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lessons learned from: éarlier Versions.
The Wind Power Book is the end result |

_—— —ofalt this-effort. . o

_of Michael Riordan, the artistic talents-of - -
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The wind power fietd has W|tnessed

~tremendous growth in the.decade since Llr .
“began to write Simplified. | have learned

many new things—virtually all of them
through the efforts of colleagues and
frierids. The most influential colleagues
- have been Dr. 's'Peter Lissaman, Richard
.Schwind, and Ufrnch Hatter. My most.
heTpfuT fnends and associates have been
- Bill Goddard, W.C. Strumpell, Ken’
. Jehnson, and (the Tate) Richard Dehr. All
theft | have learned in these years has
been distilled into The Wind Power Bogk
The book would not be a reality
without the capable editorial assistance

Edward Wong-Ligda, and the graphic
design work: of Linda Goodman. With all

. of this effort, perhaps the most credit

should go to people who made the
endless, tedious contributions to the

L2

" production effort. Certainly the most

important of these contributions has

typed the three versions of the

_manuscript necessary to produ'Ce this |
" book.

I writing this book, | have tried to
reduce complex mathematncs o simple
graphs and arithmetic prg)ems that will
allow innovative people use the
fundamentals an engirieet has available.
Simple examples itUstrate each step in

“the wind- mact»me design process. The .

proach used is Nbt one of exact ;

science, but rathéer one of apprqmmatlon;i-

using the best possible guesses and
estimates. The numbers may not be
exact, but they are usually well within the

-fecessary accuracy. Some peopte will

probably need a few machines "under
their belts” before their calculations
become sufficiently accurate.

As often happens, scme places on
earth are not wel] blessed with wind

RN

energy. Brownsville is one such place.

. . 'My annual average wmdspeed fa||s
come from Helen Ann Park, my wife, who =~

below 8 mph—with an almost
unmeasurable mean power density.
Virtually*no watts-per-square-meter
available. But despite the lack of a useful

~wind resource, | installed a variety of

wind machines at my ranch. Each
summer evening, a fresh, useful breeze

have installed, dismantied, reinstalled
and redismantled have mostly stoqQd as
idle monuments to the wind } wished
were available. | heartily recommend the
field of wind powet'to you with one note
of caution: all the engineering knoWw-how
and the wisdom gleaned from

~ experience just cannot make the

wind blow.

Jack Park
Brownsville, California
January, 1981

~ rises to help the water-pumpers keep my - -
tanks full. The various windchargers |

-
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So you want to desxgn and bulld a wind
power system? Maybe you re tired of paying
ever-increasing electric bills and worried
about the future availability of electricity as
fossilfuels become depleted. Maybe you've
just bought land far away from the nearest
power line and you'd like t0-harness the
wind to pump water for your cattle. Or maybe
youre a New Age entrepreneur who plans
to generate electrical power at several windy
sites and sell it to the utilities. If so. you are
entering the ranks of a growing number of
peopie turning back to one of the oldest
sources of energy and power.

The Egyptians are believed t0 be the

first to make practical use of wind power.

Around 2800 BC. they began to use saiis to
assist the rowing power of slaves. Eventu-

ally. sails assisted their draft animals in such -

tasks as gnnding grain and lifting water-
The Persians began using wind power a
few centuries before Christ, and by 700 AD
they were building vertical-shaft windmilis,
orpangmones, to power their grain-grinding
stones. Other Mideast cyvilizations, most
‘notably the Mosiems. picked up where &
~ Persians feft off and built their cwn p&ne-
mones. Returning Crusaders are thought to
have brought windmill ideas and d{ilgns o
Europe. out it was probably the Dutch who
developed the horizontal-shaft. propellor-
lype windmilis common to the Dutch and
English dpuntrysides Wind and water power
soon becdme the prime sources of mechani-
calenergy in medieval England Durning this
period. the Dutch relied on wind power for

R

Artist's conception of a vertical-axis Persian windmill. By
o macnires ake us were grnding gran in e Middie Eas:

water pumping. gramn grinding and sawmill
operation

Throughout the Middle Ages, technical
improvements continued to occur 1N such
areas as blade aerodynamics. gear design
and the overall design of the windmill. The
olgest European machines were the "post”

00 s .
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100-kW to 300-kW units. The Germans built
100-kW wind generators to provide extra
power for therr utitity lines. But because of
stiff competition from cheap fassil-fuel gen-
erators. these expenmental machines were
eveniua'ly deccmmissioned.

One of the most memorable wind ma-
chines was the Smith-Putnam machine built
near Rutland. Vermont. during the 1940's.
This huge machine "with 175-foot blades
was designed to deliver 1250 kW to the
Vermont power gnd. For a short time 1l
delivereg 1500 kW. But wartime material
shortages and lack of money brought an
end 1o this project after high winds broke
one of the two 8-ton blades.

Its easy to talk of significant design
imaorovements and new uses for wind power,
but very few of the mistakes and disasters
that cccurred along the way appear in the
historical record. Rather. the lessons leared
from these errors have been incorporated
(nto the evolving designs. No doubtthere is
a principle of natura! selection surreptitiously
. _atworkin the area of windmilt design. Teday.

we have cheap electronic calculators, pencll
erasers, and a small number of books avail-
abie tc help us discover our mistakes before
we erect our machines.

If you want to design and construct a
successiul wind power system, you should
pe aware of the vaiuable lesscns learned
from pastsuccesses and failures. The expern- -
ence gleaned from scratched knuckles.

Droken wrenches, holes driled in the wrong Rated at 1250 kilowatts, the giant Smith-Putnam Wind Generator
place and toppled towers is contained in produced efectricity for the Vermont power grid during World War 1.
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line or kerosene generators to charge their
batteries. and the addition of wind power
helped reduce fuel costs and wear-and-tear
on generators. Qut of all this backyard activ-
ity grew the pre-REA windcharger industry.
Some half-million wind systems once existed
in the United Statesralone, but it's not clear
from historical records whether this number
includes the water pumpers aloeng with Ihe
windchargers.

Farmers used wind-generated electricity
to power a radio. one or two lights for reaa-
ing, eventually an electric refrigerator.or a
wringer washing machine, and not much
else. Electric irons for pressing clothes, elec-
tric shavers, and other gadgets built to run
“on direct current appeared, but maost of
these proved unrealistic uses for wind-
generated electric power. In fact, they may
have contributed to the demise of wind elec-
tricity when rural electrification began. Elec-
tric appliances performed much better
on an REA line, which wasnt subject to
dead batteries. "Let's go over 1o thesJoneses,
Pa. They got one of them new power lines.
Maybell says her refrigerator don't defrost
no more!”

Rural electnfication put most windcharg-
ers out of business. In the Micdwest you can
drive for mites on an empty dirt road. follow-
ing a long electric power hine to only one. or
perhaps two. homes at the end of the road.
Leave one road and follow the next. It's the
same story. REA lines were installed and
wind generalors came down. Sears catalogs
touted ail the marvelous gadgels one could

buy and plug into the newly mstalled power
Hne.

Electric stoves, hot curters electric air
conditioners, two or more TV sets—these
aren't very realistic ioads to place on a wind-
charged battery. However, wind power can
contribute to the operation of these devices,
especially if grid power is already doing
part of the job. With such cogeneration
(wind power used together with grid power)
the more wind power available, the iess grid
power needed.

In another application, wind power can

provide heat for warming households, dairy

barn hot water, or just about anything. else

for which heatis used as long as the he«@t is
not needed in a carefully controlled amo“tu\nit.
This wind heating concept is calied_the
wind furnace, and it's one of our most usetul

applications of wind power. Wind furnaces
can use wind-generated electricity to pro- -

duce the heat, orthey can cenvert mechani-
cal power into heat directly.

Energy Budgets

4

Wind machine design must begin with a
realistic assessment of energy needs and
avallable wind resources. When confronted
oy Inexperienced people observing my wind
machine, I'm most often asked, "Will it power
my house?” Taking this question to 11s most
outrageous extreme, I'm cften tempted to
reply, “Just how fast would you like your
house to go”?” But usually. | just ask. "How
much power do you need at your house?”

Pt

A windcharger of the 1830's. Hundareds of thou-
sanas of midwestern Amencan farm homes were

powered Dy the wind betore ulity

stalled by the REA

hnes

were in-
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g = \
"A clear drsrmcnon must be made between
energy and pow@r—%wo different byt closely

~elgled quantities: .Brielly, pawer (s tfig rate at

“which energy is extracted, hmnesg&d con-

i

energy per unit time, or ﬁ‘“} -
oo
- Energy.
+ Power = *ﬁ"iﬂgL .
Time

entities is:
Energy = Power X Time .
The amount of energy exa‘rac{ed Or con- A

time. For example, a typical light bulb draws
100 watts of electrical power. One wait (1 W)
is the basic unit of power in the metric
system. Leave the light bulb on for two -
hours, and it will consume 200 watt-hours
{100 watlts times 2 hours equals 200 watt-
hours, or 200 Wh). Leave it on for ten hows ™
and it consumes 1,000 watthours, & one
" kilowaltt-hiour (1 kWh), the more r‘armhar mMnC
umt of energy.. s C
. in the English sys!em enerqy is measurcd
. vfoat-pounds, British Thermal Upits, ahd,a
" host bl other units that don’t concern us
* _here. One foot-pound (1 ft-ib) 15 the amount
of mechanical energy needed to ralse one
pound one foot high. One British Thermal
Unit {1 Btu) is the amount of thermal energy
needed to heat one pound of waler 1 F.
Power is most often measured in horsepower
and in Btu per hour. One horsepower (1 hp)
1S the power required to raise a 550-pound
werght one fool 1 one second.

foot- pounds

550
N sr‘r*on(!

I horsepower =

;nergy and Pgwer ;

- verted or consumed: Hequals jhe’ﬁmoym ot

An equivalent relation between these three '

sumed is therefore proportional to the elapsed.

¥

Note that the units of power are expressed in

units ot energy per fime, as ong would expect.

Conversions between metric and i—nghsh
units require that you know a few conversion
faclors. For exampie, ne horsepower equals
746 walls, and orfe kdowau hour is equaf o
3,413 Btu. Thus, .

100 '
100 watts = “S4E hq 0.134 hp,
10, OOO ....
10,000 Blu = RVIER _ka 293 kWh .

Many more conversion factors are presented
in Appendix 1.2, along with a brief explana-
tion of how to use them. '
Rarely is it ever a simple task to estimate
the wind energy available at a particular site;
the windspeed s constantly changing. During

-one minute, 300 watts of power may be
generated by a windmull, or 300 walt-minutes

ol energy (which equals 5 Wh). During the
next minute the wind may die and you get  °
absolutely no energy or power lrom the

machine. The power output rs‘constantiy -

changing with the windspeed, and the

"+ accumulaféd wind energy 1s- mc.r@asmg with -
“time. Fhe wind energy exlracted by the
_maehing is rhe summation or total of all the

minute-by- mmuré‘ (or whatever other time
interval you care to use) energy- contribu-
tions. For example, if thére'are 30 miputes
during-a particular hour when the windmifl is
generating 5 Wh ard another 30 minules
when there 1s no energy gengrated, rhon the
machine generates 150 Wh (5 » 30 = 150)
of wind encrgy If there are 24 such h()um a

day, then 3600 Wh or 36 kWh are qmwrdrvd ,_

that Udy’

"

'

*

- Blank stares; mwnmedﬁ@ﬂfusmn some=
trmes ignorant silence follows. T#‘ien, “Well,
will.it-power the average house?®
Apparently many people would hke to
_install a $1,000 wind machine and "swilch
off" ‘good. Dld Eddison. This is a fantasy I

s L;,m|ghl be reasonable to use the wind tg

. pbwer your house: tfold Edizon is a $30, 000 .
_power line. away from your new counlry
‘home, but most end uses for wind power
will be somewhal less extravagant.

A successful wind power system begins
with a good understanding of the intended
application. For example, should you decid
that water pumping is the planned use,you
must determine how high the water must be
lifted and how fast the water must rlow to suit
your needs. The force of the wind flowing

through the blades of a windmiill acts.on.a -

water pump to lift water. The weight of the
water being lifted and the speed at which
the water flows determine the -power that -

must be delwered to.the pump system. A
~deeper well meéans.a heavier load of water;

“speeding up the flow’ mean$ more water [
be lifted per second They both mean more

' power requwed to do the job, or a Iarger
load.

This concept of load is crucial to the
understanding of wind power. Imagine that
Instead ot usmg a windmill you are tugging
on a rope to lift a bucket of water from the
well. This lifting creales a load on your body.
Your metabolic process must convert stored
chemmal energy o mechanical energy; the
rate at wh|ch your body expends this mechan-

1
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ical energy is the power you are producmg
The weight (in-pounds) of the bucket and
the rate (in feet per second) at which you are
lifting it combine to define the power (in foot-
pounds per .second) produced. How long
you continue to produce that power deter-
mines the total amount of mechamca| energy
you have produced.

The kind of application you have in mind
pretty clearly defines the load you will place
on your wind power system. Knowing some-
thing about that load will allow you to plan

an energy budget. “What the #$%&," you

- ask, “is an energy budget?" Lets explain it
with an analogy. When you collect your
paycheck, you have a fixed @mount of money

1o spend. You probably have a budget that

allocates pertions of your money to each of
the Several bills you need to pay. Hopefully,
something is left over for savings, a few

beers, or whatever else you fancy. Energy

should be managed.the same way, and if
you live with wind power for very Iéng, you'll
- s00n set up an energy. budget ' o

Setting up an. energy budget mvolves
“estimating, calculating, Qr,aotually measur--

ing the energy you need for the specific
tasks you have in mind. If you plan to run
some electric lights, you must estimate how

many. howlong, and at what wattage. If you

plaa’ to run a radio for three®hours each
“evening, you'll have to add that amount of
electrical energy to your budget. If you want
to pump water, you should start with esti-
mates of how much water you need per day
and-calculate how much energy is required

{

b
to pump that much water from your well into
the storage tank.

Wind furnaces require that you calcu-
late the amount of ‘heat needed. In some
cases, you only need to: ‘calculate the heat
needed to replace the heat\lost from your
house when it's windy. Such a system works
only when it's needed. Your energy budget

will now be in heat units—probably British.

Thermal. Units (Btu), which can easily be

converted to horsepower-hours (hph) or kilo-
watt hours (kWhj—energy units more familiar
to wind machine designers.

Your utility bills and the equipment you

already own will help define your energy ,

needs. For example, average electrical energy
consumption in U.S. residences is around
750 kWh per month, or about one kilowatt-
hour per hour. Or, more specifically, most
residential well pumps are rated at one to
three horsepower. You can easily determine

. how long your pump runs and arrive at the _
“total energy required per day, per week, or ¥ '/
~ per month. In shon, you really need to get a
_handle on your-energy-needs .before yo"u'
can proceed to the demgn of.a wmd power .

system.

‘Wind Resources

You will also need to determine your
energy paycheck. There are two possible
approaches: (1) Go to the site where you
intend to install the wind machine and
analyzé the wind resource, or (2) go search-

ap

i
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Energy and power are derived from the- wind
by making use of the force it exerts on solid
objects, pushing them along. Buildings
designed to stand still against this force ”

-extract very hittle energy from the wind. But
~windmill blades are designed to-move in

response to this force, and wind machines
can extract a substantial portion of the

[genergy and power available.

The wind energy avaifable in a unit velume
{one cubic foot or one cubic meter) of air
depends only upon the air density. p {Greek
“rho"} and the instantanecus windspeed V.

- This “kinetic energy” of the air in motion is.

given by the formula:

kinetic energy
<Unit volume

= Vz.Xp,X Ve

. To fmd z‘h\{e kinetic energy in a particular

vofume cq'*azr you just muitiply by that volume.
The vofqu of air that passes through an
imaginary surface—say the disk swept out by
a horizontal-axis windmill—oriented at right
angles to the wind direction is equal to:

Volume = A X VX t,
Ais the area (in square feet or square

meters) of the surface in question. Thus, the
wind energy that flows through rhe surface

i during time t isqust:

Avar'fabr’e Energy =B XpXVIXAXL.

5 Wind power is rhe amount of energy which

flows through the surface per unit time, and
Is calculated by dividing the wind energy by
the elapsed Bme ¢ Thus, the wind power
available under the same conditiqns as above

tis the efépsed time {in segonds) and -

i

N

- Wind Energy and Wind Power
Is-giveén bythe formula
Available Power =% X p X VI X A

Both energy and power arg proportional to
the cube of the windspeed.

If all the available wind power working
against a windmilFrotor could be harvested
by the moving blades, this formula could be
used fjfrecrfy to calculate the power extracted.
But getting such an outpuyl would require
that you stop the wind dead in its_tracks and
extract every last erg of its kinetic energy. |
This is an impossible task. Some non-zero.”
windspeed must occur downstream of the <

blades to carry away the incoming air, wm'cﬁ‘\-.x_ f

would otherwise pile up. Under ideal condi-
tions, the maximum power that can be
extracted from the wind is only 59.3 percent
of the power availabls, or

5

0.593

IR
5 Xp X VXA,

Maximum Power =

In practice, a wind machine extracts sub-
stantially less power than this maximum. For
example, the windmill rotor itself may capture

only 70 percent of maximum power. Bearings

will lose another few percent to friction;
generators, gears, and other rotating machin-
ery can lose half of whatever power rermains.
Pushrods, - wires, batteries and monitoring
devices will lose still more. The overall “system”
efficiency of the entire wind machine is the
fraction of the wind power available that is
actually delivered to a load or to a storage
device: '

Eficians * Power Delivered
'™ “Available Power

-~

USRS s palet

Thus, the power extracted by a particular
wind machine with system efficiency £ is
given by the formufa

Extracted Power = % X p X \./3 XAXE..

- -The final output of a wind macmne is greatly

reduced from the power that is really avail-
able in the wind. In practice, values of £
commonly range from 0.10 to 0.50, although
higher and lower values are possible

One more factor.is needed before the
formula above can be uséd in your calcula-
tions—a conversion factor that makes the
answer come out in the appropriate power
units, whether metric or English. The chart
presented here gives the necessary values
of this factor, K, which adjusts the calculation,

‘ S0 that the result is expressed in horsepower,

“waltts or kilowatts. The final formula com-
bines everything se far presented:

Power = ¥ X p X V¥ X AX E X K (Eq. 1) .
This IS a véry important formula—perhaps

the most important in this book. The remain-
ing chapters help you to obtain the various

_ factors needed to use this formu!a in your

des:gmgrocedure

i

[ Wind Power Conversion Factors

- Values of K to get wind power in:

For:" ) Horsepower | Watts Kilowatts
Vi apaed I on 000578 | 4.31 | 0.00431
iy e B 0697 520 | 0520
indspecdnmelersieec | oooras | 138 [ 0coras
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ing. fo,Qhe best wind site you can find. The
former approach is more direct. You-own
some propernty, there is only one clear spot,
and that's where the tower wilt be planted,
_along with your hopes for a successful proj-
ect. The latter approach offers more avenues
for refinements and better chances for suc-
cess. In any event, the larger the paycheck;
the less strain on your energy budget—the
smaller and less efficient a windmill neede
to be. ‘
in either approach you need to measure,
estimate or predict how much wind you can
expect at your chosen site. I've talked with
folks who claimed to be wind witchers, pos-
- sessing the abilily to use a wet index finger
and predict the windspeed with great accu-
racy. I'vé taltked-with people who installed .
wind generators back in the days before

rural electrification. Most of these machines

."""We{e installed in areas now known to be
quite windy, with average windspeeds of 14
-to 16 miles per hour (mph). When asked,

these folks almost always guessed that the

wind averaged 30 mph or more. Those old
windchargers were installed haphazardly.
“Heck, anywhere you stick one, it will work
just fine.” |

Once you have estabhshed an energy
budget, you have effectively established.a
standard for the performance of yout wind
power system. That puts you in a different
league than the pre-REA folks. Your system

will be good if it meets the energy budget. -

Theirs was good because it was all they
had. Your site analysis should be careful -

and conservative. If it is, the wind system
you plan will probably serve its purpose. It
not, you'll have to be happy with what you.
get, just like the folks before the REA. As you
gain familiarity with your system, you might

learn how to save a little power for later. Or
maybe you'll build a larger wind machine
because you-like wind power so much.
From an engineering standpoint, the
available wind power is proportional to the
cube of the windspeed. Put another way, i
the windspeed doubles, you can get eight
times the wind power from it—unless the
tower collapses. If you are off by a factor of

#wo on your windspeed estimate, you'll be

off by a factor of eight on the power you
think is coming to you. Remember those
farmers who guessed their average wind-

speed to be 30 mph, although it's been-
—measured at around 15 mph. A factor of two.

Folks who have lived inean area for a
long time can ueLJaIIy tell you what seasons

are windy and the direction -of the wind

during those seasons. But theyre not very
good at estimating windspeeds. You'll have
to measure the windspeed yourself, or use
some accurate methods to estimate it.

System Design

Once you'have established your energy
budget and collected adequate wind re-
source data, you can begin the task of sys-
tem design. Whether you intend to design
and build the windmill yourself, assemble
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Wind power extracted by typical rotors with dif-
ferent diameters (D, in feet). An overall efficiency of
30 percent was used 1o calculate these curves.




An American Farm Windmili and water stordge
tank. Systems like this pumped water for the first
rasrcads 1o cross the United States; farmers st use
them throughcut the world. -
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one from a kit, or buy one off the shelf, these
are necessary preliminaries. Too often,
designers disregard energy budget and site

~analysis. Instead, they make arm-waving

- the best wind machines on today's market

assumptions on the use of the wind machine,
where it might be installed, and use other
criteria like cost as the design goal. Some of

have been designed this way, but it's very
important to realize that most manufacturers

~ of mass-produced wind machings have left

the tasks of energy budget and site analysis
up lo the buyer. The information provided in
later chapters will help you make these
analyses before you select a factory-built

~wind machine suited to your needs or set

about designing and building your own
system.

A thorough energy budget;should tell
you something about the time of day, week,
or month when you need certain amounts of
energy and power. For example, if every-
body in your house rises at the same time
each morning, your electric lights, hot curlers,

coffee pot, TV set, toaster, stove, hot water

heater and room heaters probably become
activét all at once. An enormous surge in

electricity use occuUrs—the same problem-

Edison has. Their generators idle along all
night doing virtually nothing until everybody
wakes up at once. If you had a wind-electric

- system, it would be really nice if the wind at

ur site were strongest when the loads on

‘jﬂ;e system were the greatest. Chances are

vefy great, however, that your loads don't

’winmde with the wind. Hence, you can

installations. Cogeneration allows you to

pressed air can then power a small genera-
‘tor size for your loads, as well as provide

‘small hydroelectric turbine will. produce _
—-efectricity as yoU need it. Tn fact, you might

‘burn the toast! There are as many possibili-

either try to synchronize your loads with the
wind or store wind-generated energy until
you need it.

The methods of energy storage are
legion, butonly a few are practical. If wind is
being used to pump water, your energy
storage might be a familiar old redwood
water tank. Electrical storage has tradition-
ally taken the form of batteries—still the
most reasonable means of storage in many

send wind-generated electricity out to utility
lines {running the meter backward) when
you don't need it all. In effect, ‘old Edison
becomes the energy storage for the wind
system,

There are a number of exotic ways one
might choose to store excess wind energy.
You might dynamite an enormous mine
under your house and pump it up with air
from a wind-powered compressor. This com-

aeration for the tropical fish tank. |f you own
enough land, you can bulldoze a large lake
and pump water up to it with wind power. A

sink two telephone poles out in the yard-
and use a wind-powered motor to power a
hoist, ||ft|ng a '56 Oldsmobile up to 100 _—
feet. As it descends, the motor that lifted it
becomes a generator. Such a mechanism
could provide you with 500 watts of electriCity
for about 15 minutes—maybe enough to
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ties for energy storage as there are crackpot,
—={inventors around, and some of these possi-

bilities are just as crazy.

~ Some systems provide. energy storage’
. as an inherent part of the design. The wind

furnace, where wind power is being used

~ exclusively to produce heat, is a good exam-

ple. Heat storage is ehergy storage—you
may store energy by heating water, rocks or
a large building with the excess heat. But
probably you will be heating with wind
power when you need heat the most. Wind
“chill can draw heat from ,a house -much
more quickly than occurs under no-wind
conditions. So little, if any, storage would be
necessary But for most applications, some
energy storage is mandatory.

Wind system design is a process of bal-
ancing energy needs against wind energy
aV'ailability Besides picking a good site and

you have to selecta sustable storage system

plan all wiring or plumbing, build a tower,

support it with guy wires, and get building
-permits and neighbor approval. This design
- process can be conveniently summarized
in the accompanying flow chart. To foliow
this chart, you start where it seems appropri-
ate and follow the arrows, completing the
task in each box before proceeding to the
next. This book is organized to help you use
this flow chart in your design process.

Whether you intend to design and buildthe. .
" gntire system or just assemble it from factory—

built parts, this book will help you achieve a
wind power system worthy of your efforts.

-~
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'"-\-:.,_‘\supply 100 percent of user energy needs. .
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wWind ;.JUW(:.'! nas a bl..ilplib:l"gly wide range
of applications. Dairies, apple growers, hog
farms, schools, electronic telemetry users,

T S

and ti‘lc&ll'y Iu'[dl NOME OWNETS are examining
their resources and needs and trying to
- balance them in their wind system designs.
But i Ib‘w', it dily, of these. aymclub will ever
Marnessing the wind to supply anywhere
from 251075 percent of designated energy
needs is a more reasonable expectation. -

Different applications require different

wmd system geometries (including design,

mgtenats and lmplememanon) For exampie,
1o pump water or compress air you'll need
lots of torque produced by a rotor with high
total biade suriace area operating at iow
rom. lyou want to generate electricity, how-
" ever;you'll need just the opposite—a low-

‘torque system with iow biade surface area

that spins very fast. . - -
Remember thata “mix” of energy sources
is.available to the modern wind-energy user.
. Priortorural electrificaﬁon-,'ftarm‘ers charged
their dead batteries with a gas or kerosene

- generator. Or they.carted them to town tode -
recharged at a repair shop while an after-
‘noon was spent “out on the town.” Today's

energy mix means that a wind-energy user
‘can supplement wind power with many
‘other sources. Jumper cables from the family

~ 77 T auto-will-boost-a-12=volt battery bank. A

gasoline,-kerosene, or dlesel generator or
even the iutility lines are typlcal back-up

. energy sources for today’s wind systems.
Asyou study and use the information in

, YOu ver-tne many ways :
which the desired applic cation determmsksf/
the system design.n this chaptér, various
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some cogent experiences. Fn:st we'll look at
a wind-powered water pump that uses fabric
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machines that have pumpea water for
centuries. .

A’Sail-Wing Water-Pumper |

John WeIIeS IS an inventive tinkerer who
has installed a number. of wind-powered

water-pumping systemsaround Northern — »-

California. in 1977, John icaded a *“saii-
wing” wind machine into the back of his 0
Volkswagen Beetle and delivered it to my
ranch. We set it up in only two days.

Water is available at this site from an
artesian spring close to the surface; it does
not need to be raised from deep in the

‘ground: Wind power supplies the pressure

needed to transport that water along 300
feetof plastic pipe and up 2 feet of elevation
to a stock-water tank used as a reservoir for
a small goat dairy and a trickle irrigation
system for the organic gardens at the ranch.
Much of this water pressure occurs because
friction .forces work against water flowing

~ swiftly through a long water pipe. This friction

back-pressure. is referred to as the friction
head. The total power the wind pump must
generate is based on the total height water
must be lifted (in this case only a few feet),
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Installation of a saikwing rotor at the Park ranch in California. This
16-foot diameter rotorwas. eventually replaced by a larger-version.

the friction head, and the rate at which the
water flows.

The design of this sail-wing windmill
evolved from a notion that only hardware

store componeénts and materials would be

used. The entire rotor, support structure,
and pump are made from iron and plastic
plumBing components. The sail spars are
made from electncai conduit tubing. And
the “tower’ is a redwood fence post. W|th
clothesline-cable guy wires,

Or:g’ﬁélly the three sails- spanned a

diameter of 16 feet, but they now span 20
feet. In water pumping systems, the wind
rotor {blades, hub and powershaft must statt

turning under wind power against a heavy
load of water. Rotor design for this type of

load usually calls for a fairly large total

blade surface area. This is why the familiar

farm water-pumper has so many blades—it- - -

needs high starting torque. The term for the
ratio bf blade area to frontal area is solidity.
The more blade surface area, the more “solid”
the frontal area. The sail-wing machine at
my ranch has few blades—or a small blade
area relative to the large frontal area of the
entire three-bladed rotor.-Hence, it doesn't
have much starting torque; fortunately,

doesn need much because it only lifts
water a few'feet. With the 16-foot diameter
rotor, the machine began pumping when
the windspeed reached about 10 mph. The
larger- diameter rotor lowered this "cut-in
windspeed" to abgut 7 mph. More blade

~area means higher starting torque and a

lower cut-in windspeed. Extra area can be

M“—l-—-ﬂ
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* added by sewing wider sails or by adding
more sails simifar to those alréady installed.
“More blade area, however, means greater .
* . . loads on the guy wires or cables that sup- "~
g 4 - portthe tower, because there is more surface ;
RN area for the wind'to push against.
" Sail shape alsoplays an important role
. in determining the ability of the wind machine
. to pump water. These sails billow and flap

- [mpossnble to aohleve perfechon in sail
. desidn, but governmentand private research
_ - programs are exploring windmill sallde5|gns s
I . to improve performance.
: *  Thesails on therig at my ranch are sewn
from sailboat-quality dacron cloth’ although
© canvas or other raterials could be used:

v ~ Ddcron is lightweight ahd very strong. It's
- alsoone of the few fabrics that can lasta few
| - +oyearsinan’ ex‘creme outdoor climate. Freezing

S ey ¥ weather and stfong-sunlight. combine to
" ‘destrdy 'the fabric eventually, but it 1asts
long enough to make a sail machine worth-
while. Screendoor springs connected to the
sails hold them taut for normal operation.
‘These springs stretch under sail loads
imposed by high winds, allowing the sails to
“luff,” or:flap, out of the wind. This simple
“governor” protécts the sails from damage.
Because the governor lessens the sail loads,
tension loads in the guy wires that support
the tower remain low enough during high
winds that short stakes such as goat-tether
stakes are adequate for tie posts. |
-A-simple crankshaft translates rotary

The sail-wing ‘machine in actlon pumplng water from an aﬂes&an
&bfade maotion into the u;}down stroke needed well close to ground level.

" En
3 i
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Sucker rod and water purmp used with the sail-
wing. The sucker rod pushes down on leather pump
_ Seals. drving a pulsing stream of -water into the
plastic pipe at rear.
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to drive-a water pump. This pump, a piston 3
inches in diameter with leather pump seals,
IS a “single-acting” pump. That is, it pumps
only on the down stroke. This pump pushes
water into the pipe in pulsing streams. How-
ever, peak water flow rates can be too fast

"for efficient operation. The faster that water
- flows in a pipe, the higher the friction and
the resulting back-pressure against the
~.pump. By installing a surge chamber (a~

simple tank with trapped air) in the water
line near the pump, we created an air space
where strong water pressure pulses could
expand and slow down the peak flow rate.
More continuous water flow resulted, and
more water was pumped because of im-
proved pump performance.

This sail-wing water-pumper has worked
well for over a year, with only minor problems
associated with the realities of a do-it-yourself
system. For _example; the' 300-foot plastic
water pipe was not buried at first, and when-

. ever a horse stepped on the flexible poly-
ethylerie, a water lock was created that

stopped the pump. Occasionally this occurred
daring high winds and broke a “"sucker
rod"—the lang, thin tube that connects the
crankshaft to the pump. Solutions included
a stronger sucker rod-and—finally—burying
the water pipe.

Performance has been adequale. The
pumped water per week. The wind resoutce
at the site is minimal, about 8 mph annual

-.average, but evening breezes of about

11 mph drive this sail machine long encugh

to keep the stock full. ., »

This sail-wing waterrpumper can be
readily adapted to many sites: With deeper
water, however, more sail area would be
required to provide the necessary starting
torque. The reliability of such a machine is
directly related to the amount of care you
putinto the project and the time you devote
to solving its early problems. oy

-

' The Old Farm Water-Pumper

A glant step up from a simple, homemade
waterﬂpuﬂmper is the old muitiblade pumper
stifl availabte, today—new or recycled. Such
machines have been in use since about
1860. Dozens of them can still be seen in-
windy areas. This rﬂachme is often called
“Ole Reliable.” It ]ust keeps on pumping
even though the owneér may not perform any
maintenance for several years. One farmer |
talked with hadn't checked the oil level in
his machine for 25 years! It's not surprising
that most of the problems with these ma-
chines are caused by lack of owner care.

The process oferecting such a machine
starts with collecting all the pieces neces-
sary for complete installation. When you
buy an old machine, and occasionally when

/you buy a new one, some parts are likely to
be missing. Don't try to fake it. You need all
the parts. Leave one bolt out and the whole
contraption is apt to end up on the ground!

Laying the féundation is followed by
tower erection. Here, there are two schools
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== unsupported tower parts ‘atop a pamally

A
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of thought in the wind industry. In the first,
you assemble the tower on the ground and -
__filt it up. In the second, you assembje the
tower from the ground up. Both wayswork,

and the method you choose will probably
depend on the site. If you have lots of room

for the machinery necessary to tilt up a
tower, that's the easier way to go. f not, you
can erect the tower straight ap, but itll be
more difficult because of havmg to handle

‘assembled tower. Either way, the tower must
be absolutely vertical. Otherwise, the wind- |
mill, which rotates about a folly, or yaw, axis -
(the vertical shaft that allows the windmill to
change its dxrectnorn) wnH not aim prdperly
~intothewind.. . -

There are severai ways to hoist a Wlnd
machine aloftr.a You can do 1t*t‘3_§ usmg-a--. __
block-and-tackle at the top of the tower. You
can eﬂﬁy—i{-ue piece by piece—net-much-—
~.fun, but a lot of exercise. Or you can lift 1t up
with’ a“fa;ge crane or hoist. |

Next you il needio install the suckerrdd
whieh drives the fell pummn Hs. _up down
motion. Traditionally sucker rods have been
made of stee! or wood. Wind blows against
theee long, slender rods and causes themto
bend. When the cyclic, tension- CompreSSIon
/" loafs of the pump and wind rotor are added
they can buckle or break.

‘Pumps are pistons that slide along inside

metal or plastic pipe, pulling water in through

: % i G . The reconditioned water-pumper at the Park rameh
4 od&way footvalve” and pushing it through was carried aloft piece by piece and reassembled
a pipe o the surface. Usually pumps are at the top of the tower. "

installied deep in the ground. Mine is 60 feet




“With a diameter of 8 feet, this wind machine can lift about 500 galions of
water per hour in a 15 mph wind.

