bladed, tail vaned systems.
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TRANSMISSION

- Type: Offset hypoid gear with tapered roller bearings in a
steel case gear box. Shown in Figure 30,

Comments: This transmission allows the hub to be close to
the tower, which allows the blades to pass above and
behind the tower center. This also allows the rotor to
pivot quickly about the tower axis to avoid the full
force of gusting winds. The power shaft is angled
upward to reduce vibration, increase power, and equalize

power.

GENERATOR

Type: Alternator (Definition: Polyphase synchronous machine
used as a generator)

Rated Output: 20 kW

Speed: 1800 (+/-) rpm

Number of Phases: 3

Frequency: Variable

Comments: No brushes, slip rings or other rotating electric
connections which may flash or burn are used. The
generator is mounted inside the tower stub which helps
to stabilize the tower by placing the greatest weight
inside the tower at the center axis. A line commutated

frequency changer is required.
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TOWER and FOUNDATION

Type: 3 legs, open truss, .free standing - Designed and
manufactured by UNR-ROHN Inc.

Material: Galvanized steel, all bolted

Available Heights: 60 feet, 80 feet, 100 feet, léO feet,
140 feet, and 160 feet.

Foundation: 3 concrete anchor blocks, engineer for site

Comments: The Jacobs 7 foot tower stub mounts to the top of
the tower. The tower stub is shipped from the factory
completely assembled. At the site only the blades and
the tail vane must be fastened to the tower stub, the
complete assembly is lifted to the tower top and bolted

to the base plates.

GENERAL

Design/Survival Wind Speed: 100 mph

Weather Shielding: 3 removable aluminum covers

Graph 23 shows the system output versus wind speed, and the
approximate system efficiency versus wind speed.

Graph 24 shows the estimated system output for a one year

period using the wind data from Section VIII.
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CONTRQL and PROTECTION

Blade Pitch: Variable blade pitch is controlled by an
automatic, blade actuated governor. All 3 blades are
mechanically interconnected to feather equally at a
preset speed. The centrifical force of the blades power
the feathering mechanism with no strain on the hub,
Bushings are used.

Yaw: The unit freely tracks the wind., A tail vane is used
at low wind speeds to orient the rotor into the wind.
The turntable assembly uses a tapered roller bearing and
bushing. Equipment which tracks the wind weighs less
than 500 pounds.

Brake: Disk brake, single calipers, manually operated

Control System: The rotor axis is offset from the tower
center so that excessive wind thrust will cause the
rotor to pivot around the tower laterally to the wind.
The Automatic Spring Snubber Control controls this
movement. The windmill operates continuously in all
winds. Through a combination of blade feathering and
rotating the rotor out of the wind, the wind pressure

on the rotor never exceeds that of a 40 (+/-) mph wind.
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IGURE — Jacobs Model 1023,



Blade acutated governor for
overspeed protection,

Patented hypoid gear system,

Note offset rotor axis.

FIGURE 30 - Cutaway Drawing of the Power System of the Jacobs Model 1023.

66
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C. _ENERTECH MODEL 44 12

Manufacturer: Enertech Corporation; Norwich, VT
Model: Enertech 44 - Shown in Figures 31 and 32.
Rated Output: 25 kW in a 30 mph wind

Design Life: 20 years

RQTOR

Type: Horizontal Axis, Downwind

Diameter: 44 feet Swept Area: 1520 sq. ft.

Rated Output/Swept Area: Approximately 16 Watts/sq. ft.

Number of Blades: 3 - provides better stability and results
in less fatique than 2 blade systems

Material of Blades: Wood/Epoxy laminate - will not create
electromagnetic interference

Design TSR: 6 to 1

Blade Weight (Including tip brake): 230 pounds each

Total Rotor Weight: 1140 pounds

Hub: Cast steel

TRANSMISSION

Type: Three stage, helical gear box

Input Speed from Low Speedshaft: 53 rpm
Output Speed to High Speedshaft: 1800 rpm
Gearing Ratio: 1 to 34.5

Weight: 690 pounds
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GENERATOR

Type: Induction

Rated Output: 25 kW in a 30 mph wind

Speed: 1800 (+/-) rpm 7

Number of Phases: Both 1 and 3 are available

Frequency: 60 Hz

Output Voltage: 220/240 VAC - 1 phase
460/480 VAC - 3 phase

Comments: Utility synchronized

TOWER and FOUNDATION

Type: 3 leg, open truss, free standing
Material: Galvanized steel

Height: 80 feet

Weight: 5900 pounds

Foundation: Engineered for site

GENERAL

Design/Survival Wind Speed: 120 mph

Nacelle: Fiberglass, front hinged for easy access., A
schmatic of the nacelle interior is shown in Figure 33.

Maintenance: 1 day per year, repairs done at tower top

Graph 25 shows the system output versus wind speed, and the
approximate system efficiency versus wind speed.