4=

down, some are as deep as several thousand
feet. Unfortunately, dirt plays havoc with
pump seals and wears them out. As you
might suspect, the major maintenance re-
quired by water-pumping windmills is pump

" overhaul and-sucker rod replacement. One

Montana f a!rmer who owns several hundred
of these machines has a work crew whose
only job is to overhaul a different pump
each week..

The multiblade water-pum perat myran Chi

is 8 feetin diameter. Ina 15 mph wind, it can
liftabout 500 gallons per hour (gph) from 60
feet below ground level, The well tested at
600 gph when it was bored SO thlsfwater—
pumper probably won't run the well dry. Its
task is to fill two 400-gallon tanks—one
tank every week and the other once per
month. Hence, it needs to'pump about 2,000
gallons per month. Some months are windy
enough; others are not. Thus, a gasoline-
powered well pump was Installed in the
same bore hole as the wind-powered pump.
This back-up pump can be started whenever
a storage tank runs dry and no wind is
blowing.

This instaltation illustrates allof the ele-

ments of a complete wind system. It hae a

wind energy converter—the “windwheel,"

rotor—that converts the kinetic' energy, or
force, of the Wmd into rptary torgque in a
powershatt. A crankshaft converts that rotary
motion into up-down, or reciprocating, pump
motion. A sucker rod transters this up-down
mohon down the tower and mto the ground

from the weH to two storage tanks. And a-

back-up gasoline-powered pump provides ﬂ
power when water needs exceed the capa- ¢

bll|t|es§5‘rthe wind resource

Wind-Electric Systems

Apartfrom water-pumping Windmifls,(and
European grain-grinders), windchargers were

The Wind Power Book
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power Atypical windcharger/battery system
of-the 1930's consisted of a three-bladed
wind generator—mounted atop a 50-foot

steel tower—that charged a bank of nickel- o

iron or lead-acid batteries. Often the batlew’es
were also charged by a back-up.. geherator
powered by gasoline or keroséne.

_Early loads incluﬂe{radio sets and
lights—loads operating at 32 volts. Just
before the erset of rural electrification, 110-
é%w-m’a systems became plentiful. As

gmand for convenience items rose, farmers
added more batterigs to their storage banks

and occasionally upgraded to larger wind

-generators. They added 32-voltdirectcurrent
(DC) wringer washers, laundry irons, refrig--

erators freezers, and electric razors to the
list of loads. The use of wind-generated
power grew atindividual installations to such
.an extent that farmers were “ready” for rural
electrification when it came along offering
“all the power you want.” .

Perhaps the most successful wind gen-

.. erator built during this era was the JacoDbs.

During the late 1930:5 ‘this- machine, and

‘company, became the sole proprietorship
of thé now famous Marcellus Jacobs, a
creative salesman who was able to market
the wark of his mventlve brother. Indeed,
many owners of other wm@ machmes even-
“tually switched to a Jacobs.

Several Jacobs models were available,
ranging from about 1,800 watts to 3,000
watts output. A typical 3,000-watt (3 kW)
machine had three wooden blades and a

P 31
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Close-up view of an old Jacobs win?ﬂ"generator.
With wooden blades and a rotor diameter of 14 feet,

this medel generated up to 3,000 watls of electnc
power. :

.

3

rotor diameter of about 14 feet. The three-
bladed rotor and airfoil blade design pro-
vided the low solidity and high rpm required
_ to_generate electrisity, Its maximum output

power occurred at a windspeed of 27 mph.
These machines were installed along the
East Coast of the United States and in large
numbers in the American Midwest—the
Dakotas, Montana, Wyoming, and south-
ward. After REA penetratidn, many of them
were transplanted to parts of southern

A recycled Jacobs in action at Windworks in
Mukwonaga, Wisconsin. Many of these machines
have been reconditioned and are now progucing
electricity at remote sites. .

. _
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Fiberglass-bladed rotor being tested on the back of a pickup truck. Wind
machines are usually tested, often to compiete destruction, before final designs
are ready.
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Canada not'yet served by power lines. Some
Montana installations were still in- use as
late as 1959. Rebuilt versions of this machine

[ e

are available today, but the supply of re-

buildable machines is dwindling rapidly.
Early wind machines, the Jacobs in-

cluded, had problems that required solutions.

Many machines flew apart as a result of

stresses induced by centrifugal force. Gov-

ernors of all types were invented, tried, and
patented. Large wind companies bought
out smaller ones to get patents they wanted.

- «:¢"Generators, gear boxes, and blades of all

sorts were developed. Some failed, some
survived. While water-pumpers were being
built much the same as their turn-of-the
century predecessors, wind generators were

‘modern, glamorous ¢reations that served”

the needs of convenience. With rural electri-
fication, however, convenience flourished,
and wind-powered farm homes virtually
disappeared. '

-

Evolution of a Wind-Electric System

My own ventures into‘wind energy began
with an avid desire to use surplus helicopter
rotor blades for electricity production. In the
late 1960's and early 1970’s, there was no
wind-energy literature available in the county
library, so | set about deriving the various
aerodynamic equations needed to design a
good windmill,

My first blades were constructed with a
2-inch aluminum tube as the main lcad-

sl
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carrying spar, with a fiberglass skin rivetted

and epoxy-bonded in place around this:

spar. This skin was laminated with polyester
resin over a shaped male plug mold-and

removed from the plug after the resin cured.
- Ribs were sawed from half-inch-thick ply-

wood to close each end. The result was a
6-foot long blade that weighed 8 pounds.
But the first windmill, tested on the back

" of my pickup truck to simulate a wind tunnel,

was a disaster. The fiberglass-bladed rotor
would not spin fast enough to cause a gen-

erator—evenwitha 's;p'e'ed-‘up transmission—
to kick in and start.charging the batteries.
The blade design had too much twist (spiral

turn). In a twisted blade, the airfoil at thé root
end {closest to the center of the rotor) points
more into the wind than the airfoil at the tip
of the blade. Because of the excessive twist
in my first blades, the root end of each blade
was acting like a giantairbrake and prevent-
ing the rotor from reaching -the necessary
rpm. _

The dessons learned from that first rotor

~design caused me to re-evaluate my bilade-

design equations. The new equations are
the basis for many of the calculations,dis-

cussed insthis book; they correct the over-
twist of my first blades and produce blade

designs that are efficient and easy to build.
| also tried a different method of blade

‘construction that eliminated the need fo mix
- . . . \_‘-—_ '
-resin and laminate fiberglass. Because it

offers a smoother surface and less air friction,
I chose aluminum for the skin of my next
blades. But unfortunately-sheet aluminum

L3

The second in a series of experimental rotors being readied for a test run. To
lower the arr friction. this rotor used sheet aluminium instead of iberglass for the blade
skins. o '

e
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doesn't like to be shaped or curved in-more’
than one direction ata time. Thus, the normal
airfoil-shaped curvature of the blade threat-
ened to eliminate blade twist because twisting

poynd curvature—skin curved several ways
at once. | could only twist my blade. 6
degrees from end to end without buckling
the  skin. That's not very much. With a little
more blade twist, the new rotor wouldn't
- have taken so long to start spinning.
Electric generators don't produle cur-
rent until they are spinning ata high rpm. My
first rotor developed strong starting torque
because of the large amount of twist, but
could not spin fast enough to po»«@c a gen-
- erator. The secend rotor had less twist and
was built with a sheet aluminum skin that
was muéh smooth@r than the earlier fiber-
glass skin. Because of the reduced twist,
.the second rotor was a bit slower to start
spinning, but ence it got going it began to
spin really fast—as high as 400 rpm. The
improved pérformance was a direct result of
opnmlzmg the ‘blade, design and lowering
fhe-surface friction.
tigh-Speed operation requires the use
sgood governor to keep the blade rpm
hin structural limits. The first governor |
iSed was. acombination of drag brakes and
a flexible hub. The drag brakes; or- ﬂaps
were designed to extend from-the blade tips.
whenever rotor rpm was high enough for

Drag brakes used as a govemnor on a small
fiberglass-bladed rotor. At high rotor rpm, these
flaps. extend out from the  biade tips, slowmg the

rofation speed and preotecting the rotor. .
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spoilerweight (inertia plus Centrlfugaﬁorce) .

to overcome the tension of a prestretched
spring inside the blade. And the flexible,

-

 an already curved skin would demand com-

spf'i'ng-loaded hub permitted the blades to
form.a cone in the downwind direction. This .
reduced the rotor frontal area, thereby

reducing power and rotary speed. Proper

governor design requires that all blades
behave the same. All drag brakes should be
interconnected so they operate together. If
they dont, severe vibration will setin. iInmy— — ——

" system, severe vibration did set in, but the

free-coning hub wagked well and will be

used again in future machines. ‘
The next governor | tested used flyballs Y

(lead weights) that were rigidly attached to -

each blade,near the hub in such a way that

they wouldimove into the plane ot rotation
- when'the rpom became excessive. The blades

would then feather—point.directly into the -
wind—and rpm would_ decrease. This “fly
ball governor” worked fine and is still be;ng
used today. A certain amount of “tuning’is
necessary; flyball weights and springs need
to be changed around by trial and error for
optimum performance. In some-cases a
dampener similar to an automotive shock
absorber might be necessary to adjust the
rate at which the flyball governor works. In
any case, my experience with several dozen
variations of blades, governors, and gener-
ators shows that a governoris always neces-

sary 1o keep the rotor spinning within its

intended operating range.
Rotors .and generators need 1o be‘
matched to. each other. For example, a

_typical rotor might be designed to spin at

300 rpm in a 20 mph wind, but most genera-
tors need to,spin much faster than 300 rpm;

Bl
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“hence, a speed-up transmission 1s usually
needed—-unlessﬂhefgenerator is a low-
speed, very heavy unit borrowed from an
old ‘Jacobs machine and specifically de-
Slgned to spin at the shme speed as the
“rotor. \-_

My early machines used automotlve al-
ternators that needed 2,500 rpm to generate
full output. The first transmlégs:on was a chain
drive bought at a go-caft shop. Chains,
sprockets and‘bearmgs-of all sorts are
readily available at such places or at tractor
and agricultural machineryshops. However,
chains tend to be nhoisy, shiort-lived, and
require frequent service.

The next transmission | tried was a 3-
inch wide toothed belt with a 3:1 speed-up
ratio followed by a second, narrower belt
with another 3:1 ratio-for a 9:1 total speed-

.up. Thus, 300 rpm at the rotor résulted in

2,700 rpm at the glternator. This transmis-
sion worked well. However, it is complex,
requiring careful alignment and tensioning

of the belts. tis also very.heavy (because of

the steel pulieys) and expensive if bought

‘new. The final transmission | used was a

gear box—actually an industrial speed re-
ducer. |n a windmill we run it backwards as
a speed increaser. Such gearboxes are avail-
able at bearing, chain, and pulley houses
under any of several brand names. They are
heavy, cheap and reliable. Best of all, you
don't need to fiddle with them, just change
the oil. ;
During any do-it-yourself or commercial
project, | have noticed that the participants

B

Automotive alternator and belt transmission used with the second experimental -
rotor. Some transmission 1s usually needed lo match rolor and generator rpm.




A close-up view of Cullen's 500-watt generator.
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must make a conscious effort to combat a
pernicious disease called “fire-em-up-itis.”
It's like a virus hidden within the human
body, just waiting for the "nearly complete”

‘syndrome to trigger it off. The result, in the

case of a wind project, is usually; "Well, let's
just let 'er spin a little bit" This happens
before all the nuts and bolts are tightened,

_the batteries hooked up or something else

that should have been done first. Often as
not the disease results in broken blades,
bent governor rods, or burnt-out generators
(not to mention-burnt-out people).

My first bout with this infection occurred

when a friend and | had just installed-our
first flyball-governed, aluminum-bladed
machine atop the tower and hadto waitfor a
12-volt battery to be charged (it registered
only 10 volts on a voltmeter). We decided

notto wait. The result was more waiting. With ~

only 10 velts available, the alternator's volt-
age regulator seemed to be confused. The
blades were spinning quité rapidly in a brisk
wind, but no charging was taking ptace. At
the time, we mistakenly decided the alterna-
tor was at fault. In reality, the voltage regulator
was not designed to work with a dead battery.

Voltage regulators are not designed to
work well with fully charged batteries, either.
These transistorized controllers monitor bat-
tery voltage. If they detect that the battery is
félly charged, they'réduce the charging cur-
rent from the generator. This has the effect
of “clamping,” or reducing, the output of a
wind generator even when the wind is blow-

ing quite hard. If your new systemis trying to

charge a fully charged battery bank, fire-
em-up-itis might lead you to suspect your
new wind system is not “putting out what it

should be." I've heard iots of folks complain

about this.
®
Low-Voltage Technology
Jim Cullen of Laytonville, California, pdw-
ers his home almost entirely on 12 volts| of
direct current. Numerous sources of elec-
tricity charge his batteries. On top of his

house there's a small solar-cell panel. Nearby -

is a wind generator. And, when his batterjes
need an extra boost, jumper cables from his
car add extral energy (presumably while
warming the car up before a trip to town).
Far from the nearest utility line, Cullep S
home sits on top of a mountain with a clear
shot at the Pacific Ocean some SOz miles
away. Daily average wirfdspéeds range frq)m

411 tp 14 miles per hour—thée minimum wnrpd-

speed average needed for any type of suc-
cessful wind-powered ganeratmg systam
From the beginning, Cullen's concefn was
to devise a wind generator where little main-
tenance would be reqyired, where most
replacement parts could be obtamed from
local hardware outlets, and where cost would
not be an obstacle. To meet these objectives,
he enlisted the services of Clyde Davis, an

old friend who also happened to be a con— - —

sulting engineer. Davis designed two wind
systems. One generates 160 watts of direct

current in an 11-12 mph wind; the other

-
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produces up to 500 watts DC under the
same circumstances. Because the 500-watt
wind generator is so light {only 125 pounds),
an off-the-shelf tower was sufficient, and the
entire cost for the system came to less than
$2.000 {mid-1970's).

In conventional terms, 160 or even 500
watts isn't much power. But Cullen’s house

is anything but conventional. There are more

than 1,500 square feet of living space filled -

with three television sets, approximately 20
fluorescent lights, a vacuum cleaner, washing
machine, blender, mixer, water pump; a 40-
watt per channel stereo system, and even a
home computer. What makes all of this so
unconventional is that Culien has virtually

eliminated the need for 110- or 220-voit AC,
electricity by converting his appliances (even;

the washing machine!) to operate dlrecﬂyE
and the like could be converted as well.
- Small .appliances {e.g., the blender and
mixer) that haven't been made to operate
directly from 12 volts and for which there are
no readily available replacement motors
operate through an inverter that produces
110 volts AC from 12-volt batteries.

Cullen claims that a wind generator
producing 500 watts can provide comfort-
“able and reliable living at modest cost.
Excess DC electricity produced in times of
high wind -can be stored effectively; high-
voltage AC power cannot. Of course, such a
system is n@ panacead. You have to become
aware of the energy you use and.plan
acc_ordmglﬂ/. Things like heating, cooling

Jim Cullen uses both sun and wind to generate electricity at his Laytonville,

California, home. A panel of solar cells atop the house and the 500-watt wind
generator behind charge a bank of 12- vplt batteries
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and cooking are accomplished by appropri-
ate alternatives that do not require electricity
at all.

Pump power

- requirgd .
T Wind power A Unique Darrieus Water-Pumper
z - e At the other end of the spectrum from
2 the sail-wing or farm water-pumpers is the
! ———Utility power Bushland, Texas, installation of a Darrieus

~ "eggbeater” rotor tied mechanically to an
- electric 80-horsepower iFrigation pump. This

- US. Department ot Agn{;ulture project at a
windy location’ is exammmg practical ap-
proaches to water. pumpmg with the wind.
Since it is a relatively new research project,
few performance data a;e available at this

e 11 in] P o

e SR e _ 11 VAR A, Dameus rotorhas two or more curved,

) L ING ’ or bowed, airfoil blades that travel a circular -
path about a vertical power shaft at its cen-
ter. Made with extruded aluminum, the stream-
lined airfoils have a rounded leading edge
(the edge that cuts into the wiqd) and sharp
trailing edge. The Darrieus rotor is linked to
the pump powershaft by a clutch that allows
the electric pump to ture freely butengages -
whenever the rotor is spinning rapidly
enough. In periods of calm, an AC electric
motor keeps the pump turning. The more
wind power available, the less power drawn -
by the pump from the electric power grid.

This machine is alsg a cogeneration
 system that operates in parallel with the
The Darrieus rotor used for irrigation in Bushland, utility grid. It generates excess current that
Texag ' is delivered to the grid. In effect, the wind-

'O' _ Windspesd-——>>

. Power curves for the Bushland system. Utility lines

: supply whatever power cannot be provided by the
wind. _ . -
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supply. At a certain windspeed, when more
shaft power than the pump needs is avail-
able from the Darrieus rotor, the rotor over-

fasterrthan it was designed to turn. The

~ chronized with the grid power. Should the
electric power available actually exceed the
- demands at the site, the excess electricat
energy is fed back into the grid, effectively
“running the meter backwards.” Thus, energy
storage for this system is provided mostly
by pumped water in a pond or a tank and

“store” electricity sent ba'&:kwardj through
—the-meler : ,

system becomes one of the many intercon- .
nected generators the grid uses for its power

powers the electric motor, trying to turn it

" motof then becomes an AC generator syn-

occasionally by the grid power lines that = -~

The unigue advantage of the Bushland

~ installation is that the electric motor actually
serves three purposes—almest at once. First,

. the m&tor is the prime mover driving the well
pump. Sgcond, the motor is the governor for
the wind rotor; it wants to turn only atan rpm
determined by the AC frequency fed to it

will never overpower the motor or cause itto

- the motor is an electric generator whenever
extra wind power is available.

- Once perfected, this approach can be
readily adapted to thousands of well pumps
already in existence in the windiest parts of
the United States and similar locales through-
out the world. Minor modifications to these

overspeed by more than a few rpm. Finally,

pumps wiil permit the-addition of wind power,

from the grid. By careful design, the rotor -
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In the novel approach being tested dt Bushland by the USDA, both wind power
and an electric motor are used simultaneously to power the well pump. if excess

wind power is available, the system delivers it to the utiity lines.
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thereby reducing the amountof fuel needed
~to drive irrigation systems.

The Tvind System

With Denmark’s vigorous history of wind
power, it's not surprising that a significant
wind system with’'cogeneration-capabilities’
‘has been built by students and faculty atthe
Tvind School on the Jutland peninsula. This
- is the Tvind machine, rated at 2-million watts
. A2 megawatte) ina windspeed of 33 mph.

The fiberglass blades on this machine
span a diameter of just over 175 feet, makin
it thelargest wind machine in history at th
~ time of this writing. Before the Tvind machine, .-
“--._the largest was theg Smith-Putnam machine
mentioned in Chapter 1. That machine was

rated-at 1225 megawatts. Each blade of the
" three-bladed Tvind machine weighs about
5 tons; the two stainiess steel blades of the
Smith-Putnam each weighed about 8 tons.
» The Tvind machine was designed to
supp!y the school wnh its electrical and
heating needs and to supplement the grid
lines through use of a synchronous inverter.
Alternating current from the generator is
rectified to direct current then reconvertéd
to grid-synchronized AC and fed to the
school's electric system. The synchronous
’mverter is rated at 5Q0 kW, while the school
demands up.to 1 SDO kW. The balance
between 500" kW of- mvertecl power and
The 2000-kW wind machine at the Tvind School in Denmark. Tms . 2,000 kW. available from high winds will be

. machine supplies both heat and electricity to the school. L used to heat water. The excess electricity is




“®

fed to I; cods rmmersed in a hot-water storage
tank=This feature makes the Tvind machine
the world's largest wind furnace!

2

University of Massachusett&
, thd Furnace

The wind furnace is an application of

wind power that is finding widespread ac-

-ceptance. Heat energy is needed to raise

the temperature of water for agricuituraland

industrial applications ranging from dairy

sterilization to washing laundry. It's also .

' needed to warm animal barns, greenhouses,
and homes. Happily; most of these climate
" control applications require more heat when,
it is windy than when it is not.. '

In.a wind furnaee, wind energy is con-

verted into mechanical power in the rotor. -

powershaﬁ This rotary power may then be
" used to make heat from friction (e.g;, splash-
ing water with paddles driven-by the rotor
power shaft) or from the generation of elec-
tricity that can power e!ectncai resistance
heaters. - *

Under the direction of Professor Witliam
Heronemous, students at the” University of
Massachusetts have built a wind generator
33 feet in diameter mounted atop a 50-foot
steel pole tower. The electrical output of this
machine is used directly to warm water,
which is then combined with heated water
from solar collectors mounted on the south-
facing wall of the research house. Concrete

tanks in the basement of the house store |

| all this hot water.

The fiberglass blades are capable of
producing 50 horsepower (37 kilowafts) in a
26-mph wind. Shaft power from the blades
drives a generator through a truck differen-
tial and a chain drive. The generator is con-
trolled by an electronic load controller that
senses windspeed and rotor rom and. ap-

plies appropriate current to the field windings

o

- Tvind School with the 2000-kW machine in the background.

o




Above: Close-up vie}y of the UMass wfh‘d generator. 0

Right: The University of Massachusetts wind furnace and test home. Both the
wind generator and the south-wait solar cdliectors warm water stored ina concrete
tank nside this home. : ‘ '
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of the generator. In this manner, only the
exact amount of power available from the
~ wind is drawn from the generator, thus
preventing overloading or underloading of
the blades.

- Only minor mechanical problems have
been encountered in the operation of this
. . : b
machine. Most of these required simple
mechanical adjustments; all have been

"~ solved as part of am ongoing educational

program at the University. With the com-
puterized data acquisition systems they are
using, the students will proVide the wind

¢

industry with a detailed history of one type

ofiwind furnace.. |

| have included several types of wind
machines here, but certainly not all of them.
A Savonius rotor, a panemone, or a wind-
powered hydraulic pump system—all of

these and other projects will be discussed

in greater detail. Your task is to select the
design_most appropriate for 'your energy
needs. Always remember that good wind
machine design begins with an asséss-
ment of your energy needs and the wind
resources available.
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The wind can be a ﬁck?servam. It may not
be available when youheed it, and you can
be overwhelmed by its abundance, when
you don't. To harness-the wind you must
become farmifiar with its moods and be ables

" to select a site suitable for a wind machine

' — a site where strang, steady breezes blow
most of the year. After choosing a favorable
site, you'll want to know how much wind
energy is actually avauable and when it
blows the hardest.
Good wind system design begins with a
realistic assessment of energy needs and
~ available wind resources. By comparing
the two, you can estimate the size of the

- windmill you'll need. Storage-size depends™

on how long the winds are calm when you
need their energy. This’ chapter examines.
some basic principles :of wind resources
and develops some tools that will help you
assess the winds at your site. Statistical data
compiled for many years at airports and
weather stations can give you a general
grasp of average wind behavior, but there is
no substitute for getting out to your site and
measuring the wind resource directly.

" Global Wind Circulation

_ Wind energy s a form of solar energy.

The winds alleviate atmospheric tempera-
ture and pressure differences caused by
uneven solar heating of the earth’s surface.
While the sun heats air, water and land on
one side of the earth, the other side is cooled

by thermal radiation to deep space. Daily
rotation of the earth spreads these heating
and cooling cycles over its entire surface.
Seasonal variations in this daily distribution

of heat energy are caused. by seasonal .

changes in the tilt of the earth’s axis relative
to the sun.

Much more solar energy is absorbed -

near the equator than at the poles. Warmer,

lighter air rises at the equator and flows

toward the poles, while cooler, heavier air
returns from the poles to replace it. In the
Northern Hemisphere, the earth's west-to-

east rotation bends northward-flowing air |

eastward and southward- flowing air west-

“has reached 30"N latitude, it is flowing

almost due eastward. These are the "pre-
vailing westerlies,” so called because they
come out of the west.

Air tends to pile up just north of 30°N

latitude, causing a high pressure zone and'

mild ctimates in these latitudes. Some air
flows southward out of this high pressure.

area and is deflected west by the earth's :

rotation: forming the “trade winds"” used by
sailors the worldyover. A similar effect leads
to the “polar easterlies” above 50°N latitude.
South of the equator, the earth’s rotation
bends southward-flowing air to the eastand
northward-flowing air to the west. A similar
pattern of prevailing westerlies, trade winds,
and polar easterhes exists in the Sout;hern?
Hemisphere. | R

Not all of the-earth's surtaces respond
to solar heat in the same way. For example,
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Global wind circulation patterns. Prevailing wmds blow from the east in the tropics and from the west In the
mid-iat ;tades

* Surface winds

£

an ocean will heat up-more slowly than the

adjacent land because water has a high

~heat capacity, or ability to store heat. Simji-

Jlarly, an ocean will cool down more-slowly

than the nearby land. These different heat-

e ing and cooling rates create enermous air
masses with the Temnera’mre and moisture
“characteristics of the underlying ocean or

land mass. These air masses float along

over the earth's surface, guided by the giobal -

~ air temperature increases, the density drops;

' deflects these winds so that the air flows
fromhigh pressure to low along a curved

“mentioned before, the large-Ecale winds

- which they pass. Accurate prediction of this
‘detailed behavior is difficult, but each site +

- pressed as monthly and yearly averages.

Kol i

wind-circulation patterns. Wh
mass collides with a col
sultant frontal activity- generates most of th
large-scaile winas that arive the local winds
at your windmilt site. Imagine a globe cov-
ered by Iarge bubbles that drift about bump—
uug into each other. Whenever t uu—:y Uump,
airis squeezed along—producing your Iocal
winds.
High and low pressure systems are asso—

ciated with these air masses. In general, as

1en a war ai
d air mass, th ere

and so does the barometric pressure. The
high pressure systems push the:r cooleralr _
toward the warmer low pressure systems,
trying to alleviate the pressure difference
between the two. .But the earth's rotation

path. In the Northern Hemisphere, the wind
blows clockwise around a high pressure
system.and counterclockwise around a low.
Together with the global circulation patterns

drive these sanie pressure systems around
the earth's surface, bringing sunshine, cloud: -
iness, rain, and more wind to the areas over

has weather regularities that can be ex-

Some of these averages can prove very
useful in describing the expected wind be-
havior at the site. :

Large-scale winds generally dommate
But local winds often enhance or modity

{
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Air Temperature and Pressure

il

‘What we call atmospheric pressure is caused

by the wefght of the air gbove us. Travel to-a
mountaintop and lower a{mosphenc pres-
sure occurs because you are nearer the top
of the giant ocean of air surrounding the
earth.

A barometer i1s commanly used to meas-
ure, atmospheric pressure. A “falling barom-
eter”, or declining barometric pressure, has
always been associated with an impending

_Stown because a low pressure system IS
moving into the vicinity. A “rising barometer”

heralds the approach of a high presswure
system and fair weather. A typical winter dis-

. tribution of atmospheric pressure is shown in
‘the top map. The lines of equal pressure are
called isobars. and the units used are

~ millibars. At sea level, 1,013.2 millibars equals .
. a pressure-of 29.92 inches of mercury or 14.7
pounds per square inch.(psi); all three values .

are-equal to a “standard” atmospheric -
pressure. Inches of mercury are commonly
used to measure pressure in the United ©
States, and my/libars is the métric unit of

pressure us&d by scientists and a;rplane ,f

pilots.
The lower map shows average January
temperature distributed over the globe. Note

the correlation between temperature and

pressure Alr femperazure atfects air dens;ry
which is related to weight.or pressure of the

atmosphere, Higher tempégrature air y.fe;ghs

less, air density therefore degcreases with

- increasipg tsmperature A fighter air mass

exerts less pressure at the bottom of the
atmosphencocean So, as air remperazure
increases, ats pressure decreases.
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the air temperatoré apd aitrruoe usuaHy ref-

s " © -°,  AirDensity

The density of any substance is a measure of -

how much of it can fit in a givén volume. We
usuaklly want to know how much air, or how
many moieouies interacts with a rotor as the
wind passes thfough it Kinetic energy in the
wind is a function of the air mass and

' wmdspeed Therefore?we need to know the
“mass density of air_p,"to-calculate wind

energy and power. his density Is basedq'on.

. scientists ano‘ emg

N

Jefz - s an average day that
leers use for purposes of
design. On a stargrd day, certain standard
values can be used for temperature, pressure

~and o‘ensrty ofthe air (depending on altitude). .

Naturally, performance calculations on wind

“machines will vary somewhat from this stan-

dard, because a standard day is actually very

“TFare. Sumimer days are generally hotter and

winter day$ cooler. Standard conditions for
arr at sea levet-are, in Enghish units:

Tem,oera{ure = 58.8°F ~
Pressure = 14.7 psi- .
- Density = 0.002378 slug/ft*.

Here, the 's!u"g" IS the English unit of -
mass, not a sfimy animal resembling a snail.
One siug weighs 32.2 pounds at sea Jevel. To
calculate the air density p at a speciic wind-
mill site, you need to correct for altitude and
temperature differences from the standard
case. Use the following formula;

o =Cj X Cr % 0002378 slug/i.
| (Eq.2)

from the two acoompanyrng tables. For
example suppose ‘that the average tempera-
ture at your site is 80°F, and the altitude is
2500 feet above sea levet Then C4 = 0.912
and Cr= 0.963 from these tables, and

 p=0912 X 0.963 X 0.002378 slug/f*
= 0.002088 slug/ft®

or about 88 percent of the standard air
density. More frequently, you will have to |

- know these two correction” factors at altitudes

and air temperatures not listed directly in the
tables. In such cases, just interpolate be-
tween the values given.

3

a -

"The altitude eorrection factor.C, and t'h'e“jw P
Temperature correction factor Crare takeh

Altitude Correction Factor
Altitude (feet) Cy
0 1.000"
2,500 0912
5,000 0.832
7,900 . 0.7586
10,000 0.687
Temperature Correction Factor |
Temperature ('F) " Cr
o 1.130
20 1.083
40 1.040
60 1000
80 0963 /
100 0929/

the largefsca e wmds and oontrlbute some
eraergy when none is avallable from larde-
scale winds. High pressure zones push air

toward low pressure zones, ‘and wind is *

created The size and distribution of each
" pressure zone ‘®hanges ‘under the mﬂuence
of the winds they create. Fast- -moving air

phon

f@descends into valleys, blows' through can-

yons, and sails. over mountairt oeaks—redls—_ |

tributing warm and cold ait masses. Because
pressures and temperaturgs- caLJse wirids

and are chariged by those winds,'it's impos- -

sible to predict the available wind power

» accurately by studying aV|at|on wea’rherfore- .

cast charts.

¢

Because of its lbwer heat oapatﬁty. the,

temperature of a land mass nses and falls.
in response to solar energy. and. mght sky
radiation more rapidly than the sea. Hence,
sea .water is cooler than the shore during
the day, and warmer at. night. Clrcuiatory air
flows, called “sea-land winds,” are created
by that temperature difference. You experi-
ence these winds as on-shore and.off-shore
, breezes at the beach. During the daytime,

especially in thé afternoon, the warmer air -
over the land rises and the cooler air over -

the water flows in to replace it—creating
an on-shore breeze. The reverse process
creates off-shore breezes at night. Daytime

sea breezes can be streng enough to be a.

source of wind energy; txplcaliy, they range
«from 8o 16 mph. N@httlme breezes are
~ slower, typicatly lessg'fhan_ mph. ;
Cool-air next to* m._ﬂtam slopes 'is
heated by exposure of §i§ moisture o the

-----
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_ mornmg sun and by the rising température
- of the ground below. As this high mountain
air warms’up, it rises; ‘cooler air from the val-
-—fﬁ-ley«below is drawnr upward—aiong fhe stope.”
- Central valley air flows toward the, base of .
he mountarnand up the sloperA “mountaln—
_ {_valley wind"” Qus created by the tempera: -
- -ture difference~Alnight, the process reverses . .
itself: cooled by rapid,radiation of heatto the;
,dark night sky, high mountain air descends
“into the valley, gaining speed as it becomes
heavuer Mountain-valley winds are gener-
ally thougtit to be too weak to be a source
of.wind energy. in-some areas, :however,
thls mlght et be the case. y Sea-tand winds occur beoause adjacent” land ‘and-ocean masseshhave-drfferent rates, of heatrng and
Mountain breezes descendmg into. a cooling. On-shore breezes occur during the day and off—shore breezes at mght ' s
valley can be warmer or cooler than the : .
ua[leys Cool winds flow downhill under: ‘the
sinfluence of gravity, and tend to occur at
night. Warmer winds gain heat energy by. *
“compression,as they descend into valleys -
~+and may bring g local temperature rise of
" 30°F to the valley. This air is compressed as
it drops into the higher air pressures below
These winds are known as "Chinooks” or,
“Santa Anas" in the western United States.
The higher.temperatures have been blamed
for forest fires and a host of malfunctions
associated with over-use of air conditioners. . ¢
The winds of the Chinooks often reach ter- M

taln-vailey winds. These gentle breezes ocaur beoause the air over high mountain slopes warms up faster
r|b1y destruotrve speeds. L N by day and eoois down more raprdly at night.

&
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Windspeed Characteristics " given site, there will be a length/of time
.. ’ when there is absolutely no wind. For some

-Winds at virtually all sites have some  otherlength of time, the wmd will blow atan
remarkably uniform characteristics. At any  average speed and ior another length of

4 3
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v athd blews at any glven speed

- Power (kilowatts)

. l =
Sy B0
WmdSpeed (mph]

) : e Avaltable wnnd power as a functton of wmdspeed
*3F - Anided efficiency of 59 3 percent has beén assumed
for & rotor with frontal agea. of 100 square feet
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time—perhaps only a few minutes over

an entire year—it will blow at its maximum-
speed. The top left graph shows a typical wing- -

]
. 5

: _O mph to its maxlmum you could easny plot

a graph .like this one. The yertlcal EIX[S can
be expressed ‘either as the total time or ae
the percentage of tlme the wind oceurs at’

. each spged.. The - shape of the curve will
‘probab y‘dlﬁer for youg site, bt the message

will besimilar, -
Whengver many measurements of the

measurements should be calculated. Sim-
" ply add up all of the measurements and -

. divide that total by the number of measure--
.- ments, taken. At thrs hypothencal site,"the

average wmdspeed (or,. equwelently, the
méan wmdspeed) is about 12 mph—a few

mlles per hour greater than- the most fre-f-

it

fer thls site. - - >
WHy should you measure the wmdspeed

*.in such detail? Why not just measure:a

‘'simple averdge wmdspeed instead?: The
answer to these ques‘uons depends-on how
“much reliance you expect to place on your
windsystem and howmuch tume and money
you have 1¢ epend Let's. look.at wmdspeed
chartacteristics more €lbsely to see how the

llustrated curve—or apsimilar curve for your

5|;e-~relates to wingd: energy productlon

~Remember that thé available wmd power \

mpreases as the cube of the wmdsp@qd
We can use-Eguation—i=to-catcutate The
maximum wind power that might be ex-
tracted at each of the spegds shown on the
windspeed distribution curve’For example,
the top right graph indicates the maximum

~wind power could be extracted by a rotor

e, speeddistribution thatwill help you visualizg -
. s. these characteristics. If you measured the
- =~ " windspeed at your site.for an entire year

. - and thenadded all of the minutes the wind
. ., = Dblew at each of the different speeds, from.

e

j

. windspeed-are made, ap average of those . .
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: (assummg an eﬁacuency of 59.3 percent) with

an aréa of 100 square feet, when the wmd—

'\_speed varies~from 0 to 30 mph.

*. that energy is calculated by multiplymg'
" power by time. A 10Q-watt i|ghtbu b left on .

.- %ﬁis graph llEustrates hov@dramatlcally
win

power mcreases with | mereasmg speed.

AU 10 mph only 300 watts' can beextracted,
=but-at 30 mph more than 8 000 waltts, or 8
" kilowatts, could theoretically bé harnessed

Those two graphs describe two major
wihd ¢haracteristics: statistical and power:

The statisticzl characfenenc is' the amaunt-

~of time you can expect edth'windspeed to

occur, and the power charactenstlc is the

armount of power you can expect to be avail-
--able at eagh windspeed. Now remémber

forten hours coneumes 1.000 watt-hours, qr

1 kilowatt- hour, of energy. The maximum o

energy. “available at your wind site"is cal-

_culated in- much the same’ way—by mudti- .

_plying ¢he power curve by the time curve,
The resu}t |s an energy drs?mburfon curve,

speed s @ occurs ffequently You
might t think that thls Speed will be of great

lmpertanc:e in energy ‘production. Bt the ~

energy curve shaws that it's much fess im-

portantthan wmdspeeds inthe 15 to 20 mph

range. That's “where most of the energy is

ayailable. In fact, there is very little energy
- “vailable below 8 mph or abelve 30 mph at
h_ﬁ%yp@ tnetical site. The curves.at any-real
;sﬂeﬁmﬁmprebably differ. frorr?'the ones in this

00 5 1018 20¢ 2% 30 3B 40

Wmdspeed (m’ph)

Wmdspeed and wind énergy dlstributrons for a typlcal wmd site_-

:ilustratron buI the conclusmns and the‘,

5 charactensncs wiil be largely tha same. -

~What other wind characteristics teter-
mine the shape of .such curves? On a

4second by second. basus the wind is actu-

ally a succession of weak and strong pulses -

-orgusts. On an hourly basis, the winds ata ~ + "

site- have typical daily patterns—called the -
diurnal variation of the windspeed. At our-
hypothetical site, for example the -wind-.
speed may be low in the morning, pick up
in the afternoon, and reach its peak at about
8:00 p.m, as seen in the following graph.
Two separale curves are shown for two differ-

_ 51 “
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~that the__\dium | vari;
- from month t

~ by- day, and |
statistical viewpoint, the lwinds at any site
can be desétribed by a windspeed distribu--

i

52
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ent mgnths—— anuary nd May—tomdlcate
Nion may be different
mongh Note that May is the
windier mooth (n this location, a fact that is
also reflected i qnother plot of the month-
to-month variatiorwof the average windspeed.
~ These hypoﬁneti | curves indicate that
windspeed \E[es on an hour-by-hour, day

onth-by-month basis. From a

tionscurve, Which tells you to expecta cer-
tain windspeed for a certain percentage of

"~ _the time. It does not tell you whep to exf’jec_t

that windspeed.or how long it will persist.
You can get a fair idea of when to expect

- -certain Windspeeds from a daily and maonthly

study of the.winds at your site—if you choose

"\ to analyzexthem that closely.

By analyzing your site in terms of thls

' dailyand monthly variation, you will have an

: opportumty to. compare energy needs with

the wind energy available. At our hypothet-

, ical site, mgst of the wind energy.is avail-
. able in the evening. But suppose that the

. need for energy oceurs in the moming. Sorme

_  form of'energy’ storage i5 required to retain-
r }r@venmg s production for the riext morn-
L “g’s-use:
‘ ';pose that the energy need occurs when the

' This might prove.expensive. Sup-

wind power s available. Little or no energy

_ storage would be required, and the wind -

power sysfern would cost less and perform
better than if sto‘rage were needed. Hence,

the wind- power In this case is"worth- more.
The value of a site's wind resource is directly -

i

]
i

related to the energy avaﬂajle and to how

well that resource coincides. with energy -

needs. - Mg

"+ How do you ‘g0 about 3Ieterrﬁ‘m|r'1g the

our S|te\’7\There
| N
L’IbUtlDﬂ entirely

wmdspeed distribution for
i are four basic options:
1.1gnore wmdspeed dis

~and base your deSIQn calculations on\\

“annual average wind peed and a cor-

~rection factor. f

2. Using the annual average windspeed
at your site and a mathematical equa-

tion that describes the windspeed dis- -
tribution fairly accurately, calculate the
... duration of each-windspeed. =

3. Actually measure and record the wind* = .. -

- speed at your site for at least one year

4 Measure and record the windspéed’

for a shorter period—perhaps three
months—and ‘try tojestablish a cor

relation with wind data from a.nearby B

weather station or airport.
The annual windspeed dlstnbu‘uon IS,

_ from the overall planning viewpoint, the most

important faglor to understand. Daily and
monthly wmdspeed variations are, perhaps,
the easiest 1o determine, but wind resedrchers
increasingly favor an assumed annual wind-
speed distribution. You then make design
calculations based on such an assump-
tion, rather than actua!ly measuring the
windspeed for more than a year.

L The W‘md Puwer Bonk |
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The Rayleigh distribution provides area-

sonable description ot windspeed charac-
teristics in some locations. National Weather
Service (NWS) wind data for several hundred
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*.locatlons have been compared with results
om an assumed ﬁaylelgh distribution. The

cymparisions have been promisjng, but

thare are a few preblems of interpretation.
Mokt of the NWS anemometers have been
‘sited\for monitoring ajrport winds, for mak-
ing foxest fire predictions and for a host of
other Uses unrelated to' windpower produc-
tion. Although the Rayleng’ﬁ distribution
doesn't work for all sites, it has been reputed
an error iesetnan 10 percent. In
the.absence of betler data, it can be used
for reasona y good energy estimation.

The two-g aphs here show typical Ray-.

~ leigh windspeed distributiorcurves for two
sites with differen aeﬂuail\_raverage wind-

speeds. Notice that the energy content of -

these winds increases dramatically:as the
average speed increases®from 10 mph to
14 mph. The vastly greater energy available
- at windier sites makes the required site analy-
‘sis- worth the effort. Energy distribution curves

simitar to these will be used later to design. -
a wind machine that achieves optimum per--

‘formance at windspeeds where the  most
energy occurs. In fact, peek windmill perfor-
mance ought to occur at or near the same
windspeed as the peak of the energy distri-

bution cturve.

g

Measuring the Windspeed

Measuring an actual windspeed distri-
* bution curve means taking many readings
and filling many “bins” with this data. Ii you

"
\

have a table covered with tea cups and you
toss dried peas gut onto that table you will
be filling bins—in this case, tea cups. Throw
enough peas out and a filling pattern will
begin to zéke place that reflects the likeli-

oft at bin receiving a flying_;pea.‘The

each minute and add a frete the bin that
corresponds to the windspeed you read,
you are filling bins with minutes—the num-
ber of minutes the wind blows at each wind-
speed. Do this once each hour, and the
bins ctontain hours. A simple daily reading
will represent a “daily average” windspeed,
and the number of readings in a bin will
represent the number of days ata particular
windspeed. A bin, then, contains the.num-
berofdays hours, or minutes that the wind-
epeed happens to be measured at the value
associated with that bin. More frequent read-

“ings will give a better representation of the
actual windspeed distribution. One-minute -
readings are quite reasonable for electronic

recording eguipment, while hourly or daily
readings are commonly taken by human

meter readers at airport control towers, for-

est lookout stations, and other permanently
staffed facilities.

- Virtually all methods of calculating the

“annual average windspeed involve filling

bins of one sort or another. If windspeed
bins are filled electronically and accurately,
the values in each bin can be used instead
of the assumed Rayleigh distribution be-

N ' ‘
Average annual windspged=10 mph ‘/-
12|~ By oL =
\'\' ‘(T)
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Rayleigh windspeed distributions for sites with 10
mph and 14 mph average winds. The available .
wind energy is far greater at the windier, site.
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With a year or. more of windspeed data
measured for a given site, you often need to -
find an equation that describes, within
reasonable accuracy, the windspeed distri- !
bution. The most important parameter you .

should have by now is the mean windspeed.

Within certain limits, a stigle parameter

© equation known as the Rayleigh distribution

may be used to describe the windspeed i
distribution. Here the single parameter is

mean wma'speed At windspeeds below /

10 mph, the Rayleigh: distribution has loy
reliability; it should™not be used at all at sites
with mean windspeeds below 8 mph.

The Rayleigh distribution takes rhe
foHowmg form. .

"Hours = 8?60‘}( Z X% e e_
’ (EQ 3) .

© where V ='windspeed
N V mean wmdspee;d

= 31416
';F'e = 2718 ,

B f Y
em1x ()

This equation gives you.the total number
of hours per year you cary expect the wind to
blow &t.a windspeed V when the mean wind-
speed s+ at that site.

A graph-of this complex equation is pre-

sented at right, with-percent time as the verti-.

cal scale. To get the result in hours per year,
multiply by 8,760, Appendix 2.1 presents
numerical values of the Rayleigh distribution
for mean windspeeds ranging from 8 to

17 mph. You can read percent of time from
this graph or consult the Appendix to get a
more accurate value in hours per year. For
example, for mean windspeed of 14 mph, you
can expect wind to blow at 23 mph for about
2.2 percent of the time, or 194 hours per
year.

!

-

The Rayleigh Distribution

The other graph here shows the agree-
ment between a measured windspeed
distribution and a calculated Rayleigh distri-
bution for St. Ann’s Head, England—with a
mean windspeed of 16.2 mph. The Rayleigh
distribution is slightly low at high windspeeds
and high at low windspeeds (from 10 to
20 mph). As power is proportional to the cube
of the windspeed, the higher speed end
carries more weight in power calculations,
but the greatly reduced duration of time at
high windspeed reduces the overall energy
impact. Rayleigh calculations are not recom-
mended as a replacement for actually
measuring your site’s wind characteristics,
but they can serve as a reasonable approxi-
mation when all you have is the. annual
average windspeed.

N Raylgigh distibotion ~\
for 16.2 mph ;

200 -, & _~Measured windspeed

distnbution

Time {hours!

100

0 10 20 30 40 80 60
a . Windspeed (mphl )

Comparison of Rayleigh and measured wind-
speed distributions for St. Ann's Head, England.
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The Rayleigh distribution versus windspeed for sites with mean windspeeds between 8 and 16 mph.
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cause lhey represent ihe entire wind
distribution.”

In another approach, you measure wind-
speed perodically during the course ol a
day, and average all the readings during
that day to get the daily average windspeed.
To arrive at an annual average winaspeed,
do thus for a whole year, and average all
daily readings. For maximum reliability, the

readings should be taken at reguiarly sched-

dspeed

_uled intervals. As yeu might guess, this

process becomes burdensome over an

~entire year. - /

A simpler alternative is to Use a special
devicecalled a wind energy monitor. It adds
up the total miles of wind that have passed
“fhe anemometer's sensor. Divide ihe total

miles by the number of hours between read-
INgs on a dasly monthly, or annual basis,
and you get dany monthly, or annual aver-
age windspeed—simply and directly.

_ In addition” a wind energy monitor re-
cords the tolal wind engrgy available at a
site. Each windspeed reading is converted
directly into an energy valug that is accu-
mulated minute by minute. Suckan approach
eliminates the errors that might occur if you

_measured an average windspeed and later

- calcuiated the available wind energy using
the Ra/_e;_gh distribution.

wind Direetion

%

Local winds are influenced by pressure

and temperature differences across a few

l

miles of land. These local atmosphericHinflu
ences in combination Wlth h ose of hills,
trees, and other topographical features, cause
wind 1o :.Hm uir“éCLiOﬁS H“eqm:'lmy——IHUUI
as a flag waves about in the breeze. At any
pamcular site, however, one general wind

UIH:L,LIUH Wlli plUlel IHI::: uilb‘bliUlI Ib L_,dllt,'u
the fetch area. Sailboat skippers often use

this term. Ask a long-term resident of the -
area in which you plan to site a wind system,
~ where the wind comes from. Chances are

the answer will closely describe your fetch
area. During a site analysis, you should
become aware of structures, Rills, or trees
that might interfere with windflow. Thts can
save a lot of work.

It's easy to visualize the impact of wind
direction on site analysis. Suppose all of
the data used to plot the windspeed distri-
bution curve shown earlier were replotted
as g three-dimensional graph.to include
wind direction. In the simplest version, this
graph would show the relative amount of

time that the wind blows at various speeds

from the north, south, east and west. One
could also multiply time by power as before

to get the distribution of energy available .

from_each direction. Both these distribu-

tions—time and energy content—are shown

in the three-dimensional graphs here. They
were generated from actual wind data gath-
ered at the Palmdale airport in California.
The time curve shows that the wind blows
moslly from the south and west at this site.

But the energy distribution curve shows that
the greatest amount of enerqgy results from

\AS
LAY

Directional windspeed distributions for the Palm-
dale, California, airport. Most ofithe time, the wind
here blows from the south and west.

Energy available —

Directional wind energy dlstrlbutloﬁs for the Paim--
dale airport: A large fraction of the wind energy
comes from the west—the direction of highest wing-
speed.
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westerly winds. For most wind sites, one
direction will dominate like this. Such a three-
dimensional visualization makes site anal-
ysis much easier.

How do you collect the data needed to
construct such a graph? Make bins as be-

- fore, but duplicate the bins for each of four,

eight, or sixteen directions of the compass.
The more directions, the more detailed your
graph can be, but eight is usually sufficient.
How is this done with site analysis instru-
ments? An anemometer measures the wind-
speed and selects, on a time basis of once per
minute, a windspeed bin. A wind vane, which
senses wind direction, determines which of
eight bins of the same windspeed will be

s

[P

5

incremented with one count. For example,
suppose the windspeed measures 10 mph.
There are eight possible bins marked 10 mph,
one for each of eight directions. The wind
vane decides which of those eight bins gets
the count. This process is repeated each

minute for a year; hence, 525600 counts
will be scattered among the bins. That's

more than enough to construct a graph

similar to those shown for Palmdale airport.

Wind Shear -

The windspeed at a site increases dra-
matically with height. The extent to which
windspeed increases with height is gov-
erned by a phenomenon called wind shear,
a term derived from the shearing or sliding
effect of fast-moving air maolecules slipping
over the slower ones. Friction between faster
and slower air leads to heating, lower wind-
speed, and much less wind energy available
near the ground.

The region of sheared air between unre-
tarded air flow and the ground surface is

"known as the boundary fayer. It has a defin-

able and often predictable thickness. Ac-
curacy of prediction depends on your ability
to estimate surface friction factors or meas-
ure the windspeed at severa! heights simul-
taneously. Even wind flowing over a smooth
surface will develop a boundary layer. The
further the wind travels, the thicker the
boundary ilayer. Minimum thickness occurs
over a large, calm lake, or an ocean that
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~isn't subject to winds lapping waves and

increasing surface roughness.

A more typical example of boundary- '

layer buildup and the effect on windspeed

. profiles is shown in The diagram on page 56:

~the wind approaches an orchard with a wind-

" speed profile illustrated on the left. The trees
extract some energy from the wind, and the
profile on the right represents the wind leav-
ing the orchard. A wind machine instalied
deep within the resulting boundary layer,
say near tree-tdp level, would have much
less wind energy available to it.

_ Windspeed profiles for three represent-
ative types of terrain are shown in the diagram
.on this page. The numbers a!ong the curves
stncted wmdspeed curring at each alti-
tude. Over urban argas, the boundary layer
i$ often more than & quarter-mile thick. But
over level ground or open water, the wind
reaches its maximum speed at less than

1 000 feet.

These percentages can he1p you estl—
mate the windspeed to expect at one height
it your anemometer is mounted at another.
Suppose, using the “suburbs” curve, that

your anemometer is mounted at the same

height as the B0 percent mark (about 200
feet in the air) but you want to know what to
expect at the 50 percent mark (about 100
feel up). The annual average wrndsoeed

rmaaetirad by e andAmoameatar wall R
megasured uy i qulc.llluucciu:| wili De

. percent of the unrestricted aﬁnual average,

nn’

“and the windspeed at the lower height will

| g ¥

“‘ﬁr\r 10 nar it s
L LI 1 1

-
il

q

~ windspeed at 100-foot level, simply multiply
the anemometer reading by the ratio of these -

two percentages. For example, if the annual
average, as measured by the anemometer,

is 10 mph, then the average at the lower:

height will be 10 times (50/60), or 8.3 mph.

The height difierence iowers the windspeed-

by 16 percent and the available wind energy
"by 43 percent. Thus, the wind energy avaii-
able to your machine is very sensitive to the
tower height.

The vaffie of a (Greek “alpha”) listed with-

each profile is the surface friction coeffi-
cient for that type of terrain. It represents an
estimate of the actual surface friction near
each site and is used in a formula t& cal-
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Wlndspeed profiles over different terrain. Rougher terrain has a h|gher surface frrchomcoeﬁmrent it therefore
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‘Gust amplitude

L 1

windspeed

o] | 2
Time (seconds)

Fa

Graphofa tSrpicaI wind gust. In this case, the departure speed is just the average
windspeed. '

3

NUMBER OF GUSTS PER YEAR TO

TWICE THE DEPARTURE SPEED
Mean Windspeed
Departure | =02y =0 3)+
Speed 10 12§14} 16 10 12 14 16

10, |256]22 18 |15 2269 | 20044 1701 | 1430
20 51 8 |11 [12) 430 | 780 | 1022|1140

30 |0 |12 |4f 13 | 77 207|369
40 olojo|1f o | 2 | 17 | 57
50 ]0)10]|0 () s 0 1 5

Ta = Surface Friction Coefficiént

culate the effects"‘pf wind shear. This formula

- is presented’in Appendix 2.2, along with mose

" quantitative information about windspeed
profiles.

Turbulence - .

LOAN understandlng of atmospheric tur-
bulence is important for the structural design
of a safe wind machine. Wind machines
average the short-term pulses associated
with gusts, so power output appears smooth,
even though the actualiwindspeed is not.
A very strong. wmd gusl may destroy the
machine. B 1 ‘

What does a wind gust, or short-term
turbulent variation, look like? A typical gust
is shown in the accompanying graph. The
increase in windspeed causes a theoret-
ical increase in wind power, g\ut usually this
‘increase lasts for less than‘a second. A
typical windmill cannot respond that quickly,

and such short gusts have Iltﬂe effect on . -

the power output.
For structural design, it's important to
* have some means of predicting" the num-
Ber of gusts you can expect at youis;te that
haye large amplitude. Usually it's enough to
- do s for Several annual average, wind-
speeds and for two general classes of sur-
face friction. The table here gives the esti-
mated frequency of gusts with twice:the
departure speed (the windspeed just pnor
to the gust).
Suppose your site has a fairly rough '

<
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terrain with a near 0.3, and the annual aver-
age windspeed at the site is about 16 mph.

You can expect 1,430 gusts during the year
that double the 10 mph departure speed to

20 mph. Nolice also that you can expect up
1o five departures from 50 mph, that is, five
gusts to 100 mph per year at this site. By
comparison, at a site with a lower surface
roughness, say a« = 0.2, and the same 16
mph ‘average, you can expect only one
departure from 40 mph to 80 mph, and
none to 108 mph. Rougher surfaces induce
gustier winds. In designing your machine,
you can use the peak windspeeds from
calculations like these in lieu of other data

derived from long-term measurements at

the site. Such peak windspeed information
Is essential tfor the structural design of the
windmill blades and tower,

Site Survey

Ina site'éuwey. you head for the actual

" _sile selected, armed with a compass,-note -

pad, tape measure and camera, and various
anemometers. By way of-comparison, in

wind prospecting you start out equipped-
with all the same devices but do not neces-

sarily know where the site is located. A site
survey should provide you the-data you ---

need to plan a system for that site. Not too
many years witk pass before wind prospec-
tors, armed with general wind maps and

maps of existing electric power lines, will -~

~ comb the windy areas of this country look-

.ing for hot areas to "wildcatl" wind-rights -

leases. These New-Age prospectors will
instrument sites, get options on them, and
sell their options to utility companies looking

. for good windy sites. To justify a sale, wind

prospecting will require great care and
accurate data-logging equipment.

Site surveying is much less rigorous than
prespecting. The predictive tools, such as
the Rayleigh distribution and gust table,
allow you to perform simple surveys. But it's
difficult to identify those areas where these
tools are dependable. Tests show that a

possible error of 10 percent or less is made -
- by using simple statistical tools. But if these

tools don't describe actual wind charac-

_teristics at your site, you can be off by as
much as a factor of two on your energy

estimate. For example, the Rayleigh distri-
bution doesn't work well in regions with low

- average windspeeds—10 mph or less. These .
__statistical tools are just no stbstitute for a

good site sirvey using accurate, reliable
instruments -although they do provide you

~with fair fitst-order estimates of the wind-

behavijorat-your site.

Whal makes a good wind site survey? It

considers two things: the wind resource

~~and the wind machine. In the first category

you'll want to know:

* Annual average windspeed

“» Windspeed distribution 'l

» Wind direction

* Wind shear

» Surface roughness _

* Site altitude. o
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A pressure-plate anemometer. Wind pres-
sure forces the plate 1o swing up along a
graduated scale, providing a rough meas-

© wure of the windspeed.
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In. an earty pressure-tube anemometer,

"~ wind pressure induces a height differ-

ence between the fluud levels in a U-
eh:nm‘l tube,

The Wind Power Bnuk

gories:

* Gale or tornado expectatlon

b ICB eleew HdH SNOow, dflU IrBEZi IQ rai 1

s Blowing dust

¢ Blowing heavy objec
Other nonwind factors i"lat can ai
machine design are:

e Migratory birds

* Television interference:

* Soil conditions

* Seismic stability

e Local social, legal, and environmental

restrictions.

How do you conduct a site survey? What

" instruments are uged? Site-survey questions

concerning the wind resource are covered

" in the rest of this chapter.. Siting factors

unrelated to wind resoufrces are discussed
later.

Anemometers and Recorders

The simplest techniques for measuring
include holding a wet finger up in the wind
or tossing a fistfu! of fine sand above your
head. Though these methods are not very

accwrate, one can hardly Tmagine a full-

fledged site survey without them. A better
indication of low-level air flow can be gained

by using a child’s bubble toy to disperse

soap bubbles into the wind and watching
them disappear. Streamers of yarn will sub-
stitute forfgubbles.You are trying to obtain a

three-dimensional image of the local wind.

Y DL

More SopnIslcat ted instruments for rneasun-

ing windspeed at a srte fall into three mamx

classes. These are:
L r'rebeure pldle dmemorﬂELGre

e Pressure-tube anemometers

¢ Rotation anemometers.
Fressure- pldle anemomelers seem D ave
been introduced around 1450 AD. Wind
force on a plate. swrngs it up against its_
weight.” More wind, moré sway. Thisi same |
technique of measuring windspeed was
used as an airspeed indicator on early barn—
storming airplanes.

Pressure-tube anemometers were mtro-
duced around 1722. The dragram here shows

an early “manometer tube,” or pressure-

tube anemometer. Wind blowmg against the

aimed-tube (called a Pitot tube) exerts pres-
sure agarnst the fluid in the U-shaped tube.
The height difference due to the fluid dis-
placement under this pressure is read from

.the scale,and a chart is used to convert this

difference to windspeed. At. least one low-
cost pressure-tube anemometer, the Dwyer
Wind Speed Indicatar, is available today
with the fluid displacement calibrated in
windspeed. "

Patterned after windmills, rotating. ane-. .

mometers were introduced in the eighteenth,

~century. These anemometers looked much

like propellers with tail vanes to keep them

aimed into the wind. In about 1846, the cup- .

type anemometer was developed. Four hemi-

sphencal cups were attached to radial arms,

allowing the cups to spirabout a vertical
shaft. The cup-type, as well as the propelier-

,K
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type, anemometers are read by measuring
their instantaneous revoiutions per minute
" (rpm) or by counting the total number of
revolutions. By measuring the rpm, a direct
read-ou! of windspeed is obtained. By count-
ing tota! revolutions over a time period,
typically one minute, you obtain an average
windspeed over that time period.
Measuring the wind resource is only half
of the job. Recording the wind data for future

analys;s is the other half. A low-technology

approach to recording windspeed and direc-
tion, iliustrated at far left. was first used around
1837 Aflexible hose dispenses a fine stream
of sand from a supported reservoir. The
wind blows this hose away. from the center

ofthe ring. The relative sizes of iﬁe'Feéultimg

piles of sand indicate both the magmtude
_ and direction of the wind. Of course, this

crude apparatus can only give qualita- .

tive estimates of average wmdspeed aﬂd
direction, 4

Weather bureau rreasuremems have
been made on a read-once-pestiour, once-
every-three-hours,  or other’similar basis.
Thesereadings are taker by a person read-
ing various instrumerits and recording the
values in a %og/\f/ergading is done on a
—ence-per-hourbasis: filling-many bins with
a great amount of data is an easy task—as
long as a site is staffed fuit-—time. as in an
airport control tower.

If eo\mli time staff 1s avafiabie such in-

Cup-type anemometer with a solar pyranometer.- Professional
equipment like this must be used for detailed wind-energy measure-

ments. l

millions of tiny dots—each representing
the average speed over about a one-second

time period. But analyzing all this paper to -
obtain the windspeed distribution, annual o
average windspeed, energy content curve
and other des:‘.lgn mformatlon is a techous“k
tagko o T T "'

Recently eohd state technology has led
to the development of wind apalyzers that
fill bins electronically. An-example is the
Helion E-400 Energy Source Analyzer shown

- SAND

U x

>

\——4

A “sandpile” anemometer, first used
in the 1830’s. This simpie but crude
method of recording windspeed pro-
vided only qualitative estimates

struments EfS\d strip-chart recorder will be
required. This device can produce endless
miles of paper marked by an ink line or

" inthe bottom photdgraph on page 62. Even
more recently, microprocessor technology has
allowed significant cost reduction and per-
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Strip-chart recorders are often used to log windspeed data when no
-staff is avallable to read monitors. .

A modern electronic windspeed recorder. Sol|d state: elecrromcs vastly
o reduces the labor inwolved In caflecting and anawung wmd energy data.

formance Improvement in site recordmg In-

~strumentation. Such data-loggers record

dozens of channels of information and store
this data q'n magnetic tape to be read by a
computer lhat analyzes and summarizes the
wind resource fattors you need 4o design

- your wind system. The cost of these units

has dropped to the point where they are

economical for systems dealers and tech-

nicians. Using available low-cost computer
kits, an electronically oriented person can
build a data acquisition system suited to
individual needs.

Regardless of the type of instrumenta-
tion you choose. certain instrument charac-
teristics are of great importance and must

" be considered thoroughty The linearity of
the anemometér over the windspeed range

you are studying is a criticaf faclor A non-

linear anemorger
the wm,d Is blowing at 15, mph bL]“I read

. 31 mph_at 30 mph fora 9 perCent error m_,f
wind energy. Such maccurables must be?gz?
;..understood or avoided. In steady wmds a

ggod anemometer should" be-accurate to

.10 percent of the value measured. .
Most heavy-duty anemometers overes-

timate windspeed in gusty conditions. Ane-

mometers that overestimate only slightly are -

made of balsa weod or light foam plastic

. and have little “coasting”’ or overshoot iner-

tia. However, even a good tnetal or plastic
anemometer will overshoot. General design
refinements' in rotating, cup-type anemom-
eters have reduced the Gverestimation prob-

fem to a minor nuisance. ) "

.
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Any recording or measuring device yields
the average windspeed over a time interval

~called its averaging peried. For a strip-chart —
‘recorder drawing an ink line, the averaging
"period is determined by the quickness of

the ink pen—perhaps less than a second.

‘The dot-marker strip-chart recorders have

dn averaging period equal 1o the frequency

"at which dots are made—typically two sec-

onds. An averaging period for a solid-state
wind anaiyzer like the Helion E-400 is one
minute. If the airport tower operator reads
his anemometer once every-hour, the aver-
aging period is one hour. The shorter the

~_averaging period, the denser the data and

the better the actual description of the wind.
For generat siting work, a one minute aver-

aging period is more than adequate. Data

taken from equipment with short periods
are usualiy averaged out over an interval of
15 minutes or more.

-Other site instrumentation characteris-
tics.that should be Con5|dered mclude port-
ab|l|ty remete, battery life, immiunity, to

" extreme weatherand lightning, and surviva-

bility from attack by wayward hunters. His- 'sible you should select a- site at least 20

tarically, the last item is the most important!

Site Analysis

Anemometer in hand, you-march out to
the field where you expect to plant your

‘wind machine. You will be asking yourself
-all sorts of questions regarding trees, build-

ings. turbulence, and such. Over the years,

‘ uies of thumb have evol-ved to help gu1de ;
youf first select[on ot a wind 51te If pos-

feet above the tree or building height,’and
about 300 feet from the nearest obstructions.

Further rules of thumb depend on the
wind fetch area. The long-time local resi-

dents are your best source of information ..

about which way the wind blows. In some
cases, permanent damage to local vegeta-
tion will tell the same story. You will -hear

2

stories like: “The rain winds always come
from the south,” or *Clearing winds come -

R

The Helion Micro—logger.ﬁ Recent; advances In microprocessor technelogy -« -t .
permit one to log dozens of channels of nformation for later computer analysis
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weather station, etc.) exposed.io the same
winds and directly usable in evaluating your

.‘ ~ site. If so, the next phase of site analysis will
S verify it. o e
_HIGH VELOCITY, © weamEnce  An anemometer should be installed at

the site and data recorded over one to three
months. These data shouid be compared with
~ data from the same time period taken at the
= ‘source near your site. If that source is much-

-

= — — /W st ’////,,///2// £ = = e [ 1 ‘
B e ; P Z A
. ///’%%%é/ ?//W////%W moreg Mnan au mies away, correlauon ol

a1

Air flow patterns over hills. Smocther land forms generate less

turbuience.

L

- through, that pass over, there.” But what |

about other winds?:“Oh, they don’t amount

to myuch.” Local dirport data may tell about .
“wind:-directions. In ‘fact, the main -runway -
‘usually faces into _I;ha":fprevail'in_g winds..

Because of the influence of global circula-

tion and large-scale winds, the wind fetch

area can be predicted fairly well. Local

breezes might travel some other path, but

usually they don't play a major role in energy
-production. The rules of thumb mentioned
should be used in siting relative to wind

fetch area or according to prevailing winds.
You will probably have to compromise on
winds from other directions, but they will

£

data may not be possible. If a correlation

. does exist {for example; your windspeed is
aiways 10 percent higher than theirs), you
" can use their long-term. data directly, with

your own correction factor applied 1o it. |

" In the absence of correlated long-term .
"tata, you must record your own. Six months
‘is the minimum long-term measurement, and
~a year is advisable. The goal is to obtain
acceptable values for the annual average
windspeed, windspeed distribution,-site
roughness éstimates, wind direction pat-
terns, temperature trends, gustiness and the

~ rest. Appendix 2.3 presents tables that sum~ -~

marize much long-term data and tell you
how to obtain what information you need.
Also, there are maps showing.thunderstorm
patterns so you can evaluate the site hazards
they present. '
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Actual flow characteristics at ybur site
“are very complex. A qualitative assessment
is possible using the accompanymg illustra-
tions of turbulent airflow. The purpose of the

| site analysis is to quaptlfy wind flows in a ::
S -general form usable for wind system plan-
ning and design. The rest of the book draws 5’”#5/5”7’
on this information as the de5|gn process : /
" ... unfolds. g \

, The final result of a site analysis is infor- : < s
. mation for windmill design_{maximum and . : B e RRANE TS T e rmmmmm—
average windspeeds, wind shear and tur-
bulence) and data for performance predic-
tion (windspeéd distribution, mean power

- and total energy measurements). Also, be - -
sﬁre to consider site factors related to instal-
lation safety and environmental effects (visual

- acceptability, migratory birds, television in-

terferencg and the like). OverloQk any fEFCtor Substantial turbulence occurs on the downwind side of buildings. This turbulence is grealer for buildings with
and you risk an unsuccessful installation. sharp edges.

Tx HEIGHT
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A wind machine is any device that converts

wind e‘r'wergy into other, useful energy forms.

To remove kinetic energy from the air, its
mass must be removed (I,vemot flgured out
how, bt I'm sure it's il eéal) or its'speed”

N reduced Many things C&n-reduce wind-

ed and extract energy. frees, for éxample, *
are betier than solid fences because trees
flex and dissipate wind energy within the
trunk and branches. People-have harnessed
wind-driven tree motion to power water
pumps by means of r@pes pulleys and
springs.

Solid_fences only create an: ~gbstacle

" around which air must pass, thereby Io%ng

while the opposite vane moves against the
wind around a circular path. The drag force
on the latter vane must be overcome by the
force on the first vane. Any extra force avail-
able is wasted unless a load is placed on
~ the rotatipg shatft

Suppose that a small electric generator
is now driven by the power shaft. This gen-
erator will “load” the shaft, and the vanes will
turn more slowly than. an unloaded rotor

" under the same conditions. The downwind

travelling—of power producing—vane will
not be moving quite as fast as the wind.

-Thus:the windwill'pustrharderorthis vane.

If the shaft is held tightly and prevented

only a_small amount of energy to friction.z~ _from turning, no energy ‘will be extracted

Crash a car inio a solid fence and you will
convert alf of its kinetic energy into heat
energy and broken bones. Crash a bunch of

air molecules into a fence and they pile up )

in front to form a ramp that allows the rest of
the air to pass the fence virtuallty undisturbed.
The bestyou can hope to do is slow the air
down.That is-the basis of windmill design:
to create a mathine that slows the'wind and
does sométhing useful besides.