Graph 26 shows the estimated system output for a one year

period using the wind data from Section VIII.
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CONTROL and PROTECTION
Blade Pitch: Fixed
Blades: Aerodynamically designed to go into progressive stall
as wind speed increases, and to shed excess power in
strong gusts.
Yaw: Free yaw, yaw lock provided, slip rings used
Blade Tip Brake: Centrifugally activated as overspeed
failsafe |
Brake: Control system automatically applies brake
Control System: Two (2) anemometers feed signals into a
solid-state logic board in the control box. Start-up
and shut-down are controlled by the control system.
A relay in the system deenergizes the generator and
actuates the brake in the event of a power failure or
winds over 50 mph. The control system automatically
restarts the machine when power is restored or the wind
drops to an average of 35 mph. Overall operation is
controlled as follows: /
-Normal Operating Speed: Aerodynamic stall of blades
-High Wind Speed Shut-Down: Control system applies brake

-Emergency Rotor Overspeed: Blade Tip Brakes deploy
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FIGURE 33 - Schematic of the Enertech 44 Nacelle Interior,
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D, ESI-54-S 1

Manufacturer: ESI, Inc.; Boulder, CO

Manufacturing Plant Location: Danville, IL

Model: ESI-54-S - Shown in Figure 34,

Rated Output: 85 kW

Warranty: 5 years against defects in design, materials,
workmanship

Comments: Designed for use at sites with annual average wind

speeds of 16 mph or greater.

ROTOR

Type: Horizontal Axis, Downwind

Diameter: 54 feet Swept Area: 2290 sq. ft.
Rated Output/Swept Area: Approximately 37 Watts/sq. ft.
Number of Blades: 2

Material of Blades: Wood/Epoxy laminate, smooth finish

Hub: Teetered - allows articulation of hub to relieve cyclic

pitching moments on the rotor shaft

TRANSMISSION

Type: Single speed, self-aligning, planetary drive gear box
Input Speed from Low Speedshaft: 90 rpm

Output Speed to High Speedshaft: 1800 rpm

Gearing Ratio: 1 to 20.6
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GENERATOR

Type: Induction

Rated Output: 85 kW

Speed: 1800 rpm

Number of Phases: 3

Frequency: 60 Hz

Power Factor Correction: 15 RVAR cap/unit

Comments: Utility synchronized. Generator used as a motor

to bring rotor up to speed.

TOWER and FOUNDATION

Type: 3 leg, open truss, free standing - SSV tilt down/tilt
up manufactured by UNR-ROHN Inc, shown in Figure 35,

Material: Galvanized steel

Height: 80 feet

Foundation: Engineered for local ccnditions

Comments: Tower is designed to avoid the natural frequency
of the rotor (1.50 Hz). The tower wasvanalyzed using
SAP IV finite element analysis computer program

developed by the University of California, Berkeley.



109

GENERAL

Design/Survival Wind Speed: 100 mph

Components of the ESI-54-S are shown in Figure 36.

Graph 27 shows the system output versus wind speed, and the
approximate system efficiency versus wind speed.

Graph 28 shows the estimated system output for a one year

period using the wind data from Section VIII.

CONTROL and PROTECTION

Blade Pitch: Fixed

Yaw: Free yaw, slip rings or drooped cable used

‘Blade Tip Brake: Centrifugally activated as overspeed
failsafe

Brake: The mechanical, multi-disc brake is on the same shaft
as the generator, and is spring apblied and air
released. The brake is held off by utility power.

Control System: An anemometer is .used to detect windspeed
and operating conditions. A small compressor is used to
automatically release the brake. The brake is applied
in case the wind drops, too much power is generated in a
pre-set time (high wind), or if any of the following
faults occur in the system: over or under voltage, over
or under frequency, over or under current, phase failure
or reversal, power factor correction, overheating, low
brake air pressure, excessive disc wear, or excessive

vibration.
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FIGURE 34 - ESI-54-5.

FIGURE - Tilt Down/Tilt Up Tower Used With ESI-54-S.
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Mechanical disc brake (spring applied air released)
85 kW induction generator

| o ~ e daYa QN ~ +
(Utility synchronized. 480-v

3 phase. 60 HZ)

Coupling

Teetered rotor hub with
<~ delta-three hinge for
aerodynamic load relief,
increased rotor life.

Protective »|

logic £
cn?cuits \ 1 !l Planetary gear type step-up transmission

Yaw column \\
Air compressor Uj

and manifold | \\
(brake held of
with utility power)

@ Aerodynamic ti brakes

Downwind, 54-foot diameter
wood-epoxy, 2-bladed rotor. Fixed
pitch, 90 rpm.

Air intake (generator cooling)

Cables to UL approved control
system

80-foot open truss tower. Hinged &
(tilting) for ease of installation and &
maintenance. ;

FIGURE 36 - Components of the ESI-54-S.
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E, MOD-OA-4 45

Owner: U.S. Government; Department of Energy

Model: MOD OA 4 - Shown in Fighre 37.