Two different types of wind machines

“have evolved that operate by slowing air

down. The first type uses drag forces—much
as the tree dogs. The second is a /ift-type
rotor that uses forces of aerodynamic tift. A
familiar cenfiguration for a drag-type wind
machine is shown here, In this simple ma-
ching, kinetic energy in the wind is converted
Into mechanical energy in a vertical rotating
shaft. Onevaneis pushed along by the wind

\from the wind, because the moving air will
S|mp4y,f|o‘w around the device and surrender
only a small amount of ity energy as heat. If
the shaft is completely free, with no load
impeding rotation, the. machine will extract
‘only the amount of energy required to push

its vanes through the air—a small amount

compared to that available. The vanes "will
spin very fast, and the machine will do very
little useful work.

Lift-type machines use- aerodynam|c
forces generated by wind flowing over rotor

" surfaces shaped much like an airplane.

wing. Lift force is generated perpendicular
to the wind whilera small drag penalty results
that is paralle! to the wind. Fortunately, the
lift forceiis usually 10 to 50 times as strong
as drag on the airfoil. The ratio of lift force to
dragforce galled the lift-to-drag ratio L/D s
an important design parameter. How does

A simple, drag-type wind ma-
chine. Wind pressure on the high-
drag, .concave suriace turns the |
rotor about its vertical axis.

S IANDMILL BLADE

&
5

A P
The flow of wind about a windmill blade. Lift -
forces act-perpendicular to the local wind direc-
tion, while drag forces act parallel to it S

: - £

i : .
A
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Drag-Type Machines

A drag-type wind machine harnesses the
component of wind force pergendicular to
the surfaces of its vanes. Such a machine

might he = Qm:nnure rotor of, evan more
IIIIHI Lu\auuuv [Ny R W

crmnf\r a flat board nailed to the end of a

=RERET SN

swinging arm. In this case, the drag force on
the vane is given by the formula:

Drag Force = %2 X p X (V —uff X A, X Cp ,
where -
p = the air density in slugs/ft®,

-V = the windspeed in ft/sec,
¢ u = the vane speed in fi/sec,
A, = the area of the vane in ft’,

QQ_ ibe drag coefficient of the vane.

Generally, the drag uuemuc’mw{i vane
~a value between zerp and one.

If the rotor is at rest, the vane speed (u in
the ahove equarion) is zero, and maximum
}DfCE’ occurs when the vane is perpenofcwar
to the wind. If yUU H?U!pry this maximum
drag force by the-radiug to the center of

rotation, you get the starting torque supplied

-is pushing against other vanes on “the
upwind side of the machine and retarding
this rotation.”

The power developed by a drag-type
machine is just the drag force mu!t;phed by~
the vane speed:

Dnt.uar — W a2 ts A
/

X p XV — u)f XU
o .

I
s

rd

[V D :
drop sharply (see graph), but the, power
extracted from the wind-increase
Is.one-thitd the free-stream
/ aximum pewer extracf;on
0CcCurs. Of course, you still have to subtract

the power wasted in driving othser vanes
_é'i .

by the vane. Of coursg, the net torque ofthe _ :
- entire-mmachine wiif be fess because the wind -

As the vane speed increases, the drag forces‘_._,:_,_

o5 When the

WINDSPEED =V

VANE SPEED =
P _’:

upwind on the other side of the machine.
The drag coefficient Cp for a curved, two-
vane Savonius rotor-is about 1'for the
concave, or torque, side and from 0. 12.to
0.25 for the opposite, upwind-moving side.
With these numbrers you can easily calculate
the difference in drag force between the two
sides and estimate the net’ torque on the
device But be caréful. Note that you should
use V + u insteadiof ¥ — u on the upwind
vane. By a s:ma!ahorocedure you.can also -
estimate the net chuTe‘Rfeve!oped by
a Savonius.

L)
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lift produce the thrust which pushes the

blade adainst its load? Note that the airfoit

illystrated on r"\ﬂﬁn A7 is mn\/mm atananale

WAL AL F LAY raru

of attack off the reiatwe wind. Llft Is pointed

slightly in theforward direction and, because

the airfoll has a hmh lift-to- d_rﬂn ratio, a net "
futvvald thrust rESUItr_p This thru tugs t he ~
blade along its i"

otary path.

Wind Machlne Charactenstlcs

. All windm i1S have certain characteristics
related to w@peed
wmdspee;d, usually fr

omg Iow value of
1 6 to 12. mph, a

“wanmA il e [

P e rJ e s estaaee T ks
WINGiTiin Can UUH!II LU }J! Ukébb' PHUYYEL. L THD

is the cut-in wmfjspeed where the force of
the wind on thejvanes beging

frimtimm nnm rtr A~ AslAratAa s A B fe

friction and LhenULUI aCleieiales c:llu'uyll 18}
the generatop ‘or crankshatt to begin pro-
ducing power Above this speed, the wind*
mill should generate power proportional to
theswindspeed cubed, according to Equa-
tion*. At some higher speed, say 25-35 mph,
wind loads on the rotor blades will be
approaching the maximum strength of the
machine, and the generator will be produc-

ing its maximum or rated power. A maximum

useful windspeed, sometimes caiied the
rated windspeed, will have been reached. !t
may also be the governing windspeed, at
which some form of governor begins 10 hold
power output constant, or even reduce power
output at-higherwindspeeds. At some very
high windspeed, say 60 to 100 mph, one
might expect complete destruction of the

to overcome
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Forces on an Alrfo;L

e T

. All airfoils, even flat boards tilted ;m‘o the

~ wind and used as lifting surfaces, have pre-
dictable fift and drag characteristics. Lift is
the force produced on the airfoil in a direc-
tion perpendicular to the “relative wind”
aooroachmo the airfoil. This refative wing is
the wmo ‘that an observer sitting on the aarfo:l
would face. The aerodynam:o lift can be cal-

- cufated from the formula’

Lit =T XpXVIX A X G, .

where oy

p = the air density in slugs/ft°,
V., = the speed of the relative wind
approaching the airfoil, in ft/sec,
Ay = the surface area of the airfoil or
blade, in ft,
C, = the lift coefficient of the airfoil

The drag force on the airfoil occurs in a
direction paralle! to the relative wmd it a acts

te rofore *F\n fAarnunred matima ~f fh
rU LG T yyaru o L

EB‘E
0 =~

airfoil drag coefficient, C.D
To understand afrfoils in morg detail, you

St Aroon ’F AthAar Aatinitinne Tha
HGGU (4 HJGOP a EU\‘V ULfle UUIJEH'LIUJIO ff!U

“chord line” of an airfoil is a line extending
- from its feading edge to the trailing edge.
Ths "ang!e of attack” is the angle between

LHD‘ b“lﬂ.%ﬂ HHD‘ C[HU UI’U fC'IdUVC WJHU d,Up'lUdL/H'

ding edge. The “pitching moment”

i dge up or down in the face of

- the wind=it is important to the structural

- design of the blades and feathering mecha-

nism. Certain airfoils are neutral; they have

o',orfchmg moment.

“The. graon presented here gives vaiues of

“the fiff'and drag coefficients for a particular

stapdard airfoil shape—the FX60-126. Similar
curves are available for every arrfonf tested.
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The curves shown here give the lift coeffi-
cient C. versus arigle of attack and include a
"'drag polar” that shows how the drag
coefficient Cp, varies with the lift coefficient.
Note that the maximum lift occurs when the
angle of attack is 12° and that the minimum
drag occurs at Cp = 0.006, oorrespondmg to
alift coefficient C, = 0.2.

Example: At an angle of attack equal to
4°, the FX60-126 airfoil has a lift coefficient
C, = 0.96. What is the lift force produced if
the windspeed at the leading edge equals

" 40 mph and the blade area is 2 square feet?

Solution: First convert 40 mph,to 58.8
ft/sec by multiplying by 1.47. Then, using the”
above equation for the lift force,

Lfft—OS X 0.00238 X(SBS)‘XZUXUQ(J
= 7.9 pounds .

From the graph, C

NAOE o~ tho Aran fnr ToT=Ta)
oD, ol s Uray (Lred Uit

the same conditions Is:

Drag = 0.5 X 0:00238 X (58.8)* X 2.0 X 0.0098

= 0.0871 pounds .

ratio, L/D:

i 2}
L/ 0087 = 9§.

Of course this is the same result you would
obtain if you just took the ratio of the lift

- coefficient to the drag coefficient.

The best airfoil performance occurs at an
angle of attack where the lift-to-drag ratio is a
maximum. There you get maximum lift for
minimum drag, but not necessarily the abso-
fute maximum possible lift, On the FX60-126
airfoil, note that minimum drag occurs when

C, = 0.2—a low vglue compared to the
maximurm nncmh!p f(‘ = 1 ﬁl To find. fhp

ks et

angle of attack at which L/D is maximized,
simply draw a line from the origin of the drag

‘polar curve to the point where it just touches

tarmmant tn hm curve. The nnmnf nf tanqency
LUIFHUIJL L LIJ [ g% A ’.I it Léa y !

corresponds to maximum L/D for the airfoil.
Draw a horizontal line from the point of
tangency right to where it intersects the lift
coefficient Curve, a.vru you get CL =108 in

this.example. As the drag coefficient here is
Cp = 0.0108, the lift-to-drag ratio has a

maximum value of 100. Note also that the

dngn—; of attack for maximum /D is 5.2°. Set:
ting the biade edge at this angle of attack to
the relative wind will allow the airfoil to fly at

- fts optimum pen‘ormance.

;

b
/

/
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t—urltng windspeed

er'ld machine A

Furling windspeed
machine B * /|

Power (watis}

machine if it

were, oerrﬂt*ted to continue
generating power. Wind loads on the blades
- or structural members will have surpassed
~ their material strength, and catastrophe is
~the only possible result. The machine is
usually shut down entirely before that, ata -
.Jr!mg windspeed. _
The char stics for two hypomeuodl

e cnaracieri fisi
wind machines are illustrated inthe accom-

Windspeed”{mphl 7

Output power for two typical wind machines. A
rbtor proeduces its maximum: power. at windspeeds

- between the rated and furling windspeeds.

70

Tegs.

panying graph. Machine A is a.2 -kW machine
with a-rated windspeed of 25 mph, and =
machine B is a 1-kW machine rated at 15 =
mph. Machine B has a smaller diameter than
machine A and is perhaps more fragile—its
recommended furling speed is 80-mph;as
compared -with 70 mph for machine A.

«Ihese characteristics are very impurtcuu
You have complete control of mast of them

3
2 3
-2
' 10 mph
\ 5 mph
0
¢

Rotor rpm

Variation of power output with rpm for a typical
rotor. At each windspeed, there is a point of
opttrnum performance (heavy line). *

during the design process. You first select
the rdu::utwuuM and_power output. By —
~ designin for a given strlctural strength,
you can alculate when furling must occur.
. You really cannot calculate the exact cut-in
speed. Itlis as much determined by blade
- aerodynamics—which you can calculate—
as itis by the thickness of oil in the transmis-
sion, bearing tr|ct|on and theaphase of
‘the moon.
Let's use the drag-type Savonius rotor to
illustrate how rotors can be overloaded,

underloaded, or loaded to|their optimum

power-output by a generator or other load.
The generator that loads the power shaft
might draw enough power'to overload the
shaft and slow the rotor rpm to the extent
that most of the wind just pilés up and flows

_on the upwind vane, lower efficiency, and

~ fairly straightforward but the last one de-

: ,machme rotor power output is plofted against -
" ple, the curve for-a windspeed of 5 mph

_is-much greater than for overload or under-
" Joad conditions (which allgw the rotor to

- the 10 mph and 15 mph curves, the effectis  \ o
. of the power output curves and you get the

- curves? Each curve gets its shape from the._,
response of the rotor to loading. andﬂto*’

3

=1 SV ln
cdivul i

‘the machine—causing efficiency
and power output to drop. Or, the generator -
might not extract enough power, and the
rotor will spin too fast—causing extra drag
added power loss. Somewhere between

Over!'oad and rinHarlaad e tha nphmum

foad. This optimum ioad is the exiracied. .
power that you calculated in Equation 1. All
you need is the windspeed and the 'size and

pends on a numbe,r of factors that are dis-
~ Suppose you want to study more closely
how wind power and rotor |oading‘
retatecl How would you represem
shlps of Ioadtng, wmdspeed

&
—trates mese factors Fora nypompuc,aT wind -

rotor rpm for several windspeeds. Forexam-

shows how power output at optimum loading

underspeed or overspeed, respectively) For
the same but stronger. Connect the peaks - ™

optimum load power curve for that rotor.
What causes the shapes of the peaked

wind gusts. Some,:,rotors resoond well,
wuth a somewhat af-tgpped curve. Such
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rotors are insensitive to non-optimum loadings
orwind gusts. Alarge change in rpm means
only a smail change in power. Other ma-
chines m|ght be so sensitive that slight over-
loading “stalls” the rotor—it quits turning
altogether. You would expect the perfor-
mance curve for such a rotor to have a sharply
peaked shape. A small change in rpm can
mean a large change in power output for
constant windspeed.

In our discussion of rotor performance_ ,
the term tip-speed ratio (TSR) will often’ be
*_used. insiead.of rotorrpm.. “The TSR is-the . .
‘speed of the’ rotor tip (as it races-around-its

on how carefully that design is built, and on
whether the machine is optimally lpaded.
No matter how well-designed and built, if a
windmill is overloaded or underloaded it
loses efficiency. In a plot of efficiency versus

lip-speed ratio for several wind machines,

each curve shows a distinct peak -corres-

ponding to optimum loading: The response

of the machine to overspeeding and under-
speeding of.the-rotor is indicated by the

_,dwmdllng efficiency on either side of the

peak. The graph here shows how efﬂcxency—
also called the power coeffisient, Cp—relates

‘to the tip-speed ratio for several types of

~orotation and the tip:

Tip-Speed Ratio

The tip-speed ratio, or TSR, is a term used

instead of rotor rpm to help compare different | -

rotors. It is the ratio of the speed at which
the blade tip (the furthest point from the
center of rotation) is travelling to the free-

_=Stream windspeed:

__ Blade Tip-Speed
Tip-Speed F?atfo TSF? Windspeed

If you know the windspeed, the rotor diameter
or radius and its operating rpm, you can
calculate the tip-speed ratio, or speed ratio
SR at any fixed radius between the center of

- circutar path) divided by windspeed. For
~any given windspeed; higher rom means

higher TSR. Ifthe tip is travelling at 100 mph
“in a 20 mph wind, the TSR = 5. Typical

~-values of the TSR range from about 1 for.

- drag-type macHhines io between 5 and 15 for

~~high-speed lift-type rotors: By using the tips =g ——

- speed ratio we can ignore the rotor rpm and

- d|ameter and consider rotor performance '

= 'zedﬂwseeesmﬁ—"

Wind Machine Performance

The basic formula used in calculating
wind machines. Notice that the American
Farm multibladed machine and the Savonius
rotor are both low-TSR machines, operating
ataTSRcloseto 1.The high-speed two-and
defined earlier as rotor power output divided
by power available in the wind. The efficiency
of a wind.machine depends on its design,

wind machines. Notice that the American
farm multibladed machine and the Savonius
rotor are both low-TSR machines, operating
ata TSR close to1 The h:gh speed two-and

6@: e £ 7‘»

* Ideal eﬂ uencv

1
50 — — R
z % : Modern ! ’H'Qh speed
@ L ; Hlfee b‘aue T ik o r— IWO b\ad
B2 T £
=X
o Ampncar mul i- blede
= > ‘ e
k5] Darrleus rolDr 7
S b -
b= DutCh fUur armm -
& ‘
10 e T DT A;ﬁ,,, ERRRR IS
Savorrus rotar
0 - ! ‘
W) : 2 3 4 3] 6 7 8

Tip-speed fatio

Typical performance curves for several wind ma-
chines. Rotor efficiency is the percent of avallable
wind power extracted by ’the rotor.
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60 >< k >< V D
Or 1 s
FX N
SR = ><
e ; O 705 kX V ! -
where 4

N = rotor rpm,

r = radius at which SR is bemg
calculated,

V = free-stream windspeed, in ft/sec,

k = g constant to-adfjust V: _
k = 1.47 it V is measured in mph
k-=1.00if Vis measured in ft/sec.

To calcu!ate the tip-speed ratio with this
equation, just use r = R (radius of blade) =

Y2 X D {rotor diameter).

*  Example: A rotor turns at 300 rpm in a
15 mph wind. If its diameter is 12 feet at the
tip, calculate the TSR.

- Solution: B
12 .
r=R= 5 ~—6ft‘,
_ 6 X300
TSR =0.105 X 747 x 15 —8.6““ |

The blade tip travels 8.6 times as fast as the
wind. .
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three-blade machines operate at high TSR,
from 4 to 6, and higher efficiencies. :
In Chapter 3, you saw that wind is actually

Maximum Rotor Efficiency ™,

a series of individual guﬁts With this in mind,

5, suppose that a Dutchfour-arm windmill is

The_analysis of maximug_? QOSS,’D/E efﬁcie,h(::y —_— ( i PRSI Ve Sp”']nlng in a continuous 10- mph wind and

o e ooy s el done by See, ——— | —> | ageneratoris loading the rtor o ts optimurm

the airstream by slowing down the free-stream ™. = —> \;r * i poweroutput. The tip-speed ratio equals 2.5
windspeed V to a lesser speed V, far down- % ‘

in this steady wind; thatis, the tip of a vane is
moving at 2.5 X 10 mph, or 25 mph. Now

streamn of the rotor blades. The power extractéd
is just the difference in wind energy upstream

and downstream of the rotor, or | Alrtiow thraugh ity e fotor. a:d the gUStSa SchJppose thﬁ first QSSt Dazses
— the rotor an oubles the windspeed to
Power = 7z X M X (V2 — Vg) — P ’
s & N mph. For rief ment new tip-
1" where M is the mass of-air that ffowsfhrough’ ggeeg)?atioois%; - 281&' 1625' rtethisesa:‘lnpe
the rotor per second. If V, equals.zerain the . % 0+ 20, 0r 1.25. .
- above equation, you mtght expect that power 1 instant, rotor efficiency drops to about half
would be maximized. But no air would flow : its original peak value, but the doubling of R
through the rotor in this case, and the power : o ‘
is zero. The mass flow through the rotor is - oo MK power_pecurs A - windspeed-meansthateighttimes asmueh |
just the air density times the rotor area fimes : V,/V:033 windpower is available to the rotor. The actual
the average wind velocity Sr thg rotor, or: — e - power output only quadruples {2 X 8 = 4).
| M= p X AX ~+2—2 , E Because the rotor doesn’t speed up
Substituting thus formula into the power f mSta’m'Y‘ s a-ctuaﬂy avera.gmg ‘{h.e EHEats
equation yieids: . z of gust-induced variations in the tip-speed
Power= " X p X AX (V + V) X (V2 = V2) = ratio. Over a long time period, a rotor whose
@ - . . - o —
A qraph of the relative power gene{g{e d 2 efficiency curve dro ps-off steeply on-either
versus the ratio of V, to V is presented here. z side of the peak s Tess apt to convert as
Note that maximum power occurs when V, 3 [ much wind energy-as one whose efficiency
equals one-third of V. Under such CO”U'“TOgS = curve is relatively flat. A rotor with a flat
‘Maximum Power = % X p X A X v3 X 55 efficiency curve is insensitive to gusts. An
~ Thus, maximum possible (!heorenca{) effi- important point to consider with efficiency
“ciency oT!a Tift- ltype rotor is 16/5? or 59.3 curves is the change in performance that
percent In reality, swirl in the downwind : : i
airstream and other inefficiencies limit the T O ?haentE)esf))g?a%(:trzctjicjfran;tEar:\gir;;%toénddozgggg
practical efficiency even more. ; e ' } ;
- 2 EANE of the efficieney curves are important design
t _ Power output of lifttype rotor. considerations.

in Chapter 3, the energy content in the
wind was shown to be a peaked curve. As

5
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much as possible, the peak operating effi-
ciency of a wind machine should coincide
with the peak of the wind energy distribution.
It's not always possible to have them coin-

individual. site.-But try to- make" the rotor

-(\_efﬂcnency .curves ook like, and peak at

wind energy distribution -curve. This visual-
ization is the first step in selecting appropriate
operating charact‘enst:cs tor your wind
machine. ';

The accompanymg dragram shows how

. curves might caincide. The energy distribu-
. lien-was” Galeulated Trom the windspeed
distribution curve. Note that most of the

. while the rotor efflcuency peaks at TSR “B”,

‘correspondmg closely with windspeed A.
As the TSR is a ratio of tip-speed to wind-

"...speed for fixed rotor. dlamele:: this rélation-

e - ship determines-the optimum rotor size for
.~ thig®ypothetical-site.

" -So far | have discussed only the rotor
and its efficiency. Overall efficiency of the
wind machine is related to the actual per-
formance characteristics of any component

Often the be"arigg,and transmission have
losses that carrbe considered constant, but

e the roto;,géﬂa:r'ator and otherleadssuch
pump$ have efficiencies that vary with wind-
Yﬂsﬂéfed, rpm, and TSR. These all combine to
. /.f",give-the performance curve its final shape.

‘cide exactly, because a different wind
L fachine cannot be degigned -for, every;‘.l
| . first rotor discussed in this chapter uses
direct impact of the wind against a vane to .-
‘about the same windspeed as, your site’s -

" = wind energy distribution and rotor efficiency--

‘wind energy is available at wundspeed “A", -

that can rob the wind machine of power. .

typee of wind fmachines is" the melhod of B T
rotor propulsn jn; the rotoris propeiled either

By-drdg forces or by aerodynamic lift. The

provide motive force. This machine depends

on a difference in drag between the power-

producing vane moving downwind and the
opposite vane, moving upwind. The curved

shape of the vane permits this differencein

drag forces. But-tor power production, the
vane tip-speed cannot be much faster than

the windspeed. Otherwise, the yane would -
. be moving away from the wind that is sup-
posed to be pushing against it.(not very

likely). So drag-type wind machines operate
best at a TSR close to 1.

Lift-type, or airfoil, rotors use the aero—\
~dynamic lifting forces caused by air flow =

over blades shaped like airfoils. to turn the
rotor. Smodth air flow over an airfoil produces
lift that pulls the blade in the thrust dirécfion.

Simultaneously, a small drag force acts -’

against this thrust. Drag is the penalty one

must pay for hanging anything out in a

breeze. Well-designed alrfons don’t have

anywhere near the drag of such ‘unsophis-~
ticated shapes as flat boards. Lift-type rotors '

are Ejot restricted by a3 Y ||m|tat%on§ on the

io-ln-general, the highekthe tip-

speed ratio, the h;ghezs the rotor efficiency.

There are four géneric types of wind

machmes/,mscussed here: the Savonius
/,"’ -

7 60 . ,' e, b L e ] ]
50 ;
X . Windspeed
B distribution _Efficiency
— 40 . -~ — !- curve
c . N L
o / TN
T -
=3 ” { \
) g distribution ——
Q
= 20
LJ v
- 1 N
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~ the wind energy. distribution.

Windspeed {mph) . o it f
5 10 15 20427730 3%

| | e ) I T =

1 2 3 4 586 7
Tip-speed fato, TSR

Matching a rotor to the wind characteristics of a

" site. The maximum efficieney of a well-matched rotor -
occurs at.about the same windspeed as the peak in




A low-technology Savonius rotor. Easily fabncated
from surplus ol drums, this drag-type machine offers
only imited power.
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‘rotor, Darrieus rotor, multibladed farm wind-

mills, and highspeed propellor-type rotors.
These are the types most often encountered

"in design discussions and in the field.

Each of these types has evolved to serve
specific needs or conditions. Savonius rotors
and farm windmills are slow-turning with
high starting torque—which suits them well
to mechanical tasks such as lifting water.

The Darrieus and propellor-type rotors spin
much faster and have' little or no.starting

torque at all. Their higher rom make them
well-suited for driving electric generators
The range of actual design types is vast,

and even includes wind generators with no -
moving parts. Before you ean make a thor-4,
ough evaluation of your wind system'’s effi-~
ciency, you must select a design type that

will form a basis for your analysis.

Savonius Rotor

The Savonius rotor, or S-rotor, looks
something’ like an oil drum that has been
sliced in half and separated sideways, as

shown in the photo. It was officially invented

by Sigurd J. Savonius of Fihland in the early

. 1920s, although itswas probably built by .

many other expeyimenters prior to that time.
The rotor was originally developed to power
specially designed sailing ships then being
tested. The Savonius is a drag-type rotor. In

“addition to drag on the vanes producing

rotary shaft power, tHat drag produces down-
wind forces (also caHed drag Ioads) on thé
tower.

Supporting tower. Many owner-built S-rotors

‘ciency of 16 percent for pumping water with

A rotor that slows air down on one side
while speeding it up on the other, as does
the S-rotor, is subject to the Magnus Effect:
lift is produced that causes the machineto
move in a direction perpendicular to the
wind. Spin ¢h a baseball causes it to curve
because of the Magnus Effect. An S-rotor
can easily ekperience lift forces equal to two
or three times the drag load placed on its

have toppled to the ground because their |
designers overlooked this phenoménon. '

Recent theoretical studies have shown
. that the rotor efficiency of an S-rotor will
most likely be Jess than 25 percent. If you
add water-pump losses and other equip-
ment inefficiencies in calculating overall’
efficiency; that's a maximum system effi-

a Savoniys. Tip-speed ratios arée about0.8to
1.0 at peak efficiency—as you would expect
with a drag-type rbtor.

The desirable features of the S-rotor are
as follows:

* Easily manufactured by owner- bu:lders

- High starting torque for startmg under

heavy: load. ;

Undesirable features mclude

» Difficilt to control—other than a brake

mechanism, controls to limit rpm in 4

high winds are not readily devised
» Poor materials usage—presents asmall
frontal area for a fixed amount of con-
struction materials
Often claimed, but not particutarly impor-
tant, is that t?;ie Savonius can convertenergy
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from winds that rapidly shift direction. In
‘most installations, the winds used for the
_major portion of energy production do not
shift directions. The gusty, so-called energy
~ winds are often stronger than windmills are
- normally designed to respond to. The big
plus for an S-rotor is that it is easily built with
readily available materials and can produce
high torque while it is starting to spin. Thus,
it is suited to a variety of direct mechanical
- uses such as pumping water, driving com-
pressors or pond agitajgrvanes, and even
powering washing maeﬁthes if that's your
fancy. The number of vanes is not limited to
two as shown here; three, four and more
blades are common. . 4 T |
We saw earlier that a d|ﬁerence in drag
force on the downwmd moving vanes to the
upwind-moving vanes‘s needed to produce
a net torque on the power shaft of a Savonius.

By increasing this torque at the highest .

possible rpm, you can maximize the power
output of this type of machine. There are two
ways to accomplish this_feat:

1. Maximize the difference;in drag coeffi-

cients between upwmd and downy ,-d |

vanes, or,
2. Minimize the wind force agamst the
upwind-moving vane.

Shapes that maximize this difference in.

drag coefficients have evolved mainly to thé
familiar Savonius rotdr shape. Mihor varig-
tions on this shape are possible with cones,
- wedges, or flat vanes that flop over edgewise
- as they advance into the wind. To minimize

wind force against the upwind-moving vanesgs,

-

o i
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simply build a shield in front of them. With
such a solution, you can use simple flat
~vanes rather than the more complex curved
vanes. . N

‘Darrieus Rotor

Not lang after Savonius patented his S-
rotor, a French engineer named G.J.M.
Darrieus invented anothervertical-axis rotor.
His patents anticipated virtually ajl of the
major innovations being tried today with
this type of windmill. Several Darrieus rotors
‘are shown in the photographs on these
pages. The two primary variations are the
“eggbeater’—so named because of a dis-
tinct similarity in_shape—and the straight-
blade versions, sometimes called cyclo-
turbines or cyclo-gyros by various devel-
“opers of this design.

- Both the Savonius and Darrigus rotors
“are crosswind-axis machines in which the
power shafts are-mounted eithervertically .
or horizontaily, perpendicular to the wind
stream. But there is one important distinc-
tion: the Savonius is a drag-type dgvice,
while the Darrieus is a lift-type machine. The
diagram on page 78 illustrates how liftforces
onthe blades actin a direction &head of the.
blades, as all airfoils produce lift perpen-
dicular to the airflow approaching the air-
foil's leading edge. As the blade moves
along its path, it is actudlly moving at a

- Albuguerque, New Mexico. This high-performance machine Uses extruded 1 NUS, - even when the airfoil appears to be
** aluminum biades. 4 - . . movmg downwmd itis not. Lift is produced

s

-~ Eggbeater- sty]e Dargleus rotor being tested:at Sandia Laboratories in_ Speed several limes faster than ne wing,
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over almost the entire circular path. Contrast
this case with the drag-type Savonius rotor,
in which power-producing forces on the
downwind-moving vane are fighting drag
forces on the upwind blade vane. You can
well imagine that the efficiencies of Darrreus
rotors are greater.

Some theoretical studies indicate a 54

percent efficiency for the Darrieus rotor, not .

including losses in gears, generators, and
elsewhere. Others think the Darrieus is actu-

ally capable of higher efficiencies than the

theoretical maximum of 59.3 percent. There -

~ are good reasons for such claims; but neither.

of them has been proven correct, yet. In
careful-tests, the measured efficiencies

" ranged from 20 percent for the "egg beater”

design, to greater than 50 percent for highly
sophisticated straight-blade designs. This
diversity of results suggests that the question
is probably still open.

In any event, the efficiency curve for the
Darrieus (see page 79) suggests the per-

formance you might expect from a well-
- designed rotor. The steep slope on the low-
. rpm_side of the curve indicates that this

rotor is easily stalled when overloaded.
Should the windspeed increase quickly
while a fixed load is applied to the rotor, its
tip-speed ratio falls rapidly. The rotor, which
was operating at the peak of its performance
curve, slips over to the steep underspeed
side of the curve, even though more wind
power is available to the rotor. Properly
designed rotor and generator controls will
prevent complete stalling of the rotor under

this condition. Without such controls a rotor
stall is almost gudranteed:

The desirable features of a Darrieus rotor
are as follows:

* Possible ease of Constructlon by owner-

builders if lower performance is accept—
able .

* Low materials usage for hrgh power

output

» Adaptability to sail and other appro-

priate technologies

¢ Possible high wind- energy conversion

efficiencies.
Undesirable features mclude

» High-performance machines need

complex controls to prevent rotor stall

» Difficult to start rotor.

Darrieus rotors are well adapted to driv-
mg electric generators or other high- speed
loads. Because of the need to apply starting
power to the rotor to accelerate it to high
operating speeds, they are not well suited to
lifting water directly or powering similar
mechanical loads. In Chapter 2, however, a
Darrieus used for pumping water in ‘Bush-

i

_land, Texas, was described. The.rotor adds

its power to the pump along with that of an
electric motor. That same motor becomes

an electric generator whenever the Darrieus |

is generating more power than is needed to
pump water.

How a Darrieus Works

“The Darrieus rotor works in an aerody-
namic fashion similar to other lift-type rotors,

A straight-bladed Darrieus rotor, T-pe pitch angle of
the blades s changed automatically.
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pointed in opposite directions. No-thrust
_ As o rotaton _ | occurs__etrrthis_position.—As;_he blade;aqveﬁ'c;e:s _—
R i s aw - - = ) - - towards-position B, however, the blade is at
- .= ' N ) an increasingly steep angle to the wind. The
lift force is directed ahead, along the direc- -
tion of blade motion, and thrust is developed.
Notice that blade speed is much greater
: than windspeed. So the tip-speed ratio is
/TV much higher than 1—maybe 5 or 6. A high
“tip-speed ratio is the key to successful
" operation of a Darrieus rotor. At a low TSR,
the blade sgeed vector becomes shorter
~—-—"1han the Tlength of the windspeed vector, as
illustrated in the next diagram._In this case, .

“the angle of attack between the relatlve

Airfon migton

Low-speed aerodynamics of a Dar-
rieus blade.

{

but because of-the” carousei path bf the

f/" e bfadEs its. operation appears complex. It
“really isn't that difficult. Recall that airfoils

generate lift perpendicuiar to a wind ap-
proaching the leading edge. In the Darrieus,

that “relative” wind changes its angle from

‘almost straight-at-the airfoil to nearly per-
pendicular to it. Thus, the amount of lift
produced by the airfoil changes constantly
as it sails around its path.

At position Ain the diagram, blade motion
and wind direction—-are parallel, although

wind and the airfoil motion is too large, and
stall can.oceur. Turbulerﬁ a|rﬂow loss of 4ift,

B un"desnrable oondmon Compare the angle

of attack that results from low TSR- with’

' the angle of attack in normal high=TSR +

operatlon At really low tlp-speed ratios, stall
“is so-prevalent that the rotor may require

" additional power from. a starter motor to

acceleratg it up to operating speed.
Stall of the fixed-pitch Darrieus at low

speeds results in an efficiency curve that
looks like the one on page 79.At initial start-—~ "~

up, the rotor has a zero, or mildly positive
efficiency. As rotation speeds up, stall effects
rob the blades of power to the extent thatthe
efficiency is actually negative. External power
is usually required to accelerate the rotor
through the stall region. Once beyond the
stall region, acceleration is rapid up to the
operational tip-speed ratio. Unless a gust
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suddenly drops the TSR back into this stall
region, the Darrieus will continue to generate
power unaided.

— Under certainwind condmons a Darrieus
~ rotor can start without help. Peculiar, but not
uncommon, wind gusts will accelerate a

_stationary rotor to operating speed. Often

such a self-start occurs when the crew is bff -

- at-lunch;-nobody-is -around to see what
happened. The result can be a thoroughly
trashed rotor; if you don't expect the rotor to

start, why hook up the load? Right? Abso-

iutely wrong! Always e expect a Darrieus,rotor
o self-start, even though the experts h'ave
toid you it won't.

‘What dare some of the alternatives for
starting a Darrieus rotor? Electric starter

motors are common. Such starter motors:

use a wind-sensing switch and a small
electronic logic circuit to decide when it's
appropriate 1o apply current to the motor
Another startmgtechmque is to combine a

- Savonius rotor with a Darrieus. The Savonius

has a high starting torque—enough to coax
the, Darrieus through its stall region. By
making the Savonius just large enough for
starting, it won't contribute to operatlonal
power,

An mcreasrngry common starting method
is that of articulating variable pitch blades
that are hinged so that their pitch angle can
_change as they travel around the carousel
path. The eggbeater is an unacceptable
design for articulated blades; its curved
blades cannot éasily be hinged. The straight-

bladed Darrieus can easily be hinged, and -
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A typical Darrieus power curve. The rotor must be
accelerated through a region of stall before it attains
“normal operating conditions. .

it often is. To see how artigulation works,

start with the fixed-pitch blade diagram at

blade position B. The blade:is fixed exactly .
. tangent to the circulagpath. Atlow TSR, this '
results in a hlgh angle of attack.

Now, supposevthat the blade pivots on

its attached arms so that it points directly

into the relative wind (i.e.,its angle of attack
equals zero degrees). Stall is eliminated, but
so is fift. Optimum articulation lowers the
blade angle t0 an angle of attack that pro-

duce$ maximum lift. But simple mechanical

controls that articulate the blades often do
not hold the blades precisely at optimum
angles.

Small Savonius rotors along the axis help acceler-
ate this straight-bladed Darrieus rotor through the
stall region.




American Farm windmill in final stages of assembly.
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A common method of Darrieus blade articulation.
Varying the blade pitch eliminates rotor stall.

The drawing above shows a typical struc-
tural configuration for articulating the blades
of a Darrieus rotor. Each blade is supported

from the power shaft by two arms. Eacharm ~
s attached to the blade with a hinge pin that

allows the blade to pivot through the pitch
angle illustrated. The blade is held at

pitch angle by a control link connected to
any one of several control systems. The

simplest control is a central wrnd vane that
holds a cam in a position corresponding to
~the'wind direction. The cam tells the control
~links to-position the blades at a pitchangle
approximating the optimum blade angle.
Other methods of blade control usually
involve electric or hydraulic servomechan-

- isms driven by a-small electronic circuit or

computer. Whether fixed-bladed:or articu-
lated, the Darrieus rotor is very sensitive to
its tip-speed ratio. Allowed to overspeed,
the power coefficient drops until the lower
power output equals the load. Overloaded
or in a strong gust, the TSR drops, blade
stall sets in-on the fixed-blade machine, and
the power coefficient drops Severe!y on both
types of Darrieus rotors.

Muitiblade Farm Windmills

Multiblade farm windmills date back to
at least the: mid-1800's, when the earliest
water-pumpers, built by Halliday, used flat

- wooden slats as blades. By the latter part of

/Ihat century, the understanding of wind

machine design was just entering an era of

empirical and analytical aerodynamics. Even-
tually the flat wooden blades were replaced
by curved sheet-metal blades, whose curva-
ture improved their lift and also the energy
conversion efficiency of the rotor. b
The farm water-pumper evolved from a
‘need for a high starting torque—it had to

-begin turning while lifting water at the same

time. High torque at low rpm requires a
-4
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Iarge Ilftmg surface area, so the total blade
surface aimost equals the windmill frontal
area on these machines. An extra bonus of
- placing many blades close together is the

S0~ Qalled “cascade effect.” Each blade aids
the next by acting as a guide vane for the
air flowing over its neighbor. The air flow. at
very low tip-speed ratios occurs at a nearly
optimum angle for each blade to develop its
maximum lift.

Another benefit of the casoade effect is
that it tends to limit the maximum tip-speed
ratio of the rotor. These rotors tend to operate
" ata TSR close to 1. At higher TSR, air flows
into the rotor at angles far from optimum-—
thereby limiting the rpm. Some other means
of shutting down the machine is still neces-
sary during extreme high winds. Otherwise,
the stresses exerted on the tower by the
large surface area of this rotor become enor-
mous. The rotor itself must be able to with-
stand such loads. A typical solution has
been 1o tilt the rotor out of high winds.

The desirable features of thé multiblade
rotor are as follows:

¢ High starting torque

» Simple design and construction

» Simple control requirements

& Durability.
Its undesirable features include:

* Not readily adaptable to end uses

requiring high rom

« Exerts high rotor drag loads on the

tower, i

A farm water-pumper derives shaft power—

from the wind in a fashion remarkably similar
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| |/
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Components of an American Farm windmill. Gears and crankshaft convert rotary

pawer into the up-down motion of the sucker rod.

to the high—speed 'Eiﬁerodynamic rotor. But

the farm water-pumper is not. particularly
sensitive to aerodynamic factors because
- of the cascade effect. With just one blade,
you recall, the angle of attack can be steep
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enough to stall the airfoil. But in the cascade

- system, each blade directs airflow into the

next and reduces stall. The major penalty is
a relatively high ratary speed, or swirf, added
to the airstream downwind of the blades.
Much less swirl occurs behind a high-speed

_rotor. Slightly lower efficiencies resultbecause
of swirl {as much as 10 percent_ loss in
" power), but the benefit of the higher starting

torque. is usually worth it. The maximum
rotor efficiency attainable with a multiblade
farm windmill is about 30 percent, but 15-20

.. percent is more common in practice.

-

€

High—Sgél‘ea Rotors -

_High-speed, propeller—fype rotors have a

’wh lower solidity than farrh water-pumpers
~ard operate at much higher rpm. Two or
three blades are common, and four a.practical

maximum. They begin operating at tip-speed
ratios up to 5 andrhave been tested to about

20. Most factory-builtwind ge g s oper-
ate in the 5-10 range, altioug¥a. Hitter-
“Algaier 100-kW machire nthe 1950’s
"operated at 16. Thwse rQ i welt-suited

for electrical generation b
rpm lowers the gear ratie needed for driving
a generator. "

The design of high-speed rotors places
much greater emphasis on blade aerody-
namics than do the lower-rpm designs.
Machines like the Jacobs, Kedco, and Win-
charger operate at a moderate tip-speed
ratio of about 5. At these:ratios, good airfoil

.

e theirhigh

POWER SHAFT

L
o1

desig{n"\wiilﬁ improve the performance of a

_rotor by|about 5 percent over one designed
“with IQS}S attention to aerodynamic details.

Rotor elficienéies close to 45 percent are
possible, and 40 percent is a common value
in this range. At a tip-speed ratio of.8 or 10,
close attention to aefodynamiC‘d-etails yields
an efficiency of 45 percent, with a strong
chance ?f lower transmission loss. The

I ¥
Ll .

w.. TS
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i {
| < .

TRANSMISSION ™

LOLLY BEARING .
AND TOWER ADAPTOR

=

Gon'\ponents of a typical propeller-type wind gene’rator.(

.
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Hdtter machine attained overall efficiencies
(including transmission and generator losses)
of 40-50 percent at tip- speed ratios between
--13_and 16. s
The desirable features of ‘high- speed-
pmpe!lor—type totors are as folfows: o
* Slender blades use less material for ‘
the same power output ,
- e Higher rpm reduces transmission.re-
quirements .‘
* Lower tower loads occur with slender oy
blades ;
{ » Large diameters and high power levels
are more easily attained.
Their undesirable features include: .
 Lower starting torque P
* Bilades require very careful attention
to aerodynamic design .
* Possible flutter and vibration problems.
The high-speed rotor provides an excel-
lent illustration of the aerodynamsc relation-
ship involved in coaxing power from the
wind into a power shaft. The simplified
diagram on the opposite page, which rep-
resents the cross section of a rotor blade
turning in the wnnjmumapwewmem‘
—this process. Aerodynamic lift is produced |
at right angles to the relative wind that the
airfoil “sees” at this particular. cross section.
This relative wind is the vector sum of the
blade motion and the wind velocity at this
position in the rotor disk. Blade lift tugs the

blade along-its rotary path, causing thrust.

- The 6 KW Hitter-Algaier machine.Tne small, high-solidity rotor on this propelior- As{ong as the angle of attack is appropriate
type machine uses crosswinds to face the main rotor directly into the wind. all along the entire blade, it will develop

' thrust at its maximum capacity. This thrust .~ -~

“re

: ﬁ"A
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| ”generates the shaft torque that splns a gen--—- -

: erator ordrives a pump.

o

“Some slowing of wmdspeed occurs in
‘front of the rotor, so the windspeed at the
rotor disk is less than the free-stream wind-

speed (i.e., the windspeed measured-by a
¥ nearby,. unobstructed anemometer). In-an
tidea! rotor with maximum power extraction

__.{59.3 percent efficiency), the windspeed far
downsiream of the rotor should be one-third

- the windspeed far upwind of the rotor. The

windspeed at the rotor should be the average

of this upwind, free-stream speed and the .

windspeed far downstream, or two-thirds, of
the free-stream windspeed. Thus, for maxi-
mum power the upwind slowing should be

one-third-of the free-steam windspeed. Ideal-”
~ly, this-upwind slowing should be the same

along the entire blade span, but on real
rotors only a small portion of the span has
this value.

Slipstream rotation or swirl-—simitar- 10—

~that behind a multiblade farm wmdmul—"

occurs in the downstream airflow because

the air is carried along with the blades as -

'they travel their circutar path. Although slip-
‘stream rotation can often be large, it is
usually very small for high-speed rotors.
Because of these induced flow factors, you
cannot merely add vectors for wind velocity
and blade motion {o estimate relative wind
by triangulation. You will be off slightly—with
greater errors at low rpm than athigh rpm. in
Appendix 3.3 there are graphs that help you
to calculate all important angles for blade
design. The higher values ¢fthe blade speed

.,{
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~
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WIND BLOWS THIS DIRECTIOM

Vector diagram of the airflow at a single rotor biade. The [ift force tugs.the biade along its
rotary path. _ ‘ 3 ¥ ‘

near the tip require some twist in a well- -
designed- btade. Twist changes the btade A
angte as you move along the-blade span

from hub to tip. For rotors operating at tip-

speed ratios from 3 to 8, twist is not so

important. Above a TSR of 8 the twist, airfoil ~

selection, and ‘other design factors become : e
increasingly important.

thrm
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You have probably seen photos or dia-
grams of strange-looking ducted rotors,
vortex creators, and other odd machines.
The general idea of these machines is to

__enhance the performance of the rotor by .
speeding up the wind flowing through it.

One approach is to deflect more air into the

rotor—perhaps with large vanes upwind of -
an S-rotor, A carnyon or apile of dirtin front

of a Darrieus rotor performs a-similar function.
Another approach is to induce a strong
suction or low-pressure region behind the
rotor. In a ducted, 10-ft diameter rotor, for
example, the duct will extend perhaps 40 to
60 feet behind the rotor, expanding in diam-
eter as it trails back.. Shorter, more exotic
concepts are now being tested. But when
considering a duct, keep in mind that getting
air to speed into a tube that has something
resembling a-cork Inside is like getting
speeding cars to penetrate a freeway raad-

“block. They would rathér go around.

A different approach now being tested
by several research teams is to mount air-
foil vanes on the blade tips. These vanes
help to expand the wake behind the rotor,
causing more suction of air through the
rotor. The real trick here is to get more wind

- power into the rotor than the vanes take out

because of their added drag. So far, little
success has been achieved in field tests of
this method.

In evaluating these enhanced-perform-
ance methods, you should be careful that

-

the extra costis more than offset by increased
power output..All too often, a 20-ft. diameter -
duct around a 10-ft rotor perfgrms worse
than a 20-ft rotor that uses much less mate-
rial for construction and less engineering
time for design. However, many of the truly
—-innevative improvements-to wind systems
are headed in the direction of enhanced-
performance machines. There's still a 1ot of

Choosing a Suitable Wind Machine

Windmills vary in type, efficiency, and
size; the choice you make- in selecting a
design type should be based on the nature
of your project. If the design is to be extra™
low-cost, using local recycled materials, then

~ you might select a design. of low aerody- *

namic sophistication such as a Savonius
rotor or one of the other drag-type derivatives.
The choice will depend on the type of lead
you select. Awater pump is éne type of load;
a generator is completely different. Keep in
mind that rotor efficiency is almost directly
“proportional (with few exceptions) to the
level of gerodynamic sophistication. Thus,
your selection of rotor type will determine its
efficiency. - -

Should you choose a sophisticated rotor
(e.g., a three-bladed propellor-type rotor) the
final system performance will.be determined
by how carefully you execute the design
concept. If the three-bladed rotor is con-
structed of flat sheets of material such as

room for new inventions and-fresh thinking.

)
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plywood or sheet metal, expect overall per-
formance to be low. Sail airfoils will actually
improve performance. Twisted, tapergd and
carefully built aiffoit blades made of metal
or fiberglass will bring performance up to
nearly optimum values.

To choose a suitable windmill, then, you
must answer such fundamental guestions
as: :
¢ Do | wanta really cheap wind system?
» Am | willing to sacrifice efficiency for

~ cost? _
- ® Exactly what do | want the system to
do? ¢ | &

Many people want to power their house—to
build some sort of inexpensive machine

that will replace the utility wires. Other folks °
want to supplement their power, lowering

the monthly electric bill. But the central
question remains: How much reliance can
be put on the wind system for its power?
Efficiency. cost, and reliability are the
key points to consider as you begin to plan
your wind system. Just keep in mind that
wind machines, like cars or airplanes, have
certain historical cost limits. Above these
limiting costs. the machinery becomes extrav-

agant, fancy, or just plain expensive. Below .

these limits, the machinery may be skimpy.
In its design, unreliable, and—in the end—
just as expensive. For wind machines, the
optimum cost for the eguipment seems to
float between $500 and $1,000 per kilowatt

of rated power. These values are close to

what your electric utility pays for construc-
tion of a new coal-fired power plant.

il

If costs are lowered by skimping, scroung-

Ing, or using surplus machinery not well

suited to the task, system reliability and
performance are usually saerificed. Using
an old farm water-pumper to generate elec-

tricity by replacing the crankshaft with a .

gear-.or chain-driven generator may seem
like-a-quick way to shut off old Edison. But it
won't work. This rotor is usually small in
diameter—around 6 feet-+and was designed

for low rpm operation. A large.gear ratio—

from ‘the slow-turning rotor shaft to a fast-
turning generator—of about 50 to 1 will-be
needed. A 10 to 1 ratio might coax a few
watts out of the generator, but overspeeding
of the poorly loaded rotor blades will even-
tually encourage them to fly apart.

“Choose a design for the task. Mechanical

loads like piston water-pumps, washing
machines, or piston compressors usually

need high starting torque. Here, a recycled *

multiblade water-pumper or a Savonius rotor
make sense: For loads like generators that
do not "kick in” until they are spinning quite

fast, choose a high-speed lifting rotor such

as the two- or three-bladed propellor or a
Darneus rotor,

One overlapping design s the sail-wing

“rotor. Sew large sails and you have a high-

torque, slow-turning rotor for water pumping.
Sew smooth, narrow sails, and the rotor rpm
increases—making electrical generation
reasonable. The sail-wing rotor is also very
appropriate for low-cost, low-technology
systems constructed by owner-builders.
The final points_you must consider in

a3
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Power, Factor F _ Sizing a Wind Rotor ) = Hapld Efficiency Estimator o
v F There are two principal ways to determine s';z':d'm;“mum
6 A 1.07 g;?‘} fronta; aéea SDSf ﬁo"w}dg;g?gaec( QLG r@f _wu £ e Construction | Design
; v merely gue wa yod . " Multi i;ded tarm wates pumper 1
;. ’;1?-.;6. e ﬁ;-n,Wam.ﬂalculate thé power it proddces, and Sa.,,w?ng it pumpé}p i 12 gg
3| e @B -stop there- Or-yourtan first determine your Dfrtis Wass? it 15 1. 39
9 374 average power needs and the wind resources Savonius windcharger w ¥ 2
) 10 5.13 at your site, and then equate the two to - . Small prop-type windcharger . 20 30 ’
" e et 11 6.82 determine the rotor area. The first method is |- wpte2kw wJ:
) the one maost often used. The second is more Medium prop-type windchamqr\ “, 20 30
12 8.86. complex but resuits in a much closer match’ e 10 L
U 13| 11.26 between your powerneeds and the wind e oy, DaGEORR | b, = 0o 45
14 14.07 power a\"'a”abfe l Darrleus wind generator 1.5' ) 35
15 | 17.30 Suppose you know in advance your aver- : :
16 | 21.00 ggz po;%’”?igﬁ—%e”%:? t%‘;"sr e gn gr’e: f!etter a rapid but rough estimate. Then get values
17 | 25.19 P EQHALION S you P of F, C4 and Cr for your site from the
, supplied by a wind machine, depends on the
18 | 29.90 windspeed V, thé rotor area A, the air densit appropriate tables. The rest is calculation.
; ’ . v Example: You have chosen a three-bladed
19| 3647 p, and the sy stern efficiency E: propellor-type machine to produce 1000 watts.
20 | 4102 =%hXpXVXAXE. Afs:te survey shows that the energy content
N 21 | '47.48 : of the winds at your site, which'is atyeea
25 1 5459 This formuia catn be r e;v;ttte? Kt) express the - level, peaks at 15 mph. What size ro?or is
o2 . e rotor area A in ermsp of five factors: : needed? ,#
P ey A= ,(Eq. 4) Solution: Begm by esti ating rhe system
4 : EXFXCaXCr " efficiency. For small propelior-type systems,
25 | go where F is a factor that dep&nds on wind- ' you can expect an efficiency from 15 to 30
26°| 90.12 speed and is presented in the first table percent. You elect to use 25 percent (E =
27 | 10092 here, and G, and Cy are the. alfitude and. 0.25) for a carefully designed machine.,From
28| 11255 temperature correction factors to the air 5 the first table F = 17.30 at 15 mph; and Cp =
29 | 125.05 density that are given in the tables on page Cy = 1 at sea level, for staridard temperature
30 " 13843 | 48 of Chapter 3. Equation 4 gives you the i (60 F). o, 1000 g
= Sl area in-square feet-when-the-power-Pis—" A=
expressed in watts, if-P is in horsepower, 025 X 1730 X 1 X 1
multiply A by 0. 737 = 2371 f2 '
- If you are purchasing a factory-built ' )
machine and know its system efficiency, this You usually need to know the diameter of the
formula can tell you wHether its frontal area rotor that can do the job. In this case, a
Is suited to your power needs. If you intend diameter of 17.3 feet is needed. Refer to
. to des:gn andbuild your own rpachine, you Appendix 3.1 for more detailed information
LA -need-an estimate of the efficiency before you needed to convert rotor frontal area mto ,
A can begin. Use the second table here to get linear dimensions of the rotor vanes or blades. :
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choos;mg an appropnate de31gn are based

on real Calculatzons of your power needs

i - and systém power olUtput. These calcula-

: tions can be done by using steps presented
in the next chapter and in Appendix 3.3.
Chapter 5 also presents a number of design
methods you can use to gelect aerodynamic

. and structural components for your wind

= 3 Sl
> .
) 5
K [
o} ;

machine.- In general several methods are

prasented—from the simplified approachto :

areview of some of the moreé complex mathe-
matical solutions. When combined with a

careful analysm ofyour resource and needs,

thése methods allow you to deS|gn an

“appropriate wind system
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" Wind machine design is a.process of trial
and retrial. Once you have selected a wind-

“mill type, estimated the overall system effi- -

ciency and calculated rotor size, you must
then design the components of the machine.
With all components sorted out, you next
evaluate jn more defail the various efficien-

cies and performance characteristics, and”

re-estimate the system efficiency. Then you

recalculate rotor size from this information,

and if different from your firsttry, you redesign
the components. With a bit of luck and fresh
batteries in your calculator, you won't need
many retrials to achieve an acceptable
design.

The wind machine design process con-
sists of two major tagks: aerodynamic design
“and structural design. Although these two
" tasks are logically separate, it helps to think
of them together. Otherwise, you might find
yourself laying.out a bit of aerodynamic
glory that just'won't hold together in real life.
Start by identifying the load that the rotor
“must po&gr. It the load is a mechanical
device—e.g., a water pump—nhigh starting
< torgue from the rotor will be needed. This
~ will usually be true for a compressor as well,
if the load is an electrical generator, low
starting torgue but high rpm will be required.

The starting torque required telis you the
necessary rotor solidity—the ratio of total
blade area to rotor frontal area. High torque

needs high solidity. Low torque means low

- solidity. You choose rotor solidity'according
to the type of ioad. - *
The solidity tells you how much surface

area the blades must have. For example, if
the solidity equals 0.2, and the rotor is to be

79 square feet in frontal area (about 10 feet

in diameter) then the total blade area equals

0.2 times 79, or 15.8 square feet. Solidity

als@tells you something about the rpm and
the tip-speed ratio at which the blades will
operate. High solidity means low rpm and
low TSR, while low solidity means the rotor

must fravel faster—high rpm and high TSR.

Putting a design together, then, starts with a

- statement about the task the machine must

perform and the rotor load that task creates.
These considerations lead naturally to some

- very specific constraints on the rotor geom-

etry and operating characteristics.

Aerodynamic Design

Sorting out airflow, airfoil selection, blade
twist, torque and performance coefficients—
that's aerodynamic design. The sophistica-
tion required is really detérmined by two
things: size of the wind machine, and tip-
speed ratio. Smali wind machines can be
built “like the picture”; they can be aero-
dynamically shaped with only a little care.
Performance will then be a matter of luck.
Aerodynamic perfection becomes increas-
ingly™fmportant for wind machines larger
than 2 kW. With large machines, experimen-

ters cast aside ideas of giant Savonius rotors—"
or funky sailwing machines and start to get,

serious about rotor design.

In-the low tip-speed rangé (less than
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TSR = 8) wtor desagn is governed less by
aerodynam;c considerations than one might
expect. A fully optimized rotor bladewill per-
form perhaps & percent better than a care-
fully desighed blade that was compromised
somewhat to lower the cost or allow for
easier construction. The extra power avail-

" able may not be worth the added time or

expense. But a fully optimized blade makes
more and more sense above a TSR of 8.
-~ Throughoutthe process of aerodynamic

| design, you will be concerned with the fol-

lowing factors and the way they relate to
each other:
e Torque, power, and rpm reqguirements
of the load 7
 Torque and power characteristics of
the'rotor
* Response of the rotor to gustiness in

the wind. , o

Just how concerned you must be with these
factors depends again on the machine size.

‘For example,-a-wind machine that supplies

power to the utility grid will be large and
expenswe A very detailed understandmg of

‘this machine's response to gusts, or its
match with the Ioadﬁs -grucial to the final
~ economic success of:

windcharger, on the hewhand «might not
have a well- matchéd rotor and*load, but
could be an, acceptable machine because

- of its lower 068t Still, it's-a good idea to pay

attention to such-factors in any project,
regardless of size.

Fora specific rotomyou can calculate a
power curve that shows rotor power output

4

- versus windspeed or rotor rpm. You can

~with a 12-foot rotor driving a 1-kW, 12-volt

- with the alternator power curve, you can tell

Jch asystem. Asmall -

also plot a power curve versus rpm for the
load you choose. For example, power,curves
are-available for most electrical generators,
and rotor power can be calculated using
Equation 1 and an estimate of rotor effi-
ciency. You might end up with a rotor that -~
turns at 300 rpm at its rated windspeed, ;
while the generator needs to turn at 600 rpm
to generate any power at all. Hence, a trans-
mission is needed to match rotor rpm to that
of the load. .

The two graphs at left present typical
power curves for a small wind ggnerator

alternator. The first gives the alternator input
and output power curves available from the
manufacturer. The other shows the rotor
p"@wer curve with the a!temator curve super-
from the transmission. The transmission,
which could be a beltand pulleys,oragear
box, increases rotor rom to the much hlgher
rpm required by the alternator.

By comparing the rotor power curves

something about rotor performance at vari-
ous windspeeds. Notice that the alternator
places virtually no load on the rotor at a

windspeed of 5 mph. That's fine because A
very little wind power is available here. But
by 8 mph (in the case of a 6:1 gearratio) the
alternator is beginning to demand higher
‘nower input from the rotor than is availablé
at the design TSR. A 6:1 gear ratio mildly
overloads the rotor up to about 16 mph
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Above that windépeed the rotor is under-
loaded—more power is avaiiabie than the

' alternator can use. A highly overloaded rotor
. may stali and quit turning altogether. On the

other hand, an underload condition will
cause the rotor to speed at higher rpm—
higher than the optimum tip-speed ratio,

~ This example is typical of many low-power

wind generators using available automotive
alternators.

In small design projects, the process of |

ioad matching is often reduced to selecting
the transmission gear ratio that minimizes
the effects of mismatch. For certain types of
pumps and compressors, a gear ratio can
be selected that almost ideally matches
rotor fo-load. For alternators and generators,

however, some amount of load mlsmatch N

will occur. -
How the rotor performs when the wmdL
speed changes abruptly is another |mpor-

‘tant design consideration. The didgram

shows a typical wind gust that nearly-doubles

the windspeed in a few seconds. For clarity,
the windspeed is illustrated as staying at
_the new speed, a very unlikely occurrerice.

Two typical rotors respond o this-gust by
accelerating to higher rpm. .One rotor is
lightweight (low inertia), perhaps a Savonius
rotor made of aluminum; the other is heavy
(high inertia), perhaps the same size S-rotor,
but made of steel drums.

Notice that the heavy rotor accelerates
more slowly than the light one. Really large
rotors might take half a minute to follow a
gust, which disappears before that time.

5 el o

{

Heavy rotors tend to’ average the wind-
speed—staymg at-ari average rpm L|ght

-more fluctuations |n rpm. The s:g'mflcance

of this averaging effectis that a rotor cannot
always operate at its optlmum tip-speed
ratio. it will operate atan average TSR, yield-
ing less than maximum efficiency.

The shape of the curve depicting the
relationship of rotor efficiencyto TSR is very
important in the overall performance of that
rotor. Two different efficiency curves are
shown in the next diagram,; the dashed
curve shows a higher maximum efficiency
than the solid curve. But the solid curve is
broader and flatter, so a gust-induced change
in TSR .would produce a much smaller
change in rotor efficiency. Hence, because
of the averaging tendency of rotors, a flatter
efficiency curve is often more desirable
than a peaked curve—even if its maximum
is slightly lower. Over the long run, the
machine with a broad, flat efficiency curve
will generate-more wind energy than a
machine with a sharply peaked curve.

Savonius Rotor Design

Aerodynamic design of the Savonius
rotor and other simple drag machines is
mostly a matter of drawing something that

looks like it will work. For most Savonius -—

projects, the shape is determined less by
design factors and more by available mate-
rials. The usual ‘home-brew” rotor is made
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from oil drums cut in half; an occasional
rotor is built from sheet metal. Either the
dru@m size or.sheet metal width will deter-
mine rotor diameter. Most S-rotors are about
3 feet in diameter, but some have been
built 30 feet across.

Many studies have been conducted to
determine optimum shapes for Savonius
rotors. The results are summarjzed in the
diagram on this page. Options start with
the intervane gap. In the diagram, option A
is an Improvemem over options B and C. Air
can flow through'the intervane gap in design
A and push on the upwind-traveling vane,
reducing the drag on this vane and increas-
| | . ‘ . L ing torque and power. The number of vanes -
/@/ ‘ - g . | ' % is the next consideration, and A.seems to be

- ; - T ) "+ animprovementover D. Theoretical explan-
, | : " ations for this effect are complex and possi-
bly incorrect. But experimental tests show
that two vanes work the best. Because of
the materials you have available, such as
:old oil drums with-which to make an S-
rotor, the number of vanes and the intervane
gap might be limited by your ability to fit the
pieces together. There is not an enormous
difference in performance between the vari-
ous options, butbetter performance is pos-

- sible when you €an use the best options.
The next design variable is the vane
aspect ratio-+=in this case, the ratio of vane
height to diameter. There is probably no °

“Savonius rotor design options include the mtervane gap, number of vanes, aspect ratio, and tip plates. best design in this case. For a given frontal.

“Option E has a much higher aspect ratio than F, and the tip plates in option G improve the rotor performance at ~ area, higher aspect ratio rotors w_!!‘[_{rg“n at .
lovs pm. : higher rom and lower torque than those with

: L a low aspect ratio. Tip plates improve S-

B4

e
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rotor performance slightly, especiaily atvery
fow start-up rpm. .

What kind of performance can you expect
from an S-rotor? The graph here presénts
typical performance curves for two S-rotors
with different vane gaps. The best one shows
a maximum efficiency ofabout 15 percent—
a typical value for a small machine like an
oil-grum S-rator with a 3-foot diameter. For-a
machine with a diameter of 10 feet or more,
you could expect an efficiency of 20 percent.

Note that the graph shows both torque and
power coefficients and illustrates the S-rotor's
_ characteristically high starting torque. Loads
~driven by a Savonius should have roughly
- similar torque and power requirements. See

Appendix 3.2 for a sample design calcula-

- tion that uses the Savonius performance

curves presented here.

Propellor-Type Rotor Design ol

If you wish to use a wind machine to

- drive an electrical generator, the high rom

needed by the generator will require'a.high-

speed rotor. In-general, only propelior-type

and Darrigus rotors can develop the high

" rpm needed. In both cases, careful aero-

dynamic design ofthe rotor blades is impor-

. - tant it maximum rotor efficiency is desired.

Earlier, you saw how tip-speed ralio and
rotor efficiency are closely related. Generally,

.- machines that operate at higher TSR have

higher rotor efficiencies—as long as they
are not overspeeding. The tip-spged ratio
for a specific rotor is not derived by guess-

. Torgue
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Performance curves for two S-rotors. Use these
curves to estimate rotor torque and power.
‘i/ 4

work; it is gové’fﬁéﬁ"’iﬁétead-'”by the blade
size. Wide, large-area blades like those in a

~_farm windmill turn at low TSR; long, slender

blades spin at high TSR. There is thus an.
inverse relationship between solidity and
rotor speed or TSR. An American Farm multi-
blade windmill.has high solidity—about 70~
80 percent of the fronlal area is covered
with blades—and offerates at low TSR. But,

as seen in the above right graph, high-..

speed, propellor-type rotors tend toward
low solidity—10 percent or less—and high

. TSR. Compare the graph with the table.

© Solidity Trércent
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Rotor solidity as a function of tip-speed ratio!
© Use this graph to estimate blade size. :

" BLADE NUMBER VS._ TSR
Tip-SpeedRatio | Number of Blades
1 6-20
2 412
3 3-8
& a0 35
5-8. 2-4
815 1-2
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it USBTSR 510 calculate blade size with the
. sofidity. Gragram The T2-foot diameter rotor

~ puts this smait but useful machine in the

v 23 kWar; ass. Such a low- power windcharger
w’"needs two 14 four airfoil blades, which can

be tarved “wood, molded composite, or.
- metal., Notlce that the lift-to-drag ratio for.;,
‘these blades can)pe anywhere from 20 to

_100. The/blade L/D is bound to beless than

-the lofﬁ airfoil L/D because of imperfec-

, tions in manufacturing, agrodynamic pres-

s sure losses at the blade tips, and other

similar factore But a rotor operating at TSR

+* - =5 needs ablade with an L/D of 50 ormore
" “for optimum performance.

T
"

" r@quirement is illustrated in the diagram-at

- fight. Notice that operation at higher TSR
requires higher blade L/D values to maintain

—- . good performance: Your TSR selection is
' "limited by your estimate of how well you can

Haa

.- Thereis no sense in selecting a TSR of 10 if
- - the blade you fabricate has an L/D of only
- 20. In an aerospace factory environment,

. tooling engineers design assembly. fixtures:

that permit extremely accurate regfoduction
of computer-generated blade designs; high
*g!ﬁ to- drag ratios are thus attainable there.

ing and no computer smulatfbn wili probably

have lower hft-to-drag ratios. To lower the_

sensitivity of rotor performance to blade L/D,
seiect a jower design TSR. Then assess the
biade weight and cost that result from the
higher solidity.

- Another way to visualize the blade L/D

build a set of high-performance blades.

To take the analysis one step further, the . -
nature of the wind machine must be exam- |

ined. Basically, there- are two ciasses of
high-speed rotofs: .

1. Rotors deSIQned to operate at a con-
stant, optimum TSR; the rpm will vary
with windspeed. These rotors are typi-
cally found on small machines driving
air COMPressors and direct current
electrical generators. -

2. Rotors designed to operate ata con-
stant rpm; the TSR will vary with-wind-
speed. Such rotors are usually d‘esigrfed
for large, synchronous alternating cur-
rerit generators whose constant out-
put frequency depends.on the rpm
remaining constant,

For Class 1 rotors, a design TSR can be
selected inthe range of TSRs appropriate to
each widd machine and blade type. For
~Class 2 rotors, you must derive a range of
operating TSRs from the design rpm of the
generator, the transmission gear ratio, and
-#the range of windspeeds that provide most
@f the energy al the planned site. (See the
section on windspeed distributions in Chap-
ter 3,) The operating TSRs should fall within:
the range indicated for high-power wind

~ generalors, and the corresponding lift-1o- |

"oi Cx . VY .UJ

manufacture.

In the example of a rotor-to-generator *

load match presented at the start of this
chapter. you saw that such inexpensive
loads as automotive alternators don’'t com-
pletely match the power curves of a rotor.

A

Rotar efficiency (percent)

".'.t '_ ' Cl & Ea

~Ideal rotor

8 10
Tip-speed ratio, TSR

Blade lift-to-drag ratios L/D versus rotor efficiency.

High L/D's are needed at high TSR.

,“ &




as much das DOSSIDIG‘ Dy carefui seiection of
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Windspeed (mph)

L
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product for most wind sites. Changmg gear
ratios for site opiimization does not payfon
in small wind machines—as long as care IS
taken with initial rotor-to-load matchtng

Matchmg rotor pen‘ormance to wind character-
istics of a site. A weli-mgiched rotor foiiows. iocal
energy patterns closely. h

=]

been designet ;}But suppose you want to
select a diffefent TSR based on other rea-
- s0ns, such gs: |
* Higher TBR means a lower gear ratio
is reqlired l

L]

rotor to a certain maximum rpm.
I the pro ject IS small and the roter is stiff

———— R b s s s L

W~

expenence wbrahon problems then a h|gher
TSR might be'considered. But for wind rotors
with diameters larger than 30 feet, vibration,
flutter, and other problems associated with
blade flexing ‘become important design

a single gear ratlo and to produce that -

in the example discussed, the tip-speed
-ratio is predetermaned the rotor has already .

i " . Flutter and vibration problems (with
| very llarge, slender. blades) limit the

N EEEE \.' ®

'!“;-!l

plade radius. i
" Howis blade chord length calculated’ke :
The graphmal method. of blade design in®
: Appenqlxw 3 wiil ajjew you to caiculate the = |
. blade ghord lengths needed along the'blade
span and the alrtOil angles at each step
USII’]Q IHIS DIaGe GQSIQH mBIﬂOO WlII QIVB‘--’

you a: blade both tapered and twusted The
cherd will be much shorter at the tip than-at
the roof, where the airfoil-will have a much”
steeper angle than at the tip. This twist will
not"be linear, there wilt Be gentletwstaﬁtthe )
tip and lots of twist. _near the root. - #

But this S|mpt'ﬂed analysis does not -
allow! you to evaluate the rotor effieiency, aqr
Cp. How'is an accurate rotor.efficiengy curye * -
genera’t\ed’? Appendlx 3.3 also references a -
5 ‘j. ‘_;' 7
presented in a report by "Peter Lissaman
and RdbenW|lson Their repart contains &
computer program that calculates virtually
all the perform?ance curves you need.