Rated Output: 200 kW

Design Life: 30 years

Comments: Four (4) MOD OA's have been installed. There are
some differences between the fourf The locations, in

order of installation, are as follows:

MOD OA 1 - Clayton, NM

MOD OA 2 - Island of Culebra, Puerto Rico
MOD OA 3 - Block Island, RI

MOD OA 4 - kahuka, Oahu, HI

ROTOR

Type: Horizontal Axis, Downwind

Diameter: 125 feet Swept Area: 12,272 sq. ft.
Rated Output/Swept Area: Approximately 16 Watts/sq. ft.
Number of Blades: 2

Material of Blades: Wood composite

Weight of Blades: 3,000 pounds each

Blade Chord: 5.2 feet at root tapering linearly to 2 feet at

the tip
Airfoil: NACA 23000 Blade Twist: 8 degrees
Solidity: 4 percent Cone Angle: 7 degrees

Rotor Speed: 40 rpm
Hub: Rigid Hub Height: 100 feet

Weight of Rotor: 13,600 pounds
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TRANSMISSION

Type: 3 stage conventional gear box

Input Speed from Low Speedshaft: 40 rpm

Output Speed to High Speedshaft: 1800 rpm

Gearing Ratio: 1 to 45

Rating: 460 hp

Comments: Fluid coupling on high speed shaft to damp out
power oscillations due to tower shadow and wind shear

effects,

GENERATOR

Type: Synchronous AC
Rated Qutput: 200 kW
Speed: 1800 rpm
Number of Phases: 3
Frequency: 60 Hz
Output Voltage: 480 V

Power Factor: 0.8

TOWER and FOUNDATION

Type: 4 legs, open truss, free standing

Material: Round steel pipe - maximizes air flow through
tower

Weight of Tower: 44,000 pounds

Height: 93 feet

Foundation: Concrete slab

Access: Hoist
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GENERAL

Design/Survival Wind Speed: 150 mph at hub

Bedplate: Steel structural member which supports rotor and
nacelle assembly.

Total Weight Above Tower: 46,300 pounds

The basic layout of the MOD-OA-4 is shown in Figure 38. A
schematic of the nacelle interior is shown in Figure 39.

Graph 29 shows the system output versus wind speed, and the
approximate system efficiency versus wind speed.

Graph 30 shows the estimated system output for a one year

period using the wind data from Section VIII.

CONTROL and PROTECTION

Blade Pitch: Variable pitch change assembly consists of a
hydraulic supply, a rack and pinion actuator, and gears
to rotate the blades in the hub. A microprocessor
controls the blade pitch. Blades are feathered below
cut-in wind speeds and above cut-out wind speeds.
Blades are held at a fixed setting between cut-in and
rated speeds. Pitch is adjusted between rated and
cut-out wind speeds to maintain a constant power output
of 200 kWw.

Yaw: Entire machine on top of tower is supported on a
turntable bearing. Rotation is achieved by driving a
disk with the use of movable brakes and hydraulic linear
actuators, Yaw rate is 24 degrees per minute. Two (2)

fixed yaw brakes hold machine in desired position.
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Disc Brake: Located on an extension of the high speed shaft,
serves as a parking brake and a dynamic brake in case of
emergency shutdown.

Control System: A microprocessor monitors the output of two
(2) wind speed sensors and one (1) wind direction
sensor. This information is used to control blade
pitch and yawing. The microprocessor also controls
start-up, shutdown, and synchronization to the grid.

Safety System: Automatic shutdown system that operates
independently of all other controls. Key parameters
such as rotor speed, generator current, electric load,
vibration, yaw error, fluid levels, temperatures, and
microprocessor status are monitored by sensors, If
any sensor signal is outside safe range the windmill
will be shutdown.

Remote Control and Monitoring System: Located at the utility
power dispatcher's center, permits manual start-stop
control of the microprocessor. A digital readout of

key parameters is given.
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F RE - DOE/NASA 200 kW MOD-OA-4,.
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TURBINE ROTOR
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BUILDING ~,

FIGURE 38 - Basic Layout of the MOD-0OA-4.
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FIGURE 39 - Schematic of the MOD-OA-4 Nacelle Interior.
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F. Mop=p 26128,29

Owner: U.S. Government; Department of Energy

Designed, Built, Installed By: Boeing Engineering and
Construction Company

Operated By: Bonneville Power Administration operates a
cluster of three (3) at Goldendale, WA.

Model: MOD-2 - Shown in Figure 40.

Design Life: 30 years Rated Output: 2500 kw

Site Locations: 3 at Goldendale, WA; 1 at Salerno County, CA;

1 at Medicine Bow, WY

~ ROTOR

Type: Horizontal Axis, Upwind

Diameter: 300 feet Swept Area: 70,685 sq. ft.

Rated Output/Swept Area: Approximately 35 Watts/sq. ft.

Number of Blades: 2 Material of Blades: Steel

Airfoil: NACA 230XX Weight of Blades: 109,800 pounds

Blade Construction: Welded, hollow steel shell with steel
spar members. Five (5) blade sections - 2 tips,
2 midsections, 1 hub section

Rotor Speed: 17.5 rpm Rotor Tip Speed: 275 feet/second

Tilt Angle of Rotor Axis: Up 2.5 degrees

Hub: Teeters up to 6.5 degrees. Reduces effects of blade
forces which are not strictly rotational. Reduces
overall windmill weight requirements.