Certain simplifications in blade design -

. 08 _ ~ The Wind Power Book ; |
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__g_wmd Machme Ilasmn

are‘possrble on smali wmd machmes tt ypu
_lare wrthng 1o sacrrftce a little performance
“The graphrcat desrgp method presented in -
L 'Appendix 3 was usetj to design the blades -
onthe Kedco vg;nd Jenerator. A'decision o
srmpllfy the 5Iéde cpnstructlen required. that 55 g
| car-twist’ anc? taper be thanged. toe""
tmear twrst and linear taper. That way, the
Ieadmg and tralllng edges are Stra|ghtlmes ' o e i T S8 B W, 4 |
~connecting: tlp and root. The agtual twist of = i " meie o e i R
sthe blade wa's determmed by the amount of ey R < :
tw;st possubte in-sheet alummum skm wrth—-
out wrmktmg that skin. .= .- =0 B0

- Thesesimplifications: resulted |n an: easy—
to burld bladewith a maximum rotor effi f&’
; :;-creney of 42 percent Under ideal condrtlons
you: would:not expect an eﬁacrency much
__;;tgher than. 45 percent for this size blade:
S_C?) the penatty pa|d for ease ot constructlon

™

table in Chapter 4.“-From the output power ,'

requrred_, windspeed, and this efficiency
g esﬁ'ma:ﬁy(jﬁ cal ulate frnnt:‘—xl drea requ ||rr3r‘t

- : P \ ) . .«‘.‘J_'\
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ﬁ? : ,
then determines the sol:cﬂty as WeH as. gear

ralios, generator speeds, and siructuraﬁ

design of the rotor. Using this TSR and the
graph on page 95, selecta value of the solid-
ity. As with the prop-type rotor,"the solidity
allows calculation of'blade area: solidity times
the rotor frontal area equals-total blade area.

Divide the total bladé area by the number of
blades (usually 2 or 3) and you get the
‘individual blade area. Divide this individual
blade area by the rotor height to get the
chord length. In Darrieus rotor design, the
rotor ‘height is used in much the same way
as blade length or rotor radius is for propel-
lor design. :

Airtoil “selection tor a Darrieus rotor is
limited to symmetrical prefiles. Symmetrical
airfoils are used in the Darrieus because lift
must be produced from both sides of the
blade. On large Darrieus ‘rotors with long
chord lengths, you can have a blade profile
that is symmetrical about the curved path
that the rotor blades trace. Such an airfoil
will look cambered, but it will perform as a
true symmetrical airfoil while speeding aiong
this path. e

_ Extruded metal blades fdr a Darrieus rotor. Symmetncat blade profiles are
» ~ needed because lift must be produced on both sides of the blade, '

CE . Structural 6e$ign

‘Next, the linear dimensions needed to give $ ,,

that frontal area are calculated by reterring Now that the rotor size and shape has
‘to Appendix 3.1. For both the eggbeater  been determined, will it stay together? If it .
Darrieus and the straight-blade design,  spins too fast can it withstand the centri- .

assume that neight equals diameter. fuga! forces on it? If asudden gust o of wind

i The operating ip-speed ratio for a Darri- slams into the machine when it is not spin-

eus lies between 4 and 6. This design TSR*  ning, will the blades bend and break off?
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These and other questlons must be answered
durmg the structural design process. Irg
addltlon to meeting its” performance goals,
the machine,must stay together.

Structural design is a two-step process:

‘l Start by examining the varjous forces
and loads on the rotor and'its support
tower,Determme which forces gahg
up or act together on each structural
member (blade, powershalft, etc.).

2. Design each structural member to with-
stand the applied load, In a wind
machine, this means designing the
member to withstand static loads with-

#

loadis to the tower. A major load seen from

the' ground s applied when the rotor is
unbatanced. This load is similar to the gravity
load (weight) but is oscillatory (up and down) -
or itorsional, or Roth. It is not "static,” or
continuously applied, but dynamic—and
often catastrophic.

The tower might be free-standing, or
caml!evered or it may be braced with struts
or guy wires. It may even be the roofof a

: r-house in which case one should be awfully

out bending or breaking:and to take -

repeated applications of those loads
withoyt failing from fatigue.
Furthermore, blades also need to be siiff
enough to prevent flutter—resonant flexing
oscillations that can fatigue the blade rapidly.
Starting from the ground up, the first
load enceuntered by a wind system is-its
often tremendous weight. At ground level,
this weight acts against the foundation.
which must prevent sinking. Drag, or the

force of the wind acting on the wind machine -

and tower, is also encountered: The tower
foundation must prevent the tower from top-
pling from this drag force. Torsion, or twisting
of the'tower and its foundation, is caused by
yawing, or a wind machine cfanging direc-
tion with respect to the tower axis. Most
small wind machines are free to yaw; for

them, this torgue load does not exist. Very .

large wind machines with servomotors 10

. corirol the yaw of the rotor will apply torque;,

careful about thase occasmnal dynamic
loads mentioned above. Otherwise, & mere
catastrophe can quickly become a disaster!

Moving up the tower and into the wind
machine, an appropriate load to start with is
the torgue load in each of the power shafts.

One power -shaft—the main shaft—takes

rotor power into the tr nsmission. The other
power shaft takes power out of the transmis-
sion. No transmission. means you have only
one power shaft and one torsional load to
exarhine.

. Qepending on how the machinery is
~desidped, part of the rotor weight might

cause«the main power shaft to bend. Shaft
bending is different from beam bending, as
in bridges, because the shaft is spinning.
When combined with torgue, shaft.bending
can cause severe problems. Any bending
deflection in tHe shaft would show up as a
nasty whirl in the rotor. Bending can also
show up in the support frame—otften called
a.bed-plate, or carriage. i rotor loads are
taken thréugh the rotor bearing into the
carridge instead of the power shaft, few if
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" are enormously heays.

the inertia of all the machinery atone end of
the carriage strains against the yaw driver at

rofor (in the cage of @ dowhwind rotor), ora’
rudder or tail vane (if the rotor is mounted .
upwind of the tower). Miscellaneous loads
onthe carriage afe associated with mechan-

The Wiid Power Book-

thé other-end. The yaw driVer might be the.:

ics gitting on top of the. genérator{always ., -

radd about 200 pounds to thé generator

weight to compensatel), or Mr. Goodwrench
dropping the transmisgsion into place. Keep

" in'mind that hefting' 100 pounds or more of

iron' 80 feef in the air is ho simple task,”

_The final loads to examine are tfoge - ',

-« -affecting the rotoritself. Start with the rotor.at.
.. rest, or “parked.” No wind. The first load is "~
- . theblade weight. For small nachines, don't

" worry about it, unless you're installing the

rotor atop an érecttower. For large machines,
blade-bending loads under static conditions

can approach the design load. Long blades -

..Such a load can
easily buckle a thin, streamlined blade. Add
some wind, and aerodynamic drag:com-
bines with weight—the static duo and a
nasty set of loads to contend with. Park the
blades vertically, and the gravity.load loses

its importance. The"bending due to drag

-does not, however. .
~ Blade bending during operation is caused
by two forces at once: lift-induced thrust—
acting in the plane of rotation—and drag-
induced bending that acts downwind. These
" two vectors combine to deliver one huge

4

., force along the blade span, and the blade

had better be able to take it. The worst case

k]

*
GENERATOR
GEARBOX
¢
‘#ﬁ
J LoLLy BEARING .
F .fh [
Various bending loads on a wind machine. Wind and gravity cause static
loads; dynamic loads are caused.by vanations in wnndspeed.
5 " o
any problems will beset the power shaft

- The carriage must bear all of the static
. - weight of the components (generator, trans-
mission, rotor), and any dynamic or shaking
% - loads from the rotor. In maghines that use
servomotors to aim the rotdr into the wind,
N . the carriage must also bear the static and
dynamic loads that occur in the lateral direc-
: . {ion—parallel to the earth's surface. Smaller
' lateral loads appear in frée-yaw machines;
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*"-'ef blade pending occurs because ‘of -the
jovernor. This loagl can be difficult to analyze.

‘iowly, the. bFades and other rotating ma-

ibruptly, the rotating machrnerywrll because
of its-inertia, try to keep the rator turning ata
- timeg_when its aerodynamic loads have
- diminished. THe result is blade bendirig

induced -from the power shaft. Depending

on the inertia of the rotor, this load may be
negligible or very large, and it occurs*‘ﬁﬁﬁe
reverse dlrectron—qontrrbutmg to blad

fatigue problems. _

- "Some rotors are controlled or stopped .

by a brake mechanism thatcan &xert a load
like a gpvernar. This load must be carefully

controlled to,avoid severe bending. A similar
load occurs from a malfunctioning genera-

tor or gear box, or a water lock in a.pump.

Suppose the rotor’is spinning in a good

wind with only a smalt generator load applied

when the voltage regulator suddenly kicks

in a full load. Depending on the strength of

_ the generator, the result will range ffom

-unimportant to noisy. It will also contribute

to fatigue in the blade's structure. If a water

lock occurs in a pumper, as it often does,

%- the result could be anythirig from a buckled
sucker rod to' a pretzel shaped rotor.

Another rotor load is the centgifugal load,

" or centrifugal tension, in the blade structure.

The blade spar is connected to the hub—

« either through a feathering bearing, or directly.

This connection is an area where many a

f'the goverfior:changes e blade angle

c:h"‘ ery will siow down together, gently. If:
;governor changes the blagle angle“*@eertam conditions, centrifugal tension can be-
| -used to reduce blade bending—centrifugal -
stlffemng as it's cailed. Centrn‘ugal tension, -

blade has parted company from the rest o!;_-_ "y

" the rotor. The result is. alwayssholocaust;
' anger, and dead batteries. The centrifugal
tension Ioad results from the mass of the

blade spinming abqutthe powershaft. Undér

-"then, can be useful and is not the worst load,
except in the case ofs agunaway rotor. Thig
load A

2 its maximum governed rpm, causing

‘tension in the :blade. Take heed. Broken
blades can fly a long way. In the case of
Darrieus rotors and other vertical-axis ma-
chines, blade bending is also caused by

centrifugal force due to rotation, Particu- -

larly in the straight-bladed Darrieus, these
centrifugal blade‘bending forces can be
awesome. One solution to this preblem 4s
the use of cable supports that extend from
the blades to the axis of rotation.

The final rotor lead to worry abdut is _.
torsion within the blade itself, a twist along

the blade axis. The “tennis-racket eftect”
says-‘that a spinning. blade should lie fiat in
its plane of rotation, but twist and other
geSIQn considerations set the blade other-
i, Wise. Also, airfoilsother than the symmetrical

variety have a pitching moment that applies

a torsional load into the blade. These are the
two major causes of torsion within a blade.

Unfortunately, structural design does not
stop with sorting out the loads just listed. A

s much faster than the rpm,
) and a runaway rotor can easily spin twice as .’

4F or more times the maximum centrifugal -
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host of environmental considerations send

designers up the wall. Hail, dust, rain, and

sleet work to erode or destroy arotor. Leading-
edge protection may be needed to keep
blade airfoils from disintegrating. Migratory
bird impacts have taken their toll of both
rotors and birds. By far the worst, though. is
gunshot damage inflicted by passing hunters.
No ready. design solutions are yet at hand,
but it's posszb e to get angry enough to
imagine iaser-targeted firing mechanisms
that permit the wind mfachine to shoot back.

Lightning or simple electrostatic bulld-up
and discharge oughtto be considered during
structural design. Certain types of compos-
ite materials, like carbon fibers, turn into
frazzled, fuzzy, nonstructural messes when
zapped by lightning. Other materials, includ-
ing fiberglass, behave admirably well, con-

sidering the amount of electrical energy .

transmitted in a direct hit.

Many loads will require careful engineer-

ing analysis using books containing struc-
turai design data and engineering expertise.
To pass some building department inspec-
tions, you may need the services of alicensed
engineer. The rest of this chaptericontains a
discussion -of some of the calculations
required to complete a successtul prelim-
inary design for a large project or a finished
design for a small machine. A benefit of
buying 8 machine off the shelf is that most
struciural considerations have already been

engineered into it The customer pays only

part of the engineerng tees, not all.
in view of the safety aspects of a wind

segment

1
e

machlne msiallatuon you should reahze that

this chdpter is no'substitule for sound,

rigorous engmeering design. The discussion
and methods are simplified so that a large
of readers can appremate the
nature- ‘of the design requirements.

. Estimation is the first step in determmmg
the various loads. For example; to estimate
the weight of your machine, find out what
similar machines weigh. Generally, small
machihes weigh from 100 to 300 pounds
per kilowatt of rated power. You must guess
where yours will fall within @ known range.
Once the machine is tully designed, you
can cal€ulate rather than estimate the actual
weight ‘of each component. Transmission
and gearbox weight can be obtained from -
the catalogs available from many manufac-
turers of such components. .

A third and final procedure is to revise
some of the load and structural design cal-
culations you made on the basis of earlier |
weight estimates. Blade loads are a prime
example of this procedure: Estimate, calcu-
late. then revise. During this design proce-
dure, you should be asking such questions-
as: Is the.design easily buildable? What
materials should be used? Is this the lowest
cost alternative? Will the design be easy to
maintain? Will it require a lot of maintenance?

Blade Loads ;.

o

Now let's consider the loads on individual
rotor blades. First you estimate the-weight of
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a single blade, say 10 pounds. Then, from
your predicted operating TSR, you cglculate
maximum rpm. Knowing blade weight and
rpm, you can now calfculate centrifdgal ten-
sion in the blade under normal Oeperatmg
conditions. You can atso catculafe blade-
bendmg loads. Using these, you can design
the biade to withstand these loads and cal-
culale its weight as designed.. Compare
estimated weights to calculated weights
and correct the calculated ioads dccordingly.
The dea is to converge the loads and
weights 1o their final design values.

The first blade load to consider is centri-
fugal force—the result of heavy objects
moving rapidiy in a circular path. If given the
chancé. such objects would rather travel in
a straightline. Tie a rock to a long string and
swing ire rock around while holding on 1o
the string. Centrifugal force keeps the string
siraight and tigm Swing it around fast
encugh and the siring breaks. The strength
ol the Dfadﬂ spar or other support that holds
a windmill blade in s circular path had

etler be greater than the maximum centri-

Lgai Grce.

The information you need in order to
caculate centnfugal force o
ing around 1N a ¢ rcie s the speed of Ihe
ci s weight and the radius of rotation
isured from the rotating object's center
.he chiect happens to be 3
de. its center of gram‘y can be
mined by Dat ncing the blade over the

- Doard, or by estimating s
durng desgn. Tbe lefrod presenied

%
&
Dy
2

}
3oz

£
3
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Centrifugal Force

"
The centrifugal force pulling a blade away
from the rotor hub 1s given by the formula:

- : W X (SR X
Centrifug@é Force = 0.967 AC = 9

where *

W = the weight of the blade in pounds,
SA = the speed ratio at the blade center
N of gravity!
V= the windspeed in:mph,
RL/= distance in feel from the center of
ratation to the blade center of
gravity.

otice that this force i1s proportional to the
Aquare of the windspeed, so that it quadru- |
ples if the windspeed doubles and all the
other numbers stay the same.

Problem: A three-bladed windmill with a
diameter of 12 feet is designed toc operate at
TSR = 6. Each blade weighs 5 pounds with

_ its center of gravity, as determined-from
balance tests, lyirig 3 feet from the center of
rotation. What s the cenmfugaf force on this
blade in a 10 mph . wind? ;

Solution: First you need the speed rafzo

at the biade center of grawity, which 1s haltway -

out from the centér of ratation-to the blade
lp Thus SR =% X TSR = 3. Then,

0.067 X 5 X (3 X 10)*
3
= 100.5 pounds.

Centrifugal Force

The force trying to rip the blade away from

the hub is about 100 pounds in 10 mph

winds. This may not seem like much, and it -
1sn't. But repeat this calculation at V =

20 mph and V = 30 mph. You'll find that the
centrifugal force is about 400 and 900

T pounds, respectively. For a rotor that oper'ates

at constant TSR, centrifugal force mncreases
as the square of the windspeed.

There are two operating conditions you
should consider when calculating centrifugal
force. First is the normal cperating condition
that occurs in maximum design windspeed

" just before the governor begins to hmit the

rotor rom. The second is the abnormal, or
runaway operation caused by a faulty gov-
ernor. For a small machine, a 50 to 100
percent overspeed is not unreasonable. That
is, @ small rotor designed to operate at 300

rom might hit 600 rpm 10 runaway condition. -

As a matter of fact, it might go even higher if
It helg together long enough. Jo estimate the
centrifugal force under runaway conditions,

- use a spegd ratio (SR) up to twice the normal

design value in the equation above.

above will help you calculate centrifugal
farce on a rotor blade. This centrifugal force
calculation gives you the information you
need. (o seiect biade attachment bolts and
cther hardware, Also: gentrifugal force is
one of the loads you will use to design the
structural members of each blade.

R
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" Rotor Drag and Blade Bending Moment °

An approximate Tormufa for the drag force on

a windmill rotating in windspeed V is:
. Rotor Drag = 0.0026_ X A X VE,

where A is the rotor frontal area in square
feet and V is the windspeed in mph.
:Problem: A three-bladed, propellor-type
rotor 12 feet in diameter is generating is
rated power in a 20 mph wind. What is the
rotor drag on this machine?
Solution: The frontal area of a 12-foot
_ propellor-type rotor is-113 #t2. Thus,

Rotor Drag = 0.0026 X 113 X 20%
- =.117.5 pounds.

Since the rotor has three blades, the drag
“force on each blade is one-third of 117.5 .
pounds, or 39.2 pounds. This.is the drag

force trying to bend the blade in the dowa~—"""

wind direction. It should not be confused-

- with the aerodynamic drag on each blade

-~ that acts in the plane of rotation, trying to
——Slow-the-rotary metion-of-eachblade. -

The drag force on a windmill that is not
rotating, or parked, is approximately:

Static Drag =2 X S X Rotor Drag
where S is the solidity of the rotor, and the

Rotor Drag is calculated from the first equa-
> tion above. If the rotor in the example above

had a sofidity of 0.1, for example, the static
drag on each biade !S \ :

Srarfc Drag'= 2 X 0.1 X 39.2

= 7.8 pounds, |

"ahd the static drag on the entire rotor is

235 pounds. . v
. The blade bending moments, in inch-

-pounds, is calculated from the drag force on

each blade according to the formula:

Bending Moment = 12 X RC X Drag,

where D?ag is calculated for either the static
or rotating conditions, as above, and RC is
the distance in feet from the ceriter of rota-
tion to the blade center of gravity. This

~__formufa yields only an approximate value of

the bending moment, but it is very close to
an exact value that could be calculated from
much more complex equations.

Using this equation and the blade d_g of

— ——The 12-fot diameter rotor already calculated,

the blade bending moment is 1410 inch-
pounds in the operating mode and 282 inch-

_pounds in the parked mode, if the tenter of

gravity lies halfway between the tip and the

hub of each blade. The point of maximum
stress occurs right where the blade attacfres

to the hub—at the root of each b!ad_e

i
i
]

Blade-bending loads are caused directly
by lift and drag on the rator. Rotor or windmill
drag depends on rotor solidity and rpm, and

the windspeed. Rotor lift contributes to
bending in two directions: bendlng along

E'd

the directign "of rotation .and downwmd

- bending. The blade structure must be capa-
ble of wsthstaqdmg the total bending load.
Rotor drag causes support towers to topple,
guy wires to break, and rotor blades to bend.

- Consider the high-solidity, multiblade water-

pumping windmills. Stand in frant of such a
machine, and it will resemble a solid disk,
with no place for wind to flow through. The
higher the solidity, ‘the higher the rotor drag.
In the case of a rotating windmil, drag is-
determined by approximately how much

" power you extract from the wind. A simplified

formula for calculating the approkimate rotor

drag is presented here.

Conditions you should con5|der in this
calculation are the rotatmg (operating) and -

static (parked) loalis for normal‘Winds, and |

for the highest winds expected at the site. In

normal winds, you can expect that, because

of governor mischief, your rotor will occasion-

~ally develop more than its rated power. As

much as 50 percent more is a reasonable

the windspeedjat which the rotor will develop
this power as tresign conditions. For the
rotor, calculate=drag at highest possible
windspeed—more than 100 mph in many

-design value.ﬁthe high power value and

cases. Then, select the highest of these two ...

~talculations—parked-versus operating—as

representative of the loads applied to the
tower and windmill structure. These drag
loads will be used to calculate blade-bending
moment by the procedure given here (see
box), and tower bending moment, or guy-
wire loads, as discussed later.
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While rotof drag is used to caiculate
blade bending in the downwind direction,
powersnafttorgue can be used to calculate

~btade bending in its thrust direction. Torque

is not really a force, but more precisely the
result of a force applied at a certain radius
from the center of rotation—a twisting force.

'Blade lift causes powershaft torg@e that

rns the shaft against the generator load.
Torque is directly related to blade bending—
mostly at the root end; it tries to twist the
powershaft and shearthe blade hub off it.

When the total torque has been calcu-
iated, each blade can be considered to

contribute to it. In a three-bladed-design, for_

example, one third of the torque represents
the blade-bending load on each biade. Also
use the total torgue- value to design the
powershaft. This shaft must transmit torque
loads between the rotor and its load without
twisting atong its fength and failing.

With oocfi/esamaTe of the zmportant

if*-?aoe ipads Vo you next determine the bDlade

fength—its ability to withstand those ioads

~without breaking. The structural designota-- -+~
--plagde—and -the-matenals with which it is

made delermine blade strength. The blade
must be designed to withstand centrifugal
tensicn, blade bending, and torsion. It must
retain the airfod shape and twist, and remain
firmly attached to the hub. There are several
Ways 1o Far‘f“nrrmqh ail nf these design 1;4:‘.5::::

The powershalt taorque, 1n inch-pounds, on a
wind machine can be estimated frcm the

formula;
Torque = 2245 x — 2210
V x TSR
where ~
0 = the rotor diameter in feet,

- TSR = the tip-speed ralio,

L Vo= rhe windspeed in mph, and

HP = the horsepower generated by the
rotor.

Remember to use the horsepower output of
the rotor, not the generator or other device
being driven by the powershaft If your evalu-
ation of power is expressed in watts instead

Powershaft Torque

of hprsepower. use 3.01 instead of 2245 in
this formula to get a result-in inch-pounds.

Problem: Suppose a 12-foot diameter
windmill generates 3 horsepower at TSH = 6
ina 25 mph wing. What'is the torque on rhe
powershaft? =

Solution: From the equation above,
Z2x3

. 5 X6

= 539 inch-pounds

Torque = 2245 X

I this is a three-bladed propellor-type rotor,
then each blade experiences a bending
moment equal to one-third of 539, or 180
inch-pounds. This particular bending moment
acts in the plane of rotation—along the thrust
direction—and maximum Stress occurs at the
root of each blade.

~Here are a few of them:

"1 Solid wooden blade, or partially solid
~ carved wooden blade with bolted steel
.ot aluminum hub attachment. Wooden

blades can be skinned with fiberglass
and resin for improved protection.
2. Tube spar, with foam, balsa wood.

-with fiberglass and resin. The spar
can be made of aluminum, s :

stainiess steel.
Tube spar, with metal ribs and skin.
The metal skin assumes both the air-

ol curvalure and the blade twist. Rivets
& andcdd epOXy hnnr*lmm will kpr::n the skin.

Yy Ll WS

LS

honeycomb, or othér filler, covered =

i

v Ft o " .
1 - . ! / | ! ' /| [ [ | |

o
(ot
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. LAMINATED WooD

FIBERGLASS SKIN

i

Wooden blade construction with a fiberglass skin.

LAMINATED WOOD

FIBERGLASS SKIN

TUBE 3PAR
= HONEYCOMB
BoONPED To .
TUBE S5FPAR

BALSA WCpD OR FOAM

RIVET
FIBERGLASS SKIN
Tube-spar blade constrdction with a fiberglass skin.

TUBE 5PAR
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ribs, and spér tqgether. Rivets may be
aircraft aluminum, or steel pop-rivets.
4. Tube spar, with moldedfiberglass skin. .
- The fiberglass skin wittbefaurto eight
. laminations thick and must'be strong
enough to avoid flexing in strong
o winds. A few foam.rigs may be bonded
inside the fiberglass. . )
5. Sail-wing blade. These blades are made
with a.lube  spar, a stretched-cable
trailing edge, and a.plasticized tabric
membrane (the fabric porés are sealed _ o) =
against air leakage). | B SRR AFTRIB  RIVETS SHEBT METAL hin
" ‘F{le sail-wing membrane changes curvature

in response. tO changlng airflow, and can-,_ . Tube -spar blade constructlon with a sheet metal skin. Similar
generate high lift very Efficiently. The mem- construction is used for the skin of modern I|ght airplanes.

brane must be stretched fairly tight for best
performance. An ideal membrane can be

made from the lightweight nylon fabric used

for backpacking tents, or the extra-light
» dacron sailcloth used on hang gliders. _‘
- The-carved-wood method reguires con-
struction skills familiar to most Deople
Carving wood is easy, fun, and very reward-

ing. Wood, however, may not be the best

- materiakwith which to make awindmill blade.

= Wood is certainly the most readily available,

renewable” resource, but wood soaks up ©

moisture, and. it's difficult to prevent this

4
from happening. If one blade absorbs more . / . _
: . « STRUCTURAL CANVAS % .
water than another, an out-of-balange condi : " L Enbing £pdE | Came TRAILING EDgE

tion will result. You can see theresult of this
imbalance by chang;_ng the weight of. one
blade in your calculations for centrifugal
force. In thé overspeed condition, imbalance:

can cause the rotor to' shake.itself to death.

Typlcal sail-wing construction. A cable stretches canvas or Dacron
fabric from a tube-spar leading edge




_ A rivetted aluminum b%ade used in a stra;ght-
- bladed Darrieus rotor: :

o, 3

<

"

‘method 1s an easy wa '
“blades.. The skills required to work with

Flutter andFatiQue

L
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But if you keep the WO
they are a great way
Lots of people a
with Method 2—a tub
honeycomb filler, skinned
Although honéyco;iib s, expensive, this

honeycomb and fiberglass are easily Iéa\m\ed.
and the results of your efforts will be strong,
high-performance blades. The rivetted alu-
minum stréicture also yleids a blade that is
strong, lightweight, and “durablé. And the
skiils of rivetting, drilling, metalform@g.and
bending are easy to master. '

Your first pass at structural design WI||-).

be based on a guess of tfie blade weight.
Using that estimate, you calculate the loads

. and size'the structure accordingly. With the
design that far along, calculate the actual

weight of the blade. Chances-are, your

~_estimate will need correction, and the blade

design will need to be revised. Contmue this
iterative process until final Blade weight
equals estimated bfade weight.

=

Your wind machine must be able to
withstand the various tensmn lorsion, and
bending loads. But how" many times can

those loads be applied and withdrawn?
Continued flexing might result in a crack.n.

the structure.and a subsequent fa|lure

with flbergjass.*"‘“

to build experimental -

g o

callecﬁ% fatigue fadgure |

N was a fatigue failure that brought
down a blade from the Smith-Putnam wind.
turbine In 1945, \Nartlrhe shortages of mate- ,

rials had forced the*® machme to remain °

parked for several years waiting for g re-
placement bearing. During that time; the
parked blades were subjected to vibrations
induced by strong‘winds. These rppeated

~vibrations ultimately fatigued one blade. A°

small crack developed. which ultimately led
to a blade failure.

- How does a designer avoid fatigue fail-
ures? The secret lies in understandmg all
the cyclic, oscillatory loads and the response
of the materials  subjected to them. Most
materials have fatigue deSign curves—called.
S-N curves—which glve the stress level that

-can be sustained for a given number of
cycles. Depending on the type of material

used, tatigue-failure conditions often begm

. when the material is cyclically loaded “with
~~more than 20 percent of its maximum allow-
“able stress. Thus, if you expect a tube that

will break when-loaded to 20,000 pounds
to endure cyclhic loads, you many not design
for more than 4,000 pounhds or so ef maxi-

.mum cyclic load. Check the S-N curve for
the material being considered to determine

where fatigue failure begins.

Flutter can be thought of as a large-
scale, catastrophic oscillation. Take a yard-
stick or. plastic ruler and pin i W|Lh your
palm to the top of the table so that hall of its

length is sticking over the edge. With the

other hand, twang the end of the ruler. I{ will

1

T
LR Y
%,

=
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- each cycle untii the structure fails.

11

oscsi%ate and ‘dampen out” me!engm@iihe
free end Make the free end longer, then
shorter. Tme shorter length oscillates much
faster.than the ionger. Notice that longer
lengths usually have more deflection, which

implies either more bending moment or .

iess stiffiness. In this case. the longer the
free arm the greater the bending moment. If
you change o a différent material (e.g., from

wood 1o plastict less stiffness will cause -

more dbending detlection.

Blade stifiness s crucial ¢ prevention
of flutier. ¥When you twang the yardstick, ils
gsmélanons dampen ou?—thev converge. In

Hflutter situation, a wmdm!! b!ade will not
dampen its osciltations. 1t oscll tiates more

Fiutter starts with a bending oscillation
(or a torsional, twisting oscillation; that oc:
curs at the naturaf frequency of the blade.
You found the natural frequency or each of
the different iengths of yardstick by twanging
# o tife iable. You could find the. natural,
ifequem"y of your blade by twariging it. but

L
,__ﬂ“e biade experiences other forces besides

the bending moment. These other forces—
especially centrifugal stiffening—complicate:
matters by allering the natural frequency.
Calculating the natural frequency of spinning
biades is a complex mathematical problem.
Anctherdifference between the yardstick
-and a rotor olade (n cperation is that the
wind o orces acting on the rotor blade are
continually exciting.lne blade 1o oscillate,
The wing forces and ?’”P".ﬁacje'f‘ex ng gang
ug 1o drive.t ihe 05¢C aticns peyond the

sirength of the blade. To prevent such flutter,
the blade must be stift enough that it will not
break when itssnatural frequency is excited

by the forces of the wind or by any other

cyclic forces.

While the aerodynamic and structural
design projects are under way, you must be
aware of the various mechanical details that
constitute the rest of the wind machine.
Apart from structural design of load-carrying
beams and powershafts, other features to

consider are the governor, yaw controls,

and provision for automatic and manual
shut-off controis. These features are crucial
to the proper operation of ycfurwﬁwnachme
and to_ its safety and longevity:

L}

Governor Design

Fl

A governor is crucial to the structural life
of a wind'machirie: no governor, no.machine.

- A governor can be a human operator sta-

tioned at the machine and trained to take

_appropriate corrective action in the event of
nigh winds. This was the traditional method

of controlling the early grain-grinders and
water-pumpers of agricultural societies. The
various “forms of mechanical governing
devices range from stmple, spring-loaded
widgels to complex. computer-controlled
servomechanisms. Here are some of the

proven mechanical concepts for governing

Yyour winggtmachine:

" 1. Aiming the windmill out of the wind. -

Either turn it sideways os tilt it up— -

Na

|
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usually done by allowing the rotor to
pivot out of the wind when drag forces-
are excessive. The American Farm
. multiblade windmill, for example, is
[ slightly off axis with its tail vane, so
that excessively high winds causeitto

— j pivot sideways. ¢
j 2. Coning, or allowing the blades to form
: ‘a cone in the downwind direction.
| This reduces the frontal area, thus
' reducing the power and rotary speed.
s The blades can be freely hinged with
! perhaps small springs {o hold them
| out for starting. Centrifugal force will
- hold them out during normal rotation,

Goveming a wind machi@é by aiming it sideways. This approach is used In some small / u but tempesﬁ winds williincrease blade "
wind generators and mos;.ffarm windmills, 4 : ! --ié.;f,-;:‘_,:_ - drag and cause coning.

3. Aerodynhargic €ontrol. This method of
control ceived:the most design
attentiorf, Y&’ can §écomplish power -
control by blade pitch control—rotating =~ -
the blades to change theirangles and' ¥

- reduce power. For blades made with

- lube spars. you can mount the tubes
in bearings at the hub, so that the -~
blade angles can be changed, and -

* provide some “means of controlling
this angle. -~ ° |

The most common method of controlling

blade angle in small installations is to mount
a "flyball” on each blade-The-flybal-tries————
/ lo swing into the plane of blade rotation
" . ' against a return spring. This action rotates™ .
A tilt-up governor. A few Wno‘ generators use this melhod the blade out of its optimum power con-
: ‘ figurations and reduces the extracted power.
- o } . Another approach involves allowing the

éz!u:lft—----
Te—
1




Rotor coning. Tnis and other | ‘ ) B " .
flexible-nub governors reduce A ftyball governor. At high fotor rpm, the flyballs swing intd the plane of rotation., )
tlade ioads in high winds. feathering the blades. ’ ' ' s '
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> blade in against
_normal ce ntrlfugal force, ut excessive rotary
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blade slides outward but is forced to rotate
by means of a spiral groove or slot.
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trol uses blade drag to cause the w
blade hub assembly to slide downwind ©
the power shaft. A spring holds the hub
dgdln&l 1is S[Up (JUHHg normal operduun
But when drag is high enough, the hub
compresses the spring and slides. The

biades are linked 1o d Nor- stiding portion of

aislat
LRV
L
1

ole
on

Three different fajlavane desiaone \fano
three different tallvvane gesigns. vane

C is the most sensitive to shifts in wind

the power shaftso thatas the hub slides, the ™
blades are forced to rotate as the linkages
BXLBHU

Drag brakes at the blade ttps are one
more way to harness aerodynamic drag for : -

usein d‘gUVBHlUT Dy H]UUHIII’]Q small pldl8~5

there that extend as pentrifugal'_ force in- -

creases, excess ‘wind power can be dig-
sipated into, the airstream— protectmg the
blddes. Spring tensuon and activation geom—

etry must be carequy adjusted so that the

drag brakes come into play only when
- necessary to limit the,rotor rpm.
With any of these methods, the blades

and blade-control devices must be Ilnkedx_ '
together so that all blades react together. If

ohe blade’'s configuration is permitted to

~vary from that of the other blades during

high-speed rotation, severe vibration and
-baiance problems will set in-immediately.