Hub Weight: 80,500 pounds Hub Height: 200 feet
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TRANSMISSION

Type: 3 stage epicyclic, compact planetary gear box

Input Speed from Low Speedshaft: 17.5 rpm

Output Speed to High Speedshaft: 1800 rpm

Gearing Ratio: 1 to 103.1

Gear Box Weight: 37,000 pounds

Comments: Torque from the low speed shaft is transmitted to a
flexible quill shaft which reduces extraneous motion and
rotor torque oscillations at the gear box. The

transmission is flexibly mounted to the nacelle.

GENERATOR

Type: Synchronous - widely used by utilities in other
applications

Rated Output: 2500 kW

Speed: 1800 rpm

Number of Phases: 3

Number of Poles: 4 salient poles, brushless

Frequency: 60 Hz

Output Voltage: 4160 volts

Rating: 3125 KVA

Power Factor: 0.8
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TOWER and FOUNDATION

Type: "Soft" shell, cyclindrical

Material: Steel, welded

Height: 193 feet

Dimensions: 150 foot long, 10 foot diameter cyclindrical tube
flares hyperbolically to a 21 foot base

Foundation: Base of reinforced concrete. MOD-2's at
Goldendale are held by 72 earth anchors each 28 feet
long.

Comments: The use of a "soft" tower as compared to a "stiff"
truss tower, reduces weight requirements, is less
expensive to fabricate, and reduces vibration problems

- throughout the wind power system. Dynamically soft
towers have a lower natural frequency of vibration than
the blade passing frequency while a stiff tower has a
higher frequency. Therefore, the soft tower is less
likely to reinforcé vibrations established by the

rotation of the rotor.
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GENERAL

Design/Survival Wind Speed: 120 mph at 30 feet

Nacelle: Welded steel truss construction with corrugated
steel sheets for roof and sides and steel safety plate
for floor. Houses major components, cooling, fire
prevention and maintenance equipment.

Nacelle Weight: 82,600 pounds -

Total System Weight: 631,300 pounds

Access: Both an internal 1lift and a ladder with safety rail
are inside fhe tower and provide access to the top.

Temperaturg Range: -40 degrees F to 120 degrees F

The basic layout of the MOD-2 is shown in Figure 41. A
schematic of the nacelle interior is shown in Figure 42,

Graph‘3l shows the system output versus wind speed, and the
approximate system efficiency versus wind speed.

Graph 32 shows the estimated system outpu£ for a one year

period using the wind data from Section VIII.

CONTROL and PROTECTION

Blade Pitch: The outer 45 feet of the blades (tips) are
variable pitch through 100 degrees. Pitch is controlled
by an electric-motor-driven pump and a hydraulic system.
Blades are feathered below cut-in wind speeds and above
cut-out wind speeds. Blades are set at the most
aérodynamically efficient position between cut-in and
rated wind speeds. Pitch is adjust between rated and

cut-out wind speeds to maintain a constant rotor speed.
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Yaw: Yaw control system consists of a hydraulic drive motor,
speed reducer, gear box, drive pinion, ring gear, six
(6) parking brakes, and a hydraulic brake. The six
parking brakes prevent inadvertent yawing, while the
hydraulic brake provides damping during yawing. Wind
direction sensors are monitored, thirty second average
wind directions computed, and the heading changed
whenever wind direction changes exceed 20 degrees.

Parking Brake: A disk mounted on the high speed shaft and a
spring actuated brake attached to the generator frame
hold the system in place while not in operation.

Control System: A microprocessor initiates start-up,
implements fail safe actions, monitors wind conditions,
controls blade pitch and yawing, monitors operating
conditions and shuts system down in the event of
out-of-tolerance conditions. Oscilloscopes located at
the tower base and at the utility substation provide
displays of operating and failure data and allow manual
operation of the system.

Independent Fail Safe Shutdown System: Electrical system

relays provide system shutdown redundancy
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FIGURE 40 - Close Up and Distant Views of MOD-2's
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XI. CONCLUSION

The electrical-producing windmill industry boomed during
1983, It was estimated that "unit sales during 1983 would
be twice those of the prior 10 years combined."™ Most of the
activity has been in the development of windfarms in the
western states and Hawaii. The boom is largely due to
(1) tax breaksbgiven to alternative energy producers and
(2) the Public Utilities Regulatory Policies Act (PURPA)
of 1978. PURPA requires public utilities to purchase
electricity from small producers. In many insﬁances, the
investors main interest was the tax break and as a result
the development was of inferior quality. 40

Electrical-producing windmills are delicate machines in
that lightweight gomponents are used to move large forces.
Domestically, there are about 50 manufacturers of
electrical-producing windmills. Most of these
manufacturers have just entered the field. As such, they
have not had time to perfect their machines. And as a
result, 50% downtimes are not uncommon and failures are
frequent.40

In the mid-70's, the U.S. Départment of Energy (DOE)
embarked on a large scale program for the research and
development of windmills. In 1982 the program was
drastically cut by the Reagan administration. While the

program was in full swing, significant steps were made in

129
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developing safe, reliable wind energy systems.

Wind energy systems could probably supply up to ten
percent of the nation's annual electrical demands, but one to
two percent is a more reasonable gocal. For this to happen
the government must not cut its existing financial incentives,
existing windfarms must prove to be economical, private
manufacturers must develop high quality wind energy systems,
and windfarms must be developed at sites throughout the

country.
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APPENDIX A

Wind and Weather Data from

U.S. Department of Commerce
National Oceanic and Atmospheric Administration
National Environmental Satellite, Data and Information Service
National Climatic Data Center
Asheville, North Carolina

Stations for which Local Climatological Data (LCD)
is issued. o o 4 o o o o o o s 4 o e o o o o o o o

Local Climatological Data, Annual Summary With
Comparative Data, for Cape Hatteras,
North Carolina, 1982, . ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o »

Local Climatological Data Monthly Summary for January
1982, Cape Hatteras, North Carolina. . « « « o o &

Letter from U.S. Department of Commerce concerning
type, location and exposure of wind instruments
at Cape Hatteras, North Carolina station. . . . .
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U.S. DEPARTMENT OF COMMERCE
NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
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Local Climatological Data, Annual Summary With Comparative
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U.S. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration

NATIONAL WEATHER SERVICE - EASTERN REGION
585 Stewart Avenus
Garden City, New York 11530

October 20, 1983 W/ERx2:RE

Mr. James P. Needham
Springfield, VA 22152
Dear Mr. Needham:

Our National Climatic Data Center in Asheville has referred to us your

recent request for information on Cape Hatteras wind equipment. |'m providing
some specifics below:

1) Our Cape Hatteras Weather Service Office uses a Standard F 420-C
anemometer. The wind system is not located at our office site, but is remoted
from the local Coast Guard base, out on the Cape.

2) The instruments are mounted 30 feet above ground.
3) Unfortunately, the instrument exposure is not the best. Pine trees in
the area that were previously non-existent or very small have grown considerably;

this can affect the quality of the wind data--the speed recorded from some
directions could be somewhat lower than the true speed.

You may find it helpful to discuss this with the Meteorologist in Charge of
our Cape Hatteras office, Mr. ,  He can be reached at
Should you prefer to write to Mr. , his mailing address is:

National Weather Service Office
National Oceanic and Atmospheric Administration

Buxton, North Carolina 27920.

Sincerely,

Special Programs Manager

Letter from U.S. Department of Commerce concerning type,

location and exposure of wind instruments at Cape Hatteras,
North Carolina station.
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ARPPENDIX B

Computer Programs Used For

Reducing Wind Data

1. Input wind speed data in a sequential file . . . . .
2, Input wind direction data in a sequential file . . .
3. Averade wind speed by month. « +« ¢« ¢ ¢ o ¢ ¢ ¢ o o &
4, Average wind power by month. « ¢« ¢« ¢ « ¢ ¢ o o o o &
5. Diurnal wind speed by monthe « « ¢« o« ¢ o o o o o o o
6. Diurnal wind power by month. . « ¢« + « ¢ o o o o o @
7. Percent of time wind blows from each direction . . .
8. Average wind speed from each of 36 directions., . . .
9. Average wind power vs, wind direction. . . . . . . .
10. Frequency of each wind speed . ¢« ¢ ¢ ¢ ¢ ¢ o ¢ o o &
11. Energy density vs. wind speed. . « « « ¢ ¢ o o ¢ o o
12, Number of hours wind blows at each speed . . . . . .
13, Input number of hours wind blows at each speed . . .
14, Input wind power system output data. « « « « o« o« o« &

15. Estimate yearly output at each wind speed of a
wind power system at a particular site . . « . . . &
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COMPUTER PROGRAM #1

ALLOWS WIND SPEED DATA TO BE TRANSFERRED

FROM HARDCOPY TO MAGNETIC TAPE SO THAT IT
CAN BE PROCESSED AND REDUCED BY COMPUTER.

INPUT WIND SPEED DATA IN A SEQUENTIAL FILE

OPEN "SPEEDJAN" FOR OUTPUT AS #1
INPUT "WINDSPEED"; S$%

IF S%$=1000 THEN CLOSE: END
WRITE #1, S%

PRINT: GOTO 100

REM
REM
REM
REM
REM
REM
REM
REM

COMPUTER PROGRAM #2

ALLOWS WIND DIRECTION DATA TO BE TRANSFERRED
FROM HARDCOPY TO MAGNETIC TAPE SO THAT IT CAN
BE PROCESSED AND REDUCED BY COMPUTER PROGRAMS.

INPUT WIND DIRECTION DATA IN A SEQUENTIAL FILE

OPEN "DIRJAN" FOR OUTPUT AS #1
100 INPUT "WIND DIRECTION"; S%

110 IF S%=1000 THEN CLOSE: END

120 WRITE #1, S%

130 PRINT: GOTO 100

REM
REM
REM

‘REM

REM
REM

COMPUTER PROGRAM #3

DETERMINES THE AVERAGE WIND SPEED DURING A MONTH
USING THE SEQUENTIAL WIND SPEED DATA FILE CREATED
IN COMPUTER PROGRAM #1,.