Usually this is catastrophic. Link all blades -

and controls fogether.
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The yaw axis is the directional axis of a

wird marhina: it ic o vartiral avie \Jartienl.
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axis wind machines, like the Darrieus and
Savonius rotors, need no yaw control. Hence,

fhc\/ are ohten called nanomnnne_fnr windsg
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however, the problem of yaw control is
important. The solutions are usually simple.
in the windmiil shown on page 115, the tail-

mounted fin acts like an airplane’s rudderto

keep the windmili aimed Into the wind.
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ilustrated in the diagram. Design A is a bit.
nostafgic, but it works; design B is a great
improvemem and C is the best. The redson
is simple. You want the tail vane that is most
Sensmve and res ponswe to changes in wmd

vane span (distance from top to bottom of

the vane) to chord (distance from leading * -

edge to trailing edge}. Such a demgn is like

“"a glider wing designed to make the mostof -
light updrafts tossupport the craft aloft with-

out benefit of a motor. Practical ratios of
vane span to chord are between two and
ten. A typlcal vane might be five tlmes as tall
as it'is wide. _

Mounting the blades downwind of the

- directional pivot s another practical method

of yaw control. Blade drag keeps the rotor
almed correctly tt you design a machine of
“this type, balance it to be slightly heavier in
front of the pivot by mounting generators or
other.heavy things up front. Tail-mounted
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biades are required if you plan 10 use free-

btade coning for gale wind protection. But

there i1s a small problem with tail-mounted
bilades: the turbuient airflow downwind of
the tower causes the blades to vibrate as
they pass through this area. This vibration
can exacerbate fatigue problems, and should
be reduced as much as possible by stream-

{ining the tower near the blades.

&

Shut-Off Controls

Shut-off controls aflow you to stop the
machine for maintenance or in anticipation

can also be shut off automatically if an
abnormal operating condition such as blade
imbalance is detected. It's most important
to plan some sort of automatic shut-off con-
trot into your system. f a blade parts com-

- pany. this control wili keep the rest of the

machine from tearning itself away from the
ower. | , _

The shut-off controi mechanism can be
designed nto the yaw control (if a tail vane
15 used: or the governor {if a feathering
system is used). A large. reliable brake is
used for full shut-off on some systems.

The need for automatic shut-off can result

- from any abnormal operating condition,

such as an unbalanced rotor caused by ice
buiid-up or impact with birds. stones or
buckshot. Windspeeds that exceed the
design limits should normaily cause the
governor 1o feather the blades. ock the

A Dunlite wind generator in Willits, California. The tail-mounied fin keeps this
roicr amed nio the wind. _

brakes. or Uit the rotor out of the wind. System
maltunctions such as generator failure or a
blown fuse might create an unsafe condition
from which the wind machine should also

_be protected. .

How does an automatic shut-off control
work”? sEhe mechanical or electrical signal

¢ .
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t An Enertech Amoo wind generator installed atop Mount Washington, New Lm_jomj:m__.
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accelerometer. One machme uses an lron,_;___

bail restmg on top of a plp o
'.":Lu a snut-off :;wuul 50
 machine begin to §h-a‘ :

- from the pipe and at; aj
fal[s This vibration sérs
~ spring release and swing theitail va
ways, feather the blades, or apply a brake

Another, more sophisticated solutionds -

" to use an eiecironic aceeleration sensor
that sends its signal to an electromechan-
1cal device that stops the machine. A Wmd-

'_ = dm,

PR

speed sensormigh{bea an e*r‘lbr*eter'ora
sma tlvanethat in highmﬂ,d Qvercomes a
’Spﬁng and throws 4 switéh to actuate the
H:.‘bl of the” stiut-off system. Other system

p)af,ameters may be sthariy sensed, and

o o~ _ dla . L S| .

'E'Dyuuw yu'u may have realized thateach
part of a wind system shoylet be planned as

g whole deurmg, not after, the design process.

Each part of the systemfaffects the perfor-
mance of that system.]A poorly planned
system will perform Delop expectations. This

chapterhas concentrated on the design of ,

machinery sitting atop the tower; the nextis
devoted to the-construction of complete
systems ..
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There's much more to a wind power system

than just the blades and powershaft. You
have to convert the rotary mechanical power
into fBrms. more appropriate to the task at
hand: the reciprocating (up-and-down) action

of a piston well pump, the electrical power-

in your house wiring, even heat inside a
water tank or barn. Some form of transmis-
sion takes this power from the windmachine
to the dctual point of.use. And energy storage
is required in most systems to take care of

the times when there is no wind. Loss of

energy and power can occur throughout
the system; careful design, construction and
maintenanee are your only protection against
these losses. Finally, some form of backup
power is usually required, and controls are

‘needed to make sure that all the parts of a
# wind system function together properly.

Wind systems have become more com-
plex. Skills required to build wind machines
have grown, and designs have become
more sophisticated. Flat airfoils evolved into
aerodynamically curved shapes; bicycle
chain drives were replaced by gear boxes;
wooden pushrods became electrical wires.
The many practical wind systerms already
developed prowdeus a firm basis for further
work. With new technology and fresh think-
ing, we can design many new systems to
meet current and future energy needs.

system are illustrated in the accompanying
diagram. The Blocks represent system com-
ponents; the arrows indicate the transmis-
sion of power or energy. All systems, even

The basic elements of a wind power

the simplest, have a power source and .a
user. The power source may be an old

multiblade windmill, and the user a nearby

sprinkler or an irrigation ditch. Rotary shaft
power is converted to remprocatmg mechan-
ical power to drive a.piston pump that lifts
water out of the ground to the irrigation

ditch. Such a system is not very different
from the earliest wind power applications.

But suppose you wish-to irrigate during

the night, and the wind blows mostly during
the day. Or, suppose you need to irrigate the
crops every day, but the wind blows only
three days each week. In each case, you
needed. This pumped water is a fo()r?n- of
energy storage, just like the chemical energy
stored in fully charged batteries. Most appli-

cations of wind power require someform of

storage so that power is availdble when the

“wind has died.
Thus, most wind power systems include'

a wind energy converter {the wind machine),

‘a user {(your apphcatlon) and some form of

gnergy storage. .

A wind power system s often planned
for apphcaﬂons that requiré a constantly
available source of- energy. Suppose, for

- examplé, that wind is used to power a remote

data sensor and transmitter. Clearly, certain

applications for remdteg@ta collection, such

as forest fire prediction, require an uninter-
ruptable energy source. Syslems that must
always provide power,  regardless of wind

‘conditions, must be provided with a backup

energy source. For-the remote transmitter,

it

Wind power
source

= Energy storage o= User

plete system includes energy storage and a prowsnon
j:Tor generatmg back—up power :

Back up’
BowWE!

Block diagram of a wind power system. A cofn—
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" WIND . 7 - . . fw backupj might be a propane-powered gen-
— - o - erator; a switch that, when thrown, connects X

the user to utility mains; or jumper cables to

¢« the electrical system of a handy automobile.
In any case, you must pay attention to

the controls designed or built into the sys-

tem. You canneét attend the wind machine's

needs at ever\f moment, so it's important to
consider its @}bility to shut itself oft when

high winds dccur, the batteries are fully

charged, or just before the water storage _

tank overflows, _
Electronjc voltage regulators like those
used with ajitomotive alternators will prevent
overcharging of batteries by reducing field
current to/ the alternator, thus reducing-the-- v

alternator's output and its load on the power-

STORAGE
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g 7 shaft. The batteries won't be overcharged,
L / A “butthe load on.the wind rotor will be reduced,
o " /f%f thereby increasing the importance of an

g /fﬂf{/ﬁ”‘é/{/ adequate governor to protect the rotorunder -~
L i all conditions. Such governors can be
{/;z designed to use (1) mechanical forces gen-

erated by springs and flyweights or (2)
electric or hydraulic servomechanisms con-

| PR~

1 i -.// trolled from electronic or other sensors. Or,
1700 et ,'ﬁ'ﬁ.ﬁ.z,.%ﬁ: : as in the case of the farm water-pumper,
. /é? L K ”‘j&i%:f‘%%,{v{%ﬁg@ . wind forces acting on the rotor tilt the rotor
f{ 7 a:,,. " ’?&’ﬁ?‘ﬂ% %""/‘%f”/‘ sideways out of hlgh winds.
5 TR E FOOT VALVE _g}g' rff L.ﬂ/&?iw.a&,. PR ‘ The final design and se|ectfon“of~:zcom—
o s /55%; ,’}'f' ,{"ﬁ"f,"{."’ s ' | ponents that make up the blocks in a diagram
| U Ul 7y - S B ’ - ~ of your system depend mostly on the appli-

' ' e . . cation you select for your wind system. Water-
A complete water-oumping system. Wind power liffS watar through the “water head” and overcomes fnciion ' o . :
Iosses 521 the pipes. pUmPINg ¥ e P ' a\'\\g . pumpers have different design problems

f and solutions than battery-charging systems.
‘ If water is to beé pumped with an electric well
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purhp, you must consider the problems of
both water pumping-and electricity genera-

tion: Let's look at some of the avallable |

soluhons ' . %

Water-Pumpmg Systems

Mahy-kmds ofwrhd machines have been
built to pump water, including the Cretan
sailFwing, the Dutch four-arm, and the Halliday

machine. But perhaps the most familiar wind-

- powered water-pumper is the multibladed
farm pumper that is a common sight in rural.
~ America and parts of Australia and Argentina.

Rotary powershaft motion is transmitted,

sometimes through aspeed- red/uoer gear

linear reciprocating (Up-down)’ motron ofthe"f"”
“sucker rod, a vertical shaft extending down

,the tower to the pump below. Sucker rods

" gottheir name from the fact that many deep-

well piston pumps Irfted the water only on

“thé upward, or sucking, motion of the rod.

Such pumps are called srngle acting piston
pumps igouble- aotmg pumps lift water on

both the upward and downward strokes [N

Ln‘tmg on the upward stroke places tensmn
loads*on the sucker rod, while pumping on
the downward stroke applies compressive
loads that can easily buckle a iong, thine
rod—especially when a strong wind is busy
bending the rod ever so slightly. According
to many farmers, most of the maintenance
required by water pumpers with double-
acting pumps consists of replacing sucker

. seals.

_Solar-heated salt ponds These maohlnes

rods and pumpﬂ seals.
A foot valve at the bottom of the well

‘serves as a one-way. inlet valve. Usually, a

one-way check valve is installed between

tank. Installing a check valve here reduces
water loss backward through Ieakmg pump

+ Among the various other pumprng
schemes are paddles that splash water over
the edge of shallow wells, disks drawn by
a rope through tube, and various screws

- and centrifugal "'water slingers." Such low-

technology pumps have been built by Dutoh
millwrights for draining land-behind dikes,
and by Asianfarmers irrigating rice paddies
and gathering salt from seawater on large

energy needs\ partlcularly in remote, rural
areas. - .
A recent method of wrnd powered water

_pumping uses compressed air to transfer
the power to the point of use. Rather than a

sucker rod desoendirrg Jhe tower, com-
-pressed alr |s pushed through a tube and

Irke one orr é pray—pam =oompressor As
the rotor spins;-airis oompressed and sentin
hoses to a storage tank. This. ‘compressed

-air drives then a submerged piston, bladder, |

or rotary pump. Such pumps are either
adaptable to or specifically designed for
this purpose. Air-drivery-piston pumps tend
to be slabgrate devices. The air must first

* the weli casing at the pump outlgggand the

D gt

TO WINDMILL

The splral-sorew water pump has~ been used in

////// / //4

~Bratch MEEHIRES to drain large.land areas.
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A centrifugal pump can lift ‘water from a shallow
well or a pond.

A e e T

_drive one way and then the other, eagh time
beirig valved on both the intake and release
(exhaust) sides. '

A much simpler pump is the bubble

.pump. You can visit a tropical fish store and

- see.gne of these at work. Just blow bubbles

into a~pipe and they expand as they rise,
pushing water ahead of them. They must be
fully expanded to the walis of the pipe before
they reach the water surface level, or they
will "burp” and fail to pump water out of the
grownd. With bubble pumps, you can raise

Unfortunately, bubble pumps operate at
terribly-low efficiencies of 20-50 percent.

-They waste up to 80 percent of the com-

pressed air just to blow big enough bubbles to
pump water and push that water against pipe
friction. But there is a lot of room for design
improvements, and bubble pumps are virtu-
ally maintenance-free. The compressor-driven
by the:windmill is not maintenance-free, so

it should be installed in a place conducive

““Wwater about twice the height the pipe extends
- below the water surface. '

to easy maintenance. Bubble pumps are”
not good-at transporting water horizontally. -

zontal pumping 1s all but impossible. You

- Burping wastes go much power that hori-

tically to allow gravity to carry the water.

along a trough to the tank or user:

.Water Storage

for a while (unless it js being used directly
for irrigation) because the wind does not

always blow when you need the commodity

" it helps deliver. Early American pumped-

water storage schemes included ponds for
cattle watering, stock-watering tanks made
of wood or metal, and redwood water tanks
with a capacity of 500 to 10,000 gallons. The
redwood tanks were built near or into the
house for which the water supply was
intended. About the only changes that have
come along are ‘galvanized metal tanks,
fiberglass tanks, and plastic tanks.

"l ) ¥
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Two stoia“g‘e.\,_= iderations . are impor-
tant maintenance of a given quantity of water,
and maintenance of enough water pressure
to allow the water to be-used as intended:

. Slock-watering from ponds requires-only-a-—
: pond full of water—no pressure.-But a
Sher works best if the water tank.is at
hst 5. feet above the shower head. Some
ater pressure can be maintained by charg-
g a pressure tank, as most electric well
@Qmps do. Often a flexible bladder expands
iriside the tank to accommodate the extra’
wolUme‘Uf“wafe'r.‘Tﬁls arrangement allows
=+ you to have plenty of pressure—for a short
~time—=when you turmn on-the faucet.'A 50z
gallon accumulator tank might be sutficient
for all your water storage needs, but most -
‘people need a farger tank._ -
From an“architectural wewDomt large
“watertanks are less desirable than 50 gallon

!

»

T -

Hc’mﬁ ast when and how often do you need

o i1?- B}Qanswermg these questions, you arrive A water-pumplng windmill of early California. The slorage tank
atan energy budget expressed ingallonsof ~ Wwas built nto the 'structure itseil » -
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;‘The power required to pump water is propor-

tional to the flow rate and to the.pressure -
against which the pump is working. This

pressure is usuaily expressed in terms of the
(S 3
Lf

I
“head,” which has fwo contributions: {1} the

herght that the water must be pumged from
groundwater level, and (2)an extra contri-
bution, called the "friction head,” due to
friction in the pipes retarding the flow af
water A fairly accurate value for tﬁe power
réquired can be calculated using the formula:
,,,,, G e
Power = 0.00025 X . X (WH + f-H),
p

where

G = water flow rate in gaHons per
minute; '

E, = mechanica/ emmency of the water

RUmMp;
WH = water head—the vertical height in
feet from groundwarer fevef to tank
oo}

gsunits of
horsepower; to
ply by 746.
This equation is meant‘to work with the
average flow rate and to give you ‘the average
power required by the pump. Qne simple way
to establish an average flow rate” s to éstimate
vour need for water, exeressecifi? aaﬂons )
and divide this need by the n er of hours
.20

tts, multi- ‘

e

Power for Water Pumping '

you expect the wind to produce usabfe power
during the same time period, Do this.on a .
daily, weekly or monthly basrsﬁdependmg on

bl e s 'JA P N PIPT I N 11“1‘&1: T ~md
(rne resuis Lb (¥ 1] yUUr WHIL.I_GUJ"VU@I., Yot tf,{l._;" :
Hlias pato jm Follamo mor Primbe Fh
flow rate in Gallens per minute, then, use-the
3 e R S
i 5

Gallons Needed
60 X hours of wind

br B

* Friction losses depend.on.the pipe length
L {in feet), the pipe diameter D (in inches),
the number N of pipe joints and corners, and
the flow rate G. The formula for friction -head
FH is: &

'];H; _EXGE +23><SN h
: © 1000 x DS T T

The pipe length L includes all pipes down in
the well, across the pasture, and 4p the hill
or into the tank. If pipe diameter changes
along the way, as it uswally does, this formula
must be used separately for each different
fength of pipe, and the results added together
to get the total friction head.

Example: Suppose the depth of water in a
well is 100 feet below the groundlevel A
3-inch pipe brings this water to the surface.
The water passes through one etbow joint
and into a 1-inch diameter pipe running
200 feet along the ground, then through a
second elbow joint and up 14 feet before

o 3y
PR
i =

v 7’F,;

L

A5

"
e

b

passing through a thffd“efbow and irto the
tank. Suppose the farmer rigeds 2700 gallons
of water per day and Therqare an average of

oo F o e

U flUUJD (¥ U'DGIJJC VVHI'U }JC{ L%I:VD"“ I.ILJVV fH’CII'Iy

Somtron The average ﬂow rare needed is

& g 2700 =75 gall s/
¢60><6 qallons/min .
"The friction head inthe 3-inch p;pe s
5 £y : mnyw;? 23 )
" 000 x5 X~
= 2.3 feet. )
The friction head in the 1- mch p:pe is
214 X 752 -
FH = W +(_2.3><2)
= 7656 fe__et. .‘

The total friction head 1s the sum of these
wo r\nnh’lhnhnnc of FH = 18 0 feet Then the

Luiieries

pump power required 18 " .
7.5
Power =0.00025 X 075 .>< (114 + 18.9)
2 = (.33 hp .

To get the answer,. you just multiply by 746,
so'the power requirement is 246 watts.

;
<

s

s
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water, which you can conyert to foot-pounds

or kilowatt-hours. Usually there is plenty of

room far water conservation: Do you really
~expect to take half-hour hot shewers, know-
ing there is no wind blowing?

Careful' study of your planned water
usage may reveal important conservation
areas. Drip irrigation combined with soil
moisture sensbrs can tremendously reduce
the perceived véaier'requirements of many
crops. As opposed to large stock troughs,
the automatic stock-waltering devices com-
monly-available at feed stores reduce evap-
orative losses and algae growth. Emulsifier

-1 " showerheads, water softeners, and other -

 devices can readily reduce domestic water
consumption. Conservation should be part
of any equation used to calculate an energy
budget.

Next you will need to determme the height
_your water must be raised and the flow rate
requrred The power required to pump the
water is proportional to the flowrate ahd the
. water head—the height above groundwater
{evel to which the water must be pumped.
The lower the flow rate orwater head, the

less powser required. )
: do you measure groundwater level?

A string with a-weight and float attached will
o, if the well dritler isn't around,to give you
his findings. Note, however, that well depth
probably will change with season. Through
careful prospecting, you might find a shallow
well site; with any luck, such a well site will
be near the intended.water use.

Long pipe runs take their toll of power

through friction. Friction inGfeases with
length, with the square of flow rate (twice the
flow rate means four times the friction). It
decreases with the fifth power of the pipe's
diameter (cutting a pipe diameter in half
increases the friction 32 times). Take a 50-
foot garden hose and measure its flow rate
with a faucet turned on full. Add another 50-
foot length and measure the new flow rate.
Add enough hose, and the flow-will be

reduced to a trickle. Then try this test with a - -

smaller diameter hosé and see what happens.

To reduce pipe friction, select'a pump
that produces low flow rate, and a pipe with
the largést possible diameter and the fewest

joints. You can't always choose a pump on |

the basis of flow rate, however. For a pump

to absorb any amount of power from the
- windmill and translate this power into water

flow, it will do so at high pressure and low

flow rate (deep well) or low pressure and

high flow rate (shallow well), or some level in
between. This happens because the power
required to lift water is a function of well
depth, desired flow rate, and friction. increase
any of these and you increase the power
required. If power is llmlted and water depth
increases as the summer ends, the flow rate
must decrease to compensate. Jet pumps,
which use a jet of -high-pressure water to
lift well water to the pump where it can be
sent along its way, are sold on a basis of
horsepower and well depth. You can mix-

-and-match jets and pump motors if you

wish, but if you deviate much from recom-
mended settings, you wili be ignoring a

" about 70 percent.

G=20

1G-15
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Pump power needed to lift water ata flow rate G
in gallons per minute. To gei the wind power needed '
fo drive the pump. divide by the pump efﬂoency—
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.tremende‘us amount of research that has
gone into improving the efficiency of these

units. Your best option to reduce flow rate is

to use the largest pipe size possrble
Tuning awater pump system often reveals

interesting ¢haracteristics. Take the case of

uﬂu‘
eI Sl d
p—”

BT

a piston- type water purﬂp, which operates
off a crankshaft in an ‘oscillatory fashion.
The speed at yvhlch the piston moves along
in the cylinder changes constantly—from
zero at the instant it changes directionto a
maximum speed at the midpoint of its travel.

. It's this maximum flow rate that needs.close
examination. For an average flow rate to-

equal your calculated values, the-maximum
instantaneous flow rate must be much
faster—fast enough, in fact, tfat fluid frictign
really becomes important. The pump will
not operate efficiently unless the pipes can
handle this surge in flow rate.

Other than using large- -diameter’ pipes,.

there is only one solution. Adding a surge
chamber.near the-pump will solve the prob-
lem at low cost. What is a surge chamber?
It's a large tank -of trapped air plumbed to
the water line. Whenever a flow surge puts
pressure on the long water line, most of that

- pressure instead compresses the arrtrapped

in this chamber. Watet énters the surge
chamber quickly but leaves it slowly, under

pressure from the air it compressed, during”

the time between surges when the piston is
pumping more water into the chamber at a
much lower instantaneous flow rate.

A low-cost surge chamber can be made
from' recycled refrigeration charging tanks

i -

discarded by.-r‘ef'rigeration repairshops. But
a small prgblem temains: aeration of the
water in the shamber. Water under pressure.
will, over a per’god of time, absorb thetrapped

alr, and the tank will fill up with water. No
" surge capacity will result unless the tank is

perioditally burped— approxrmateiy the-

opposite of burping a baby. There, you coax =

air out; here, you let air in. A commercial
surge tank comes equipped with a rubber
bladder that solves the problems by separat-
ing air from water.

By selecting large pipes anrd reducing
the number of joints in the pipes—especially
corners—you minimizessystem losses. Mini-

mizing seal leaks: eliminating evaporative

losses, and selecting efficient pumps are
also effective means in optimizing a system.

_ Maximizing energy availability in the design
. “process (i.e, matching wind machine to wind

availability) should then yield the energy

~ desired. Also, you should select an aero-

dynamic design consistent with the level of
technology you wish to employ. All of this is
followed by construction, installation, testing
and tunmg of the syetem

—_— _

Wmd-EIectnc Systems N

Because eleEtricity is a low- entropy, high-

—-quality form of energy, it gan be reedily

adapted to many end uses. Hence, there
are many different systems that can use a
windcharger as the power source. These
include charging batteries for domestic
power and lighting, driving an electric water-

A\
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pufnp, powering a remote electronic sensing
device, and powering wind furnaces far
nome and farm heating. The possibilities
are virtually limitiess. ~

The earliest domestic windcharger pow-
ered a radio set and sometimes a .light.
Batteries were used for energy storage, and
either a gasoline or kerasene generatorwas

also on hand to boost the batteries. Or the

farmer carted them to town occasionally if
_the wind didn't fully support the electric
demand. In town, an apphance and imple-

ment repair shop—usuatly also a windcharger”

dealer—would recharge the batteries while
the farmer ran his érrands. l've often re-

charged my batteries in the trunk of my car

while enroute to town.

The electric system used by many farmers
prior to rural electrification was a direct cur-
rent (DC) system, like the one illustrated

‘here. Atwo-to-four-bladed windmill turned a
generator, often not too different from an
automobile generator, that produced electric

current flowing in a single direction along .

wires connecting it to the battery bank.
Today. the same DC system is used in ' most
domestic wind-eieciric systems. This system
has no provision for aiternating current (AC)
_loads, such as refrigerators, washing ma-
chines, ana the iike. The old radic sets used

a mechanical vibrator inverter in their internal

circuitry 1o convert the usual 32 volts DC to
an AC voltage that the radio power supply
could use.,

With the invention of transistors and inte-

grated circuits, the need for vibrator inverters

in radios has been eliminated, but the use of”

inverters in general has not. Today, wind-
electric systems are being used to power a
greater variety of loads than did the older
windchargers. Historically, direct-current
devices such as lights, radios, electric
shavers, and electric irons were the usual
loads. Now microwave ovens, color TV sets,
freezers. refrigerators, and washers are
beceming common. Electrically, these 110-
volt AC loads are very different fromtheir
32-volt DC ancestors. Because of this differ-
ence, the selection of an appropriate wind
system design is more complex than it was
in the past. -

- Optimizing a wind-electric system design,

- or planning that system for maximum energy

production at least cost, involves selecting
the smaliest component or subsystem that
will.do the job safely. A wind-electric system
Is completely optimized when no energy

storage is needed—an unlikely situation.”

Energy storage—traditionally batteries—

Wastes an enormous amount of energy and
often runs system cost beyond practieal .|

limits. Arrtving at a site and system design
that closely couples load timing with wind
availability would be ideal. Often as not,
though, you need energy during the evening,
and the winds occur in the morning.

Generators and Transmissions

Wind power is converted to rotary shaft
power and finally into electrical power by a
generator or alternator. The generator might

[y

| BaTTERIES |

\ T OTHER DC LOADS \

Direct-current electrical 'system used with many

windchargers. The batlenies are wired in seres
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produces AC. Most automotlv alternators
.contain AC-to-DC rectifiers that supply DC
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Alternaung current comes o:recuy from
wind machines that are designed with either
induction generators-or synchronous gen-

erators. Each is reallya motor thatruns atan .

rpm that is governed by the load and the

60-cycle line frequency. Usually, these mo;
with the

tors run at 1,750 to 1800 rpm/
‘mgher rpm occurring when the motoris fully
unloaded.

Direct current I&» generd{eu Uy either a”

- DC generator or an AC alternator with recti-

TV ¥V UIUULII‘% \J!\Jk\;lll
generated directly.at the
wind generator, or C canbe made from DC-

e hc;nh it th o Al larm~abhe  fFAar nsw
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ample—with a large, heavy, slow

generator that could be coupled directly to

thno ratarer SAamae mewwar altarnatAare ara hain e
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tested that can also couple. directly, but
most generators and alternators spin so fast -

that 3 enando im moar raticvcic noandAod
tial a opLLUTup glal Tau o nicelcu.

- What form does thé speed-up mechan-

ism take?-Chains, belts, and gearboxes are

}<the devices usually employed for the speed-
* up task. Gearboxes that are readily availgble
‘at local tractor-bearing,-chain, and pulley
_stores are suitable: These gearboxes start

out as-speed reducers, bul windmili designs

simply run them backwards as speed. in-"

creasers. When running a gearbox back-

WdrUb LHE:,‘ IIUbe‘p()WE[ rdllrlg—WIIIbH WOUiU
normally equal the maximum rotqr horse-

fiers. Traction motors used i i gott carts, fork

illlb and GIBLLHL cdrs are suitable foruse in

....... a wind genierator. Usyally these motors have

commutating - brushés that carry-the full

output current of the generator. Alternators.

come in 4 variety of sizes and types;from
small automotive types to hefty industrial
alternators-Automotive alternators are not
very efﬁment (about 60 percent compared
with over 80 percent for the industrial variety
.and DCraction motors) and must be driven
at high rpm. They are cheap, however, and
find their way into lots of wind projects.
The alternator or generator is coupled to
the rotor through some form of transmission
that serves to speed-up-the-refatively slow-

turning powershaft to the higher rpm re-

quired by the generator. Some machines

power—should be conservatwe ‘select, a

gedruux Idrgb‘f llldl] HBBU(;‘U
Chain drives may be cheaperthan gear-
pboxes, but oiling and tensioning require-

‘ments can make them a less desirable

solution Some designers have successfully

sealed -housmgs with splash oil lube; a
spring-loaded tensioner coupled with the

oil bath cotild make a chaindrive a reason-

able part of yoeur project,

Several belt d;ives""‘are available; the.

toothed belt and the V-belt are the most

. common: Toothed belts and pulleys are
nearly as expensive as gearboxes, and these

bélts can be temperamental. If their pulleys
are not properly aligned, the belts slide off. If
the torque is very great atlow rpm, they hop

4
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teeth and eventually self-destruct. Cold

weather can destroy them too. V-beits tend. -
- toward high friction, which means an inef-

ficient powertransmsemn but they are by far
the cheapest solution, Still, gearboxes are my
favorite, most easily thalned tfransmission.

Storage Devices

Since you are likely to need energy dur-
ing periods of no wind, some form of energy

- storage will be required. The three main

types of energy storage available to you are
thermal, mechanical, and chemical. With
thermal 'storage, you simply convert wind-
generated energy intoxheat by using an
electric-resistance heater probe or, more
directly, by stirring a Jub of water. You then
store this heat as hot water, a warm bed of
rock or gravel, or molten heat-storage salt.

. -These techniques are d|scussed later under

P

the: sgbject of wind furnaces. .
Mechanical energy §$erage involves
coaxing a heavy object into motion or lifting

© it so gravity will later return it. A favorite

analogy of mineis to think of wind-generated
electricity powering an electric motor mounted
at the togy of a 100-foot pole and busy lifting,

by cable’ and winch, a 1955 Oldsmobilg..

When the car reaches the top of the pole,
the energy storage device is sajd to be fully

“charged.” If juice is needed, the QOlds is
_ allowéd to drop—spinning the motor in
reverse as it falls. The motor becomes a

generator, providing electricity on demand.

When the Olds hits the ground, the storage
cell is said to be "dead.” Pumped water is a

better way to store energy that | will discuss

later.
A more fammar energy storage cell is

the flywheel. instead of lifting a bit of American

history 100 feet above everybody's heads, a
spinning disk stores energy. Conventional

- . wisdom says that this spinning wheel should

be large and quite heavy. The more weight,

and the faster it spins, the more-energy the
heavy wheel can store. More recent think-
ing h’as resulted in the development of super -

ﬂywheels These flywheels are not very heavy,
but the;gspm incredibly fast——SO 000 rpm or

" more, campared with ‘about BDD rpm for the

heavy. wheel Because energy \stored i a
flywheel rs directly propomonah to weight
(double energy for double weight) but in-
creases with the square of the rpm\\(quadru—
ple energy for double rpm) an’enormous
amount of energy can be stored in a really
fast-spinning wheei—but not wﬂhout penal-
ties. At such high speeds, air friction™is

_ considerable, so super flywheels are typically
installed inside a vacuum chamber. Also, °
- the bearings mustbe very precise devices,
carefully designed and built. These problems: -
notwithstanding, superftywheels may even- ..
. tually compete with batterles for storage of

wind-generated energy.’

- There are two approaches to chemlcal'

energy storage. One takes electrical, power

and splits a compound, say, water, ifftosits: .

constituent -parts— hydrogen and oxygén

These constituents: are stored separate!y
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Cominéniy used to power golf carts, this recharge-
able batfery can be used.for-storage of wmd-

generated electricty. -
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Battery banks are the most common energy stor-
age for wind-electric systems.

and later recombined to produce electrical
power as needed in a fuel cell. These cells
are becoming more available recently and,

while expensive, offer a means of using the.

energy of chemical bonds to provide the
needed energy storage. Another approach
to.chemical energy storage is the traditional
battery storage device. The rechargeable
battery is the only type being considered for

" these batteries act as receptors for the

metal atoms that plate out of the elactrolyte
(the acid in lead-acid batteries, for example)
as the batteries are being charged. When
the battery subsequently discharges, these

s

L als return LQ soiuiion in LHB BIBLIFUIYIG—
releasmg eiectrons and- generatmg direct
current at the battery poles.

- There are dozens of different balteries—
each named by the type of plates and/or

felectrolyte used. The most common are the

f IUdU d(JiU dllu the HILK(:.’I LdUIHIUIIl Udllb‘leb

/ Lead-acid batteries are used in cars, golf

ic:arts and other common applications.

Nickel-cadmium, or nicad batteries as they
are called, are used when higher cost is not
too great a penailty and when lower weight
and improved tolerance to overcharging
are required. Airlines use nicads.

You can use either type in your wind
system, but you must be careful not to over-

charge a lead-acid battery, or discharge it -~

too fast. The nicad battery can stand these

abuses, but it has one quirk worth megation-

ing—a memory. If you discharge-a nicad
only half-way each time, eventually halt-way
will be as far as it will go. If your electric
shaver uses nicads, it's best to run it dead
periodically. Whatever the battery used, you
can reduce storage losses by using clean

terminals and well-maintained batteries. You -

should also try to have sensible discharge
rates, because high discharge rates lower
the storage efficiency.

Inverters

Electronic, stand-alone inverters convert
direct current into alternating current at a

voltage and frequency determined solely-by--

.

| . The_EWind_Fdwer Baok
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each inverter's circuits. Inverters that turn,

- say, 12 volts DC into 110 volts AC are avail-
able in a variety of amperage ranges and -

voltage and frequency accuracies. For ex-
ample, a really cheap 4-ampere inverter—
that's 110 volts at 4.amps, or about 400

. watts——-rs available in the recreatlon vehlcle

market for under $100 (1980). Voltage output
may vary from 105 to 115 volts, and frequency
from 55 to 65 cycles per second. And the
output is not the smoothly oscillating sine

‘wave of expensive inverters, but rather/a _
'square wave, typical of cheap inveyters.
Square-wave AC is useful for _operating

motors lights, and other nopsensitive de-

~ vices, but stereos and televrs‘ton setstendio-

sound fuzzy because of the_effect square

-waves have on their power supply
More expensive inverters are available
with close voltage reguiation, a quartz crystal

to cantrol frequency, and a sine wave-out--
put. For applications ‘where the AC output

- will power electronic devroes this fype of
“inverter may-be necessary.

Where voltage and frequency are not -
lmportant but sine- wave outputis, a motor-
generator type of inverter can be used. Here,

- DC powers an electric moter that in turn

spins an AC generator. AC generators pro-
duce sine waves, but heavier foads slow the:
motor down and cause frequency and vott—
age drops similar.to those of the cheap
electronic inverters. Inverters tend to operate
at highest efficiency at or near their rated

power. Because your AC loads aren't always -

on, or on at the same time, it might be
A : | ;

7

possible to enh:a/ée overall system efficiency

by using smal -inver_ter/z' at each important -

load. This ig”the approach used by Jim
Culien in his solar- and wind-powered home
in Layto

" These local inverters should be selected to

"

operdte only at their peak efﬁmen«oy Be
to pay attention to their surge ratings.

su
ost loads, especially motors, draw a surge
of.current several times their rated amperage
for a few seconds during stasting. This current

~ surge can destroy an inverter thats-not

- designed for it. Consult Jim Cullen's book
(see Bibliography) for more details on the
installation and use of stand—alone inverters
in a house W|red for directcurrent..
Synchronous inverters perform a slightly -
different task than the stand-aloné types
They still turn DC into AC, but they dri\/e an

‘chronous mverter Is fed dlrectly '
line such as your householL
current is available from an exal
80 this inverter must synchr@nlzﬁﬁts output
with the AC line and operate in parallel with
“the other source. To be futly synohromzed
~ the wave forms—sine waveg in the case of
utility power fed inte your household wiring—

mustmatch: In fact, most synchronous inver=

- ters use the wave form they are working with
to establish internal voltage and trequenoy
regulation.