'DIM SPEED(30,7)

L3=

0: J%=0: K!=0

OPEN "SPEEDJAN" FOR INPUT AS #1

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #1, SPEED(DAY,HOUR)

J%=J% + SPEED (DAY,HOUR)

L%=L% + 1

NEXT HOUR A

PRINT USING "\##\";SPEED(DAY,0);SPEED(DAY,1);
SPEED (DAY, 2) ; SPEED (DAY, 3) ; SPEED (DAY, 4) ; SPEED (DAY, 5) ;
SPEED (DAY, 6) ; SPEED (DAY, 7)

NEXT DAY

K!1=(J%*1.15) /L%

PRINT "AVERAGE WIND SPEED FOR JANUARY= " K! "mph"
PRINT "J%="J%,"L%="L%
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REM COMPUTER PROGRAM #4
REM
REM DETERMINES THE AVERAGE WIND POWER BY MONTH IN WATTS
REM PER SQUARE FOOT. INPUT WIND SPEED IN KNOTS AND THE
REM MONTHLY AVERAGE ATMOSPHERIC DENSITY IN lbm/ft"3.
REM WIND SPEED DATA FROM COMPUTER PROGRAM #1 IS USED.
REM

DIM SPEED(30,7)

J!=0: L%$=0: POWER!=0: K!=0

RHO!=,0794

OPEN "SPEEDJAN" FOR INPUT AS #1

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #1, SPEED (DAY,HOUR)
J!=,10102*RHO! *SPEED (DAY, HOUR) "3

POWER ! =POWER!+J!

L$=L%+1

NEXT HOUR

NEXT DAY

K!=POWER! /L%

LPRINT "AVE. WIND POWER DENSITY FOR JANUARY="K!"W/FT"2"
LPRINT "J!="J!, "POWER!="POWER!, "L%="L$%

REM COMPUTER PROGRAM #5
REM
REM DETERMINES THE DIURNAL WIND SPEED AVERAGE BY MONTH.
REM WIND SPEED DATA FROM COMPUTER PROGRAM #1 IS USED.
REM

DIM SPEED(30,7)

OPEN "SPEEDJAN" FOR INPUT AS #1

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #1, SPEED (DAY,HOUR)

NEXT HOUR, DAY

LPRINT "JANUARY"

FOR H=0 TO 7

DIURNAL%=0

FOR D=0 TO 30

DIURNAL%=DIURNAL% + SPEED(D,H)

NEXT D

DIURNALAVE!= (DIURNAL%$*1.15)/31

LPRINT "DIURNAL WIND SPEED FOR"H"="DIURNALAVE!"MPH"
NEXT H

LPRINT "FINISHED"
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COMPUTER PROGRAM #6

DETERMINES THE DIURNAL WIND POWER AVERAGE BY MONTH
IN WATTS PER SQUARE FOOT. WIND SPEED DATA FROM
COMPUTER PROGRAM #1 IS USED.,

SPEED(30,7)

RHO!=.0794
OPEN "SPEEDJAN" FOR INPUT AS #1

FOR
FOR

DAY=0 TO 30
HOUR=0 TO 7

INPUT #1, SPEED (DAY,HOUR)
NEXT HOUR, DAY
LPRINT "JANUARY"

FOR

H=0 TO 7

DIURNAL!=0

FOR

D=0 TO 30

DIURNAL!=DIURNAL! + ,10102*RHO!*SPEED(D,H)"3

NEXT D

DIURNALAVE!= DIURNAL!/31

LPRINT "DIURNAL WIND POWER FOR"H"="DIURNALAVE!"W/FT"2"
NEXT H

LPRINT "FINISHED"

REM
REM
REM
REM
REM
REM
REM
DIM

COMPUTER PROGRAM #7

CALCULATE THE PERCENTAGE OF TIME THE WIND BLOWS
FROM EACH DIRECTION. DIRECTIONS ARE ROUNDED TO
THE NEAREST 10 DEGREES. WIND DIRECTION DATA FROM
COMPUTER PROGRAM #2 IS USED.

DIR(30,7)

LPRINT "JANUARY"
OPEN "DIRJAN" FOR INPUT AS #1

FOR
FOR

DAY=0 TO 30
HOUR=0 TO 7

INPUT #1, DIR(DAY,HOUR)
NEXT HOUR, DAY

FOR

L$=0

FOR
FOR

DIRECTION=0 TO 36

DAY=0 TO 30
HOUR=0 TO 7

IF DIR(DAY,HOUR)<>DIRECTION THEN 210

L$=L% + 1l: J%=J% + 1

NEXT HOUR, DAY

LPRINT "NUMBER OF READINGS FROM" DIRECTION "= " L$
NEXT DIRECTION

LPRINT "TOTAL NUMBER OF READINGS = " J%
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REM COMPUTER PROGRAM #8
REM
REM DETERMINES THE AVERAGE WIND SPEED FROM EACH
REM DIRECTION FOR A ONE MONTH PERIOD. DIRECTIONS
REM ARE ROUNDED TO THE NEAREST 10 DEGREES. WIND
REM SPEED DATA FROM COMPUTER PROGRAM #1 AND WIND
REM DIRECTION DATA FROM COMPUTER PROGRAM #2 ARE USED,
REM

LPRINT "JANUARY"

LPRINT "DIRECTION AVE, SPEED NO. READINGS TOTAL"
DIM DIR(30,7): DIM SPEED(30,7): N%=0

OPEN "DIRJAN" FOR INPUT AS #1

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #1, DIR(DAY,HOUR)

NEXT HOUR, DAY

OPEN "SPEEDJAN" FOR INPUT AS #2

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #2, SPEED(DAY,HOUR)

NEXT HOUR, DAY

FOR DIRECTION=0 TO 36

L%=0: J!=0

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

IF DIR(DAY,HOUR)<>DIRECTION THEN 290

L%=L% + 1l: N%=N% + 1

J!=J! + SPEED(DAY,HOUR)*1.15

NEXT HOUR, DAY

K!=J!/L%

LPRINT USING "##### ":DIRECTION,K!,L%,J!
NEXT DIRECTION

LPRINT "TOTAL NO. READINGS= " N%
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REM COMPUTER PROGRAM #9
REM
REM DETERMINES THE NUMBER OF TIMES THE WIND BLOWS FROM
REM EACH DIRECTION (EACH TIME IS EQUIVALENT TO A THREE
REM HOUR PERIOD), THE AVERAGE AND TOTAL WIND POWER
REM FROM EACH DIRECTION, AND TOTAL WIND POWER PASSING
REM THE WIND SENSOR. DIRECTIONS ARE ROUNDED TO THE
REM NEAREST 10 DEGREES. CALCULATIONS ARE MADE FOR A
REM ONE MONTH PERIOD USING THE WIND SPEED AND DIRECTION
REM DATA OF COMPUTER PROGRAMS #1 AND #2, RESPECTIVELY,
REM

LPRINT "DIRECTION AVE.POWER NO.READINGS TOTAL POWER"
DIM DIR(30,7):DIM SPEED(30,7)

FOR DIRECTION=0 TO 36

L%=0: J!=0

OPEN "DIRJAN" FOR INPUT AS #1

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #1, DIR(DAY,HOUR)

NEXT HOUR, DAY

OPEN "SPEEDJAN" FOR INPUT AS #2

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

INPUT #2, SPEED (DAY,HOUR)

NEXT HOUR, DAY

FOR DAY=0 TO 30

FOR HOUR=0 TO 7

IF DIR(DAY,HOUR)<>DIRECTION THEN 320

L%=L% + 1l: N%=N% + 1

RHO!=,0794

J!=J!+ (.10102*RHO!*SPEED (DAY,HOUR) "3)*3

NEXT HOUR, DAY

CLOSE #1, #2

K!=J!/L%: JJ!=JJ!+J!

LPRINT USING "#######+# ":DIRECTION,K!,L%,J!

NEXT DIRECTION

LPRINT "TOTAL NO. READINGS= " N%

LPRINT "TOTAL POWER = " JJ!
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10 REM COMPUTER PROGRAM #10

20 REM

30 REM DETERMINES THE FREQUENCY IN PERCENT THAT THE WIND
40 REM BLOWS AT EACH SPEED DURING A ONE MONTH PERIOD.

50 REM WIND SPEED DATA FROM COMPUTER PROGRAM #1 IS USED.
60 REM

70 LPRINT "WIND SPEED NO. READINGS PERCENT OF TIME"
80 DIM SPEED(30,7)

90 FOR WINDSPD=0 TO 44

100 L$=0: PERCENT!=0

110 OPEN "SPEEDJAN" FOR INPUT AS #1

120 FOR DAY=0 TO 30

130 FOR HOUR=0 TO 7

140 INPUT #1, SPEED (DAY,HOUR)

150 IF SPEED (DAY,HOUR)<>WINDSPD THEN 170

160 L$=L%+1: N%=N%+1

170 NEXT HOUR, DAY

180 CLOSE #1

190 PERCENT!=(L%/248)*100

200 LPRINT USING " B4 " ;WINDSPD,L%,PERCENT!
210 NEXT WINDSPD

220 LPRINT "TOTAL NO. READINGS= " N%

10 REM COMPUTER PROGRAM #11

20 REM

30 REM DETERMINES THE WIND ENERGY AVAILABLE IN

40 REM KILOWATT HOURS PER SQUARE FOOT AT EACH WIND
50 REM SPEED DURING A ONE MONTH PERIOD., WIND SPEED
60 REM DATA FROM COMPUTER PROGRAM #1 IS USED. THIS
70 REM IS TOTAL ENERGY AVAILABLE MEANING IT HAS NOT
80 REM BEEN REDUCED BY THE BETZ COEFFICIENT.

90 REM

100 LPRINT "WIND SPEED NO. READINGS ANNUAL ENERGY"
110 DIM SPEED(30,7)

120 TOTAL!=0:N%=0

130 FOR WINDSPD=0 TO 36

140 L%=0: ENERGY!=0

150 OPEN "SPEEDJAN" FOR INPUT AS #1

160 FOR DAY=0 TO 30

170 FOR HOUR=0 TO 7

180 INPUT #1, SPEED(DAY,HOUR)

190 IF SPEED (DAY ,HOUR)<>WINDSPD THEN 230

200 RHO!=,0794

210 ENERGY!=ENERGY!+ (.0010102*RHO!*SPEED (DAY,HOUR) "3)*3
220 L%=L%+1: N%=N%+1

230 NEXT HOUR, DAY

240 CLOSE #1

250 TOTAL!=TOTAL!+ENERGY!

260 LPRINT USING " #hd. 8 " ;WINDSPD,L%,ENERGY!
270 NEXT WINDSPD

280 LPRINT "TOTAL NO. READINGS= " N$%

290 LPRINT "TOTAL ENERGY = " TOTAL!
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REM COMPUTER PROGRAM #12
REM
REM DETERMINES THE NUMBER OF HOURS THE WIND BLOWS AT
REM EACH WIND SPEED DURING A MONTH. IN THE ANALYSIS
REM IT WAS EXPANDED TO COVER A ONE YEAR BLOCK OF WIND
REM SPEED DATA, THIS INFORMATION WAS ENTERED INTO A
REM SEQUENTIAL ACCESS FILE USING COMPUTER PROGRAM #13
REM AND THEN USED IN COMPUTER PROGRAM #15,
REM

PRINT "WIND SPEED TIME IN"

PRINT " KNOTS HOURS"

DIM SPEED(30,7)

TOTAL$=0

FOR WINDSPD = 0 TO 44

TIME$=0

OPEN "SPEEDJAN" FOR INPUT AS #1

FOR DAY = 0. TO 30

FOR HOUR = 0 TO 7

INPUT #1, SPEED (DAY,HOUR)

IF SPEED (DAY,HOUR) <>WINDSPD THEN 220

TIME$=TIME%+3

NEXT HOUR,DAY

CLOSE #1

PRINT USING " $#4%  ";WINDSPD,TIMES
TOTAL%=TOTAL%+TIMES

NEXT WINDSPD

PRINT "TOTAL HOURS= ";TOTAL%

REM COMPUTER PROGRAM #13
REM
REM ALLOWS THE DATA CONCERNING THE NUMBER OF HOURS THE
REM WIND BLOWS AT EACH SPEED DURING A YEAR TO BE
REM TRANSFERRED FROM HARDCOPY TO MAGNETIC TAPE SO THAT
REM IT CAN BE PROCESSED BY COMPUTER. 1IN THIS CASE WIND
REM SPEED DATA WAS REDUCED IN COMPUTER PROGRAM #12,
REM THE RESULTS ENTERED BY HAND USING THIS PROGRAM, AND
REM THE RESULTS THEN USED BY COMPUTER PROGRAM #15.

REM COMPUTER PROGRAM #12 COULD HAVE BEEN WRITTEN SO

REM THAT THE RESULTS WERE ENTERED DIRECTLY INTO A

REM SEQUENTIAL FILE.

REM

OPEN "HOURS" FOR OUTPUT AS #1

INPUT "NUMBER OF HOURS"; S%

IF S$=9999 THEN CLOSE: END

WRITE #1, S%

PRINT: GOTO 150
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REM COMPUTER PROGRAM #14
REM
REM ALLOWS THE DATA CONCERNING THE OUTPUT OF A
REM WIND POWER SYSTEM AT EACH WIND SPEED TO BE
REM TRANSFERRED FROM HARDCOPY TO MAGNETIC TAPE
REM SO THAT IT CAN BE PROCESSED BY COMPUTER. IN
REM THIS CASE THE OUTPUT IN KILOWATTS AT EACH WIND
REM SPEED WAS ENTERED FOR THE JACOBS MODEL 1023 WIND
REM POWER SYSTEM. THIS DATA WAS STORED IN A SEQUENTIAL
REM FILE AND LATER USED BY COMPUTER PROGRAM #15.

REM

OPEN "JACOBSOU.T" FOR OUTPUT AS #1

INPUT "OUTPUT IN KILOWATTS"; S%

IF S$=1000 THEN CLOSE: END

WRITE #1, S%

PRINT: GOTO 130

REM COMPUTER PROGRAM #15
REM
REM ESTIMATES THE YEARLY OUTPUT OF A WIND POWER SYSTEM
REM (IN KW HRS) AT EACH WIND SPEED AT A PARTICULAR SITE.
REM THIS IS DONE BY MULTIPLING THE NUMBER OF HOURS THE
REM WIND BLOWS AT EACH WIND SPEED AT A SITE BY THE
REM SYSTEM OUTPUT AT EACH WIND SPEED. THE WIND SPEED
REM DATA INPUT IN COMPUTER PROGRAM #13 AND THE WIND
REM POWER SYSTEM DATA INPUT IN COMPUTER PROGRAM #14
REM ARE USED.

REM

LPRINT "WIND SPEED OUTPUT IN KW HRS"

DIM H(44): DIM O(44)

YEAROUT! =0

SPDOUT!=0

OPEN "HOURS" FOR INPUT AS #1

FOR J=0 TO 44

INPUT #1, H(J)

NEXT J

CLOSE #1 |

OPEN "JACOBSOU.T" FOR INPUT AS #1

FOR L=0 TO 44
INPUT #1, O(L)
NEXT L

CLOSE #1

FOR K=0 TO 44

SPDOUT!= H(K) * O(K)

YEAROUT!= YEAROUT! + H(K) * O(K)

LPRINT USING " ## #####444 ";K,SPDOUT!
NEXT K

LPRINT "TOTAL OUTPUT FOR YEAR = "; YEAROUT!
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