To get AC into your house from a wind "

-generator, then, you either start with AC at
the windmill, or turn DC into AC with an
inverter. Either way, a major safety aspect

ville, California (See Chapter 2). ;
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The Gemini synchronous inverter. This electronic
device converts direct current into AC power syn-
chromzed with utility power

. b
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TO UTILITY
LINES

ELECTRIC
METER

SYNCHRONOUS
INVERTER

L&

“'LOAD% o

]

TO OTHER AC LOADS \

A synchronous inverter couples a DC wind gen-
erator to both the utility grid and the house wiring
system. °

must be considered: if you shut house
power off to service the wiring, the wind-

-generated AC source must be shut off, too.

Failure to do so can be fatal. In gaining
approval from your pablic utility to link an
AC wind system with your house, the safety
iIssue will be the primary topic of discussion.

Designing Wind-Electric Systems

By now, you're probably considering
some sort of end use, or goal, for: wmdi
generated electricity, such as powering your -
house, heating a barn, or whateler. What
sort of wind-electric systenr,plan shouid e
used to reach that goali®

The first chaice the designer of a ‘wind-
electric system must make is whether he or
she wants an AC or a DC system. Then, a
suitable plan takes account of sevetal impor-
tant factors: '?4*

¢ The nature and tlfnmg of the load

e Rated power of the-windmill

. e Constraints of cost and availability.

Most important is the nature and timing of
the load. Look at a typical domestic load
plan. A small house with a few inhabitants
has the usual array of consumer gadgets.
The energy and power requirements for this

‘household are summarized in the table.

Your needs for electrical energy and
power depend entirely upon the appliances
you have and how you use them, To deter-
mine these needs, you must examine all
your appliances and monitor or estimate

4
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their use patterns. Whenever possible, you
" should determine the power drawn by each
appliance—its rated power. This will usually
be writien, in watts or horsepower, on a label
somewhere on the appliance. if the appli-
-ance is not labeled, an AC wattmeter might
be used, or you could consult the manufac-
turer to determine the rated power. Appendix
3.5 contains extensive tabies of the energy

and power requirements of many electrical,

devices.

. |f low-cost system design is your \goal,
you will have to have some estimate of the
timing of the loads placed on your system. If
_all the-devices lisied in the example illus-
'trated here were used at the same time,
‘about 3, 500 watts of electncaI power would

_berequired.ina 10-volt AC system hooked
S upto the utility lines, that's only about 32 amps
(watis = volts X amps). But in a 12-volt
wind-electric system, you'd need to supp!y
' almost 300 amps! In addition, the motors in
apphances like refrigerators and freezers
draw up to five times their rated power for a
few seconds after starting. This surge doesn't
contribute much to the overall energy needs,
. butit might well put an excessive load on bat-
teries, inverters or other system components.

The methods you can use to estimate
load timing all start with an inventory of
your electrical devices as illustrated here.
Congsult Appendix 3.5 for more detailsabout
exact procedures. Once the monthly energy
use has been estimated (about 300 kWh in
our exampie), compare it to your monthly
electric bill. if they don't compare, something

ol
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Electrical appliances in a small household. The energy and Dower meeds of these dewvices are

summarized i the table baiow.

IS wrong witn your estimate and you 5h0u|d

try again.

Virtually all of the devices commonly
available off-the-shelf at consumer goods
stores will require 110-volt alternating cur-
rent. The on-line AC frequency should be 60

cycles per second with only a slight varia- -

tion in frequency allowed. If the house is so
equippedw vou should use ane of the AC
load systems shown_on the next page,

) ’ 5

1

.

ENERGY AND POWEH REQUIREMENTS FOR ATYRICAL HOUSEHGLD
Aisane® j#H::;uréJUs.ed Rated Power | Energ‘y Use
S ék[hrs,'month) [watts) | ‘(EWh.u‘monlh)
Rgfngerator 500 360 180 [
Kitchen light 120 100 12
- _Badroom light =100 06 10
! Porch Tyt 100 40 f 4 i
i Lwvtng reom light *20 100 12 }
Bathroom light 100 75 8 ‘
Television 120 - 350 42
Microwave oven 15 1500 22 i
Slow cooker 40 75 ‘ 3 i
Misc. kitchen devices 8 . 250 J 2
Blow dryer g- 500 4 |
l_ic pathraom devices 24 50 ! |
| TOTALS , 3500 ao |

T
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If your load is off-line, or not connected
to a utility grid power line, then you should
also select one of the AC systems but 80-

DC generator > Battenes —s— - [DC Ioads

e e e RO @YQYTSIOTAQE rage and an inverter are used
, with off-line loads.
' If the household load is on- llne then the
T ‘ source of backup power could well be the
BC genaator f——wep  Baflcnes = venter ] e e . utility lines. By synchronizing frequency of
the wind-generated electricity with the line
frequency, the wind system can operate in
«parallél with the utility power supply. The
: power required by the domestic loads can
S\-,r'nchron{ous | ‘ be supplied entirely by wind, if available, or
inverter AC loads - : by the utility if not. The two pewer sources
' could even operate in tandem: - -
Remote electronics appllcatIOﬂS are
often ideally suited to wind power. Telecom-
munications equipment, environmental mon-
itoring sensors, and forest fire spotting
equipment are a few examples of installations
requiring electrical power that is usually
o unavailable from wutility lines. These loads
e % ' are almost always off-line and require a DC
e " wind system. L
AC generator =" AC loads. " A principal difference between remote
~ ' “electronics wind systems and similar systems
- used for domestic purposes is the nature of
the load. A windmill designed for remote
work must be highly reliable, with controls
. to make it self-sufficient for extended periods.
' ) One might reasonably expect a domestic
: wind system owner to shut down his’'gener-
ator manually in a storm, but sending some-
one backpacking inté the woods in the

DC generator |—

Y

AC source

AL source

Block diagrams of four basic wind-electric systems.
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“cycle power is not required. Generally, DC_ -

face of a storm is out of the question. Fully 7.~ :




-, load. If there is no nged, the batteries will be

Building a Wind Power Syslem

automatac conirols can be built into either
system, but cost constraints might rule out

“their use in most domestic systems.

Wiring diagrams for direct-current sys-

tems range from simple to complex. Direct

: currentfrom the wind generatorcharges the
- two batteries shown in the diagram on page

127.There the batteries are wired in series—

- the positive terminal of the first battery is

linked to the negative terminal of the sec-
ond. If each batiery is rated at 6 volts, the
two together will generate the samme voltage
as.asingle 12-voit batiery. By linking them in

~parailel, as shown in the first figure at right,

the voltage output is limited to. 6 volts. If

-more batteries are needed to store _more —

energy at Ihaﬁjgher voltage, they would be

linked in serig’s- paraliel to each other, as

illustrated in the:second figure here.

li a good timing match exists between -
need and resource, most of the wind- .

generated electricity will directly power the

charged, and some engrgy will be wasted

due to the mefﬂcreﬁey&f—ehargmg the- |

batteries.

An electronic circuit that momtors system
voltage may be'needed to, prevent wasting
wind-gengfated eiectr@ty when the batteries
are fully charged. Stppose the battery is
fully charged and wind power is available

_but no electricity is being used. The load

monitor senses this condition because, whén

the battery is fully. charged, voltage in the
~charging circuit will tend to rise above

normal chargingyoltage—a 12-volt battery

o " i )

BATTERY

BATTERY |~

~LOAD@ )

TO OTHER DC LOADS

v ¥

Parallel battery wiring increases the ampere-hours

you can store but lowers the v_oltage.

+ L . ~
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oo || BATTERIES | oo ]
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| BaTTERIES | ' *_ 50
)
! LOAD@

TO -OTHER DC LOADS \

Series-parallel battery wiring. Use this approach to
store more electnical charge at higher voltages.
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.Sizing a Heater Probe

To-determine an appropriafe vaiue of the eiec-

trical resistance needed in a water keater
probe; use Ohm's Law. This is-a tried and
proven formula that requires only a knowledge
of the current (in amperes) you expect to fiow
through the probie and the voltage of the

Voltage

Armcotarad

ANIPEITa

The current passing through the probe s just
the excess. current from your wind generator
that you want to dissipate.

Example: Suppose your wind system has
a 12-volt generator, with a maximum charging
voltage of 14.4 volts, that is rated at 80 am- .
peres. What resistance do you need in the

Resistance =

" heater probe to dissipate half this rated
b ocurrent?

Solution: Using Ohm's Law wi&kh the m
mum_charging voltage, ,

1A A rtnﬁ:ﬁ.
[ s AT A R

nesistance = 4o amps

= 0,36 ohms..

¥ou should then purchase a heater probe

with a resistance of 0.36 ohms. If your system”

instead could generate 110 volts at a charging
current of 20 amperes, and you wanted to
dissipate the full current in a water heater,
the probe resistance would have to be 5.5
ohms. Note that the 0.36 ohms in the previous

. example would look like a short mrmnf to this

110- voft system. .

?

——— ]
i
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LOAD MONITOR

WA TER.HEATE)?

Series battery wiring with a load dumper.
When the ioad monitor senses an avercharged
battery. it dver‘fs current fo an electric waier
heater, . -"

i

wiil charge up to about 14.4 voits. At tms
voltage and above, overcharging occurs,

which can damage the battery. As long as"

the charging voltage' remains beiow a set
voltage,say 14.3 volts, the monitor continues
to charge the batteries. Once the voltage
rises above this point, the moniior switches
orra relay that adds a newload to the circuit.
This load gives the excess wind power a

—place to do some work without overcharging

the batteries, thus avoiding any waste or
battery damage. Afterthe new load has been
applied and charging voltage has dropped,

‘the load monitor will switch the. relay to off

and begin charging the batteries again.
‘What sort of extra load am [ talking about?
It can be an electric resistance heater or a

backup heater probe in a solar storage tank.
or hot water tank. That's a convenient place
. for extra wind energy to go, with no waste.

If the water gets too hot, mwte a neighbor

dver for a shower. You can easily size
this heater probe with the procedure gnven

- here (see box). -

A final, important feature is a backup
electrical generator for extended windless
periods. Folks who travel about in large
motgrhomes know all about these gener- -
ators. Some are ngisy, others are not, They
come with pull-starters or electric starters.
The example shown here has a- second load
monitor wired. to-the” starter. The monitor
sensesa very low voltage conditicryindicat-

ing adying battery. It then starts the gener-

ator, or rings a bell.to signal you to do the
same. If you have to start. the generator

i

S
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Building a Wind Power System

yourself very often, you are likely to develop
interesting conservation practices.

Besides the losses that occur in the |

generation and storage of electrical energy,
important-losses  occur in transmission.
Make sure that wiring runs are as short as
possible, wmng patterns are neat, electrical
connections are sound, and the wire itself is
sound and well-insulated. Also of critical
importance is the diameter or gauge of the
wire. Wires that are too small for the currents
being carried will warm up excessively and
waste energy. Use the procedure given in

Appendix 3 to calculate the wire sizes neces-

sary for your system. Then use one size
larger than calculated. Wires tend to be
permanent fixtures, while |@ads _a‘lmost
always grow.

What else can be done to enhance effi-
ciency in a wind-electric system? Quite a bit,

137

Above: One possible backup generator for a
wind-electric system.

Right: A Eomplete DC wind-eléctric system, in-
cluding DC and AC loads, and back-up power
SOUrce.

actually—especially in the area of load \V inthe process of zipping around unplugging

management. |'ve already talked about your

electrical energy budget, and how to esti-
mate if. In the course of studying your load

characteristics, you will probably notice that

some of the loads tend to crowd together, or
be oh at the same time. Through the magic
of *peak shaving” you can cause loads to
unbundle, lowering the peak power drain
on your wind System (or on Edison, for that
matter) This doesn’t mean you will actually
save | energy in & measurable quantity. if
you uinplug the refrigerator while the toaster
is running, the refrigerator will make up for
the Toss as soon as it's plugged back in.

However, your batteries will last longer. and

things, you might actually find areas for
improvement. Some usage might be dis-
carded simply to reduce the number of
things that must be unplugged each morn-

Jing; others will not be so obvious. But, during

the effort, you'll probably be a lot more
conscious of your load and end up using
less energy.

- Wind-Electric Water Pumps

Pumping water with electric well pumps

is @ common practice throughout the world. -

But, using awindcharger to run water pumps

£ gy
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Building a Wind Power System

windcharger is supplying power. Here, bat-
teries would have made the difference.’,

Instead of an AC motor to drive the well

pump, you might well con3|der a DC motor

‘with a voltage and power rating-compatible
“ with the generator in the wind machine. An
inverter is not required, but you might add a
‘smalkeglectrical circuit (control box) to switch

the pump off when too little power is available

to pump any water. The AC motor considered
~ earlierisa constant—powerdewcethat spins
. at a fixed rotatienal speed and drives the
. pump at a fixed rpm so that a virtually con-

“stant pumping rat

is achieved. The DC

motor, which is liKgly to be a converted

.;tractlon motor from a golf cart, will spin at an
. rpm governed only by the power available

to it. But.a DC motor is not compatible with
jet pumps\{whlch many modern small wells
use) because they are designed to spin ata
ﬁ'xed rpom. It is_compatible with a positive
diSplacement pump, such as a piston pump.
You might require a hybrid system that
[ ;r'nbmes elements of most of the electrical

“applications diagrammed so far. A typical
- ind-electric system is not defficated entirely
te water pumping, although such a system ,
* is possible. The lower drawmg shows a hybrid
~or flexible wind- ele_c‘mc,system with major
emphasis on water pumping. Note that the

added control box uses the water level in
the storage tank as one of its inputs. Another

input might be power available from the -

windmill. The control box could sense a

need for water in the tank, but hold off

drawing fram the batteries until the Wtrj_dmm

DC PUMP

A simple wind-powered electric pumping system. The only storage is a large water tank.

CONTROL BOX %

BATTERIES

TO OTHER USES

f A complete wind- elec:trlc water-pumping system. The well pume IS jUSI one of several Ioaes poweredbyt

{ Wmdcharger
| |
l|s dehvermg enough power to pump water.
The control box could besset to sense a
,(cnsns water level in the tank and draw cur-
rent from the batteries, or ring a bell to warn
gthe owner. The controller could be pro-
grammed so that if more wind power was
available:than the batteﬂes needed, the
pump would bring the Water Ievels up- to a

° 3
- WATER TANK

g

DC B AC
INVERTER -

LS

AC ¢
PUMP

~ WATER TANK

-
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“full réserve” level—takiffg advantage of the

Qcceasional excess power a wind- system
might preduce. Such programmable intel-

¢ supply water to h:s center pivot irrigation

ligence,.when coupled with several wind

energy applications, leads to h|gherove.rall
system efficiency.

systems which are used to irrigate potatoes.

The-utitity lines -already, wired to the pumps'

now provide all the necessary power, but

-a constant- trequency, synchronous wind

Chapter 2 descrlbed a nove! techmque

for generating- electricity and pumping

- water—the Bushland, Texas, experimental f
system being tested by the U.S. Department

of Agriculture. This particular scheme-uses
the full capabilities of the electric well motor,

If no wind power is available during pumping,
~ the motor does the entire Job, spinning at

about 1,750 rpm. When the wind increases,
an -elgctronic’ control circuit releases the

" windmill brake, an af’émall starter motor
‘spins the wind turbing up 10 speed. At that -

point, a clutch engages to couple the torque
from the turbine to the torgue supplied by

_ the electric motor. Motor rpm increases as

»more wind power becomes available. When

_. motortpm reaches ‘about 1,800, no electricity

is-needed from the utility. As the rpm increases ’

. ‘above 1,800; the motor turns into a genera-

generator could be wired to operatagpgether
.W|th or in parallel with, the Wility lines. It is
unlikely that-a 400-hp wnnd system is within

~ this farmer's budget but any ‘wind power

supplned will offset the poWer reqwred from.

the ylility lines. Ahy or all, of these pumps
© ¢ouldsbe coupled to a wind tarbine in an

arrangement s&mtlar to the Bushland;, Texas,

machme

Wlnd Furnaces S S s

A wind furnace is a wind- pﬁwe/d heat-
mg system. Low—grade heat is needed for .

- domestic purposes and foragricultural and

industrial processes. Hot water can warm a
room in winter, and provide a hot bath or

" sterilize a milking parlor, and wash manu-

tor, pumping juice back into the utility lines. *
* A typical synchronous application for

“this type of wind-electric water pumping

~ would be an industrial or-agricultural water- :

pump that drives a large irrigation system or
an industrial process plant. Such apump s
probably a 220-volt or 440-velt. motor from

ten to several hundred horsepower in size.,

An Idaho potato- Harmer uses a 400-hp electric
pump to lift water 600 feet out of the ground

N
3
b

into” a holding pond Four 14- hp pumps

factured parts beforé painting. Hot air warms

rooms and barns and can dry parts after

washing. Solar heat s rapidly replacing gas,
oil, and coal-fired heat sources in many

,,reasonabty expect to apply wind. energy to

heating—perhaps as a. complement to solar

energy.

“Wind furnaces can be used to supply -
the extra heat required for home climate
control in regions where itis both windy and

I

: domestic applications, and in some indus-
trial and agricultural processes. One-could

1
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g

“cold. Many parts of Eastern Canada, the
New England coastal regions, and the Great
Plains states and provinces are likely areas
for important wind-furnace applications.

*  Space heat requirements of a building

depend on the temperature difference be-

tween the indoor and outdoor air. Heat flows

 from warm to cold, and when this difference

is large, serious heat losses ensue. Insula-
tion, caulking and weatherstripping are typ-
_ical measures to minimize these losses.

- But thie overall heat loss can be severely

increased by cold winds. The rate at which
heat leaks outis increased by wind chilland
by higher than normal infiltration—the pro-
cess where cold air sneaks in through cracks
and small openings. Wind increases infiltra-

~“tion by building up &if pressure against the

L - .

house, pushing more cold air inside. Wind
chill is an increased conduction of heat
away from the outside surfaces of the build-
ing. The wind carries heat away from these
surfaces much faster than normal. Because

of greater complexity, infiltration Toads are-

much narderto predict than wind chill heat
loads.

The beauty'dfﬁusi‘ng a wind furnace for |

extra winter. heat’is- that if. works hardest
when it is-needed most. A solar heating
system or wood stove can provide your
_base heat requirements with a small wind

furnace to provide peak -load heat. This

approach limits the need for energy storage—
hence it's a cheaper system.

Your wind furnace can be used to gen- "

erate heat for just about any purpose; the

Il

‘_atures éhan most other processes (80-100°F,

- size your storage tank and use.plenty of } g

- portion of all your heating needs.

Average wind power available, in watts per square meter, d&‘ing:the winter montﬁéﬁ“Begions of Hi‘gh"gbwer
are good areas for wind furnaces. : . I
3 TN

: - B )
concept is not limited to space heating. o
However, space heating uses Iowekte.mper- ~
compared with 100-150°F tor domestic hot
water, and higher for many industrial pro-
cesses). Lower temperatures are easier to
reach and easier to keep. If you caretully

insulation, a wind furnace can provide a fair.:

4
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A wind fyrhace can be linked tb an_'active solar. h_ééting system.

e

Wind'energy can be convert{ed"’to-heat-ih
several ways. If a windmill drives a paddle
that splashes water around inside a closed,
insulated tank, the water will be gradually-
warmed. Almost altof the mechanical energy
delivered by the paddlestis converted to

e,
&

2

.
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heat. Or a pump could be used to splash
water against the tank walls. Simllarly, the
windmill can drive an air compressor. Com-

pressed air will rise in_temperature while-it- -

Is being compressed, and as it is released
through a turbulent outlet, Windmills for
‘these purposes must deveiop high torque
at low rpm; so high solidity is negessary.
A windmill can also drive a heat pump

directly. The heat pump can be éuitably_k'

designed to produce low temperatures as
well as high. Thus, some of your refrigeration
needs, as well as heating needs, can be
satisfied with a heat pump. Such heat pump
systems are already available for conven-

tional and solar energy sources,and canbe
readily adapted to or-designed for wind

‘power, .
Perhaps the most versatile heat genera-
tion method is to use a windcharger to drive
an electric-resistance heager’Such a system
(the University of Massachusetts Wind Fur~
nace project) was described in Chapter 2.
Electric baseboard heaters or heater probes
for water /tamé are very QQ{ann."Wiring
these devices to a windcharger'is a simple
mattér, requiring only a load monitor to pre-

_~vent overloading the windcharger in tow
~ winds. This versatile system can alse provide

electricity for other purposes when it's net
" needed for heat. Such a wind fumace is

ideally suited to installation in tandem with'a
solar heating system, where a smali amount
of electricity is needed for solar pumps,

controls, or fans, and the rest can be applied
to heat. _ |

R —————
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Complete heatfoss calculations are too
__detailed to present here; but several good

methods have been used [0 prepare a graph
. to help you estimate the heat loss.of dwell-— .

ings. This graph describes the heat loss rate

. Qfor ’rypfcal single-family dwellings ranging

from poorly built, yninsulated to well-built,
highly insulfated structures. However, this
graph-by.no means ilustrates the best or
worst you can do.

The hekt loss rate Q is presenfed in units
of Btu/DOYit?, or British Thermal Units per
degree-day per square ‘foot of floor area in
the house. To calculate the total heat foss
per month, you need to know the number of
degree-days at your locale. This is a climatic
variable that ifidicates how often and how
much the!average outdoor temperature f.qh’q
below 65°F. Tables of degree- days are pre-
sented in, Appendix 2.5 Then the monthly

heat foss of a dwelling can be estimated
using fhe. fnrmuf:: »

‘

Heaf Loss = (J X@D >< FA ,

f Q
should be estimated usmg the graph BT,

i

- equals 2,216 kWh--the amou

windy month there, you can read Q = 11
along the 15 mph wmd Ime in the graph.
- Then,. _

Heat Loss =11 X 688 X 1000 4

= 7,568,000.Btu. 3§
the heat loss
t of electrical
energy needed to heat this house during the
entire month. It would take a 3-kW wind gen-
erator operating constantly throughout the
month to supply this much energy.

Suppose that only the extra heat loss
caused by the wind itself is to be supplied by
the wind furnace. This heat loss can be esti-
mated by using the difference in Q between
the windy (Q = 11) and no-wind (Q == 7)

condmons in the formuia

Dividing this number by 3414,

i .

- Heat i.oss = 4 X 688 X 1000
| — 2752000 Biu,

or 806 kWh. This amount of electrical energ
el sadile Bes cormamlios b oo wind namaratar
LUWU Caory UL SUWQLAICUT Uy a Winiu oriiGiaior
during a month with an average windspeed
of 15 mph

o B
.0

4
Building Heat Loss ;
I ;
Space heating is neeaed because heat flows the heat-ioss will be given in units of Btu. 7o C g B T E f,r-[
—from the warm, comfortablé interiors of a get the heat loss in k#owatt-hours, dzwde this o L F
' 'iauufdmg to the cold outdoorair. THe rate at answer by 3414. el : [ Windspeed 1
-which heat must be added to a building Example: A house with TOOO square feet : ' { 15 mph
shou!d equal the rate at which heat leaves of heated floor area is located in Las Vegas, |
the building, or discomfort ensues. Calcula- Pevada. If the house has R-11 insulation in.. § §
tions for this heat loss are not particularly the walls and R-19 in the ceiling, how large {s, - . - -
complex, but they are tedious. They can be the heat loss during the month of January? =
done with a cheap pocket calculator and an Solution: From Appendix 2.5, there are 8
afternoon of concentration. Often they must 688 degree-days in Las Vegas during the o
be.done to satisfy building code require- -~ month of January. Assuming this to be a 2
ments before a new dwelling can be built. =

Amourt ol msulation

i
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W!md machine installation using a gin pole. Tms Kedco machine was h%ted up fully

:issembtef‘ witn the 1ower.

|

Installation

Planning a wind system involves a com-
plete understanding of the requirements of
each component. With wind-powered water-
pumpers, the plumbing may reduire freeze
protection—often accomplished by burying
pipes below the frost depth. Lightning pro-
tection must be considered in all installations.
Other questions .concern space. Do you
have enough room to complete an installa-
tion and perform the necessary mainteniance
and repair operations? Bo you have a cool,
well- ventilated, well-protected area for bat- *
teries, electronic equipment, wiring and

" such? One of the greatest nuisances might

send you off to buy 6-foot-high fencing,
gates, signs,and a shotgun. Timé& and again,
I've found complete strangers climbing my
tower as though it had beemnstalled usthr :
that purpose! i

The major points to coné
lation are the following:

e Safety

. E’ﬁidie_ncy ) -

e Cost -

e Environmental impact.

Your own situation will determme the
order of importance for each of these points.
The first three are discussed here; environ-
mental impact is discussed in Chapter 7.

}derain any instal-
{ _

The dual consideration of cost and efti-

ciency usually work against you in wind

-~ machine design—nhigher efficiency almost

akway'rsicosts more. gn the other hand, shorter
wire runs cost less*and are more efficient.
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and cost more. Taller towers get the rotor.

into higher winds, but cost much more and
make installation and maintenance more
difficult.

_ Planning a safe installation'means under-
standing all the loads involved in supporting
your wind achine aloftand selecting appro-

ind foundation designs. Safety
. ther than that, however. Itis not
an easy taskac cta giant tower, especially
in a tight space It's even more difficult to
work aloft with a heavy, cumbersome wind
machine. SUch a n-_;c:u i§ a ot iike overhauling
dlesel -tractor engme 60 feet in the air.

Pian your installation allowing for enough

drﬂ%r\‘}l‘i‘

it [Ty ala) [ XV

require a winch-a truck, ten friends and,a.
g|n pole. Agln pole is simply a support, th@t

ﬁ”r\\ur\ thhe revreoes AT r\ﬁhln i Aren far e
QIIUVVD LIS IUpG LN W] o § &R L w) [yUU/UDG (R IIILIIIH

the- tower to staft the lifting process rrorngg
above the tower.Gin poles need not be very. -

* }tali—pe’r‘haps one-third to one-half the height
of {he tower, As'the tower rises, under tension
”‘from the rope, passmg overthe gin pole top,
the ability of that-tope 1o continue raising’
Ihe tower increases, and the need for the
gin pole decreaeee Once the tower is about
haffway up, the gin pole won't be needed
- any more. Tne rope can finish the job directly.

But be careful. Extra bracing may be needed
to preventitower collapse during th|s dehcate-

UptﬂdUUH "

You have several OQUOHSfOF gettlng thig

‘wind machine aloft; :
~-e Tilting it. up with the tower

Ty

h 1 l’\ ™ [aNa] rv'\
111 1 LH LIIU 10Wel U}J IIIID }JIULJUDD tay

Tararin iaainy Do iinsin

. H0|st|ng lt aloft pamally assembied

e Hoisting individual components for
agzsamblyv aloft

LAl iiart y ' e

The first option is generellythe easnest unless

your machine is very heavy. The last is time-
consu imlnn hra‘r mdl ices the need for hmr:.tmn

S e el A e A LA A e

=S e ot e A

GULpiisT L TUU blIUUIU L_.,UHDJUUI Llllb pUHH
carefulfywhen designing your wind system.
An apggropnate deSJgn configuration would
imclude a ligl nW‘Uigl it carriage structure with
a built-in hoist that would rise with the tower.
The built-in hoist would then bring up each

e st Cae n arem Al e b e o ~ e

LUINTTRPUNIGHTL UL a slitail iFldL;IIIIIC Lllb‘ dl-

" rlage can be built as a shell, thus doubling

as a protective cowling.

Lightning Protection

A-final, very |mporlan1’ safety feature is
Iightnmg protection for your wind machine.
Any wind machine is a prime target for
lightning because it's usually the taliest

~ metal object around. The map of thunder--
. starm frequency presented here shows.the

average number of days per year with thun-
derstorms over the U S.and Southern Canada.
From this map you can see that the Rocky
Mountains ang the southeastern United
“States are the two pringipal areas of major
thunderstorm actjvity. Anywhere from one
strike every other year to four strikes per

year might be expected at or near your site. .

- Justhow bigis a typical lightning S‘Lnke’?
<Lightning current typically peaks-at 20,000 °

" Thunderstorm frequency in the United States and

southern Canada. Contour lines indicate the aver-
age number of days per year with Thunderstorm
occurrence.

§
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- Property grounded, & lightning rod establishes a
cone of protection over a wind machine. The slip

amperes in a 1-microsecond pulse. About 2
‘percent-of the time it peaks at 100,000
amperes in the same time intérval. Clearly,
- you cannot afford to overlook lightning pro-
~tection. Without an adequate electrical path

to the ground, lightning will damage your
-wind machine with electrical heating, mag-
~netic forces, or general mayhem. Corona
balls—glowing balls of ionized air—have
‘been seen to enter an.electrical conduit by

. 28 5 o
o &
-
.
5 A >
k-~

SUP RING .

JEA E ' flowing along a wire. When a lightning ball
o i enters an electrical box and discovers ithas.

AT ARG no way out, it responds like any irate prisoner—

bydestroying the contents of its confinement

_ AL - ~ — — - -cell.Onafess dramatic level, the very small

~static discharges associated with “electrical

air’ during a thunderstorm can easily zap.

V“transistor circuits and fuses.-Over a long
period of time, they can burn spots in wind-
mill bearings or wiring.

. A lightning rod is a device that provides
o> Wl a path for a lightning strike to reach ground.
J Most wind machines act as their own light-

e -~ ning rod. Some farmers” keep their+old
_.————windchargers aloft for the sole purpose of

7
//% providing protection from lightning strikes
7\ 7 on a nearby home. But this means that the

1 2l massive current can flow directly through
/ 17 {/ k
.«[/«I/Z;//

¥
(]

A7
7

_the delicate machinery. An alternative is to

 install a special lightning rod on the wind
machine itself, providing a direct path to
ground for the lightnfng current. Such an
sapproach has been used on the wind
machine that powers the wind furnace at
the University of Massachusetts. .

nng allows the maching to rofate without getting

langied

[}t oc i N

Whether or not a lightning rod is used,

e
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suitable protection should“’be‘z-includetd in-
the wind machine design and installation.

a

“All bearings and shafts should have bryshes
that pass electric current around bearings, °

rather than through the bearing. This will
prolong bearing life. All transistor circuits
should be installed at the base of the tower

~ or elsewhere, not aloft. Such a practice

makes it.much easier to replace zapped
parts, Finally, wiring and grounding oughtto -
be installed according to the building codes
for lightning protection. The real key to suc-

.cess in any installation is a good electrical

connection_to the earth. In dry soils;-this |
means many ground rods sunk 8 to 10 feet,

S i
e

. or even more. In moist soils, you need not

L e ;
take as much care.

Comments From The Real World

Wind machings can be very useful in
generating so%ef‘%{ the power you need.
They can also-be*quite dangerous, if im-
properly installed or maintained. After ten.
years of designing, testing, irf$talling, ahd

- owning many, different wind machines, |
“have found that most of these dangers

appear only when peoglke are around. Ropes
break or knots loosen while tilting up a
tower. Nuts, bolts, and tools fall from the
tower top while someone is up there working.
Worse yet, people often climb’ towers. to
work on their machines.when they are tired
and not really up to fhe concentration
required. : ' :

[ -4




Building 2 Wind Power System ﬂ ': 147

The following tips are derived from my pound elephant 60 feet aloft Ca-n be a

own expenence with dozens of installations: difficult, if not downright dangerous
- 1. An installation takes more than twice task.

. as long to perform as the least opti-
mistic guess would have it. Start early,

or arrange for the project to be split -

Into several tasks that can be per-
formed on separate days.

.Wind at the top of a tower is always
stronger than- at the bottom. Always

<. Figure that tymg arope knét will lower
that rope's strength to. h \If its adver-
tised value. : :

5.Try to avoid * f|re—em—up—|t|s.” Don't be
in a hurry to let the machine spin

under wind power. Let its first run
occur during a very mild breeze. Save |

~ make sure that blaties cannot begin
spinning before. an mstallanon IS,

. compilete.

. Really plan the up-tower operations
carefully. Know the pocket in which
each toolis kept, orwho-will perdorm
which task, and when. Trying to cho-
reograph the dance routine of a 400-

the full-power runs untit you are certain |

that the rotor spins smoothly and al!
the bolts are tight!

6. Always wear g hard hat when working
below somebody else

7. Always wear a climbing belt and attach
it firmly to a strong part of the tower.

8. Try not toiook down!

AN § ’ inct
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~ Perspectives
Economic and Social Issues
R of Wind Power Use
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There are many faetors other than energy
needs and avarlable technology thatinfles:
ence the decrsion to. purchase or build

windpower machlne Legal and social con-
straints on the selection of wind energy .
systems stem from age-old questions.
concernlng the rights and” obligations. of
citizens. Financial issues seem to be the
greatest barrier to widespread use of-wind

_power, but as the pnces,,,e{' ossil fuels .

increase. wind eystems/ll become increas-
ingly cempe{m\?e Federaland state prolects
and’fa)?/ncent ives are rapidly. te¥ting and -

penetratrng these institutional barners— ,

he!ping to increase the use of wind energy

sy o LT s i P —

,Wind' Power Economics

| often hear people claim that wind power

is “free.” Others ask, “Will the wind power my’

house?” By now, you should have a-good

. idea of what it takes to power your house, .
- and you probably understand that although
‘the wind blows whether you use it or not,

harnessing the wind.is definitely not free.
- Then what does wind energy cost? Lots
of folks simply add up all the costs involved

i a.complete wind system instaliation and

stop: right there. Similarly. fots of people
simply ask how much a new house costs
and con'tlook any further. But there's a new

TCtrend in cost assessment. It started with
automobile purchases and is spreading to™

apphances. Soon it will reach home buyingf
and at the consumer leveb if's beginning te

~ penetrate energy system purehases That

fend.-is toward serious consideration of the
e-cycle costs of a system, house, appli-

ance or car. The life-cycle costincludes not -

only the initial price of an installation but

also its maintenance, fuel costs, and interest”

-on money borrowed or spent. In home pur-

hEses, passive solar homes usuallyhavea
higher initial price but produce, at little or
no operating cost, much of their own comfort-
control energy. The monthly cost of owning
such a home is usually less than that of a

" conventional horne purchased at a fower

initial price.
Similarty, two wind generators, each rated

- at 4kW, might each sell for a different price.
“The more expensive unit has a larger rotor

diameter than does the cheaper unit. Sdme
people would be inclined to buy the cheaper
unit just to minimize tred initial investment

in a wind system. But which machine is

actually cheaper? To answer that question

—.~yu must determine several factors.

- First, you need the total sales price of
edch completely installed system. You must.
add up the cost of every‘(hmg from burlding
permits to concrete foundation to wiring
and testing. This is the so-called “frrst cost”
of the system.

Next you need an accurgte estimate of
the amouni of wind energy each system will
produce at your site in a year's time. If the
only data you have for the site is the mean

annual windspeed, use a Rayleigh distribu- -

tion (Chapter 3) for that speed to get the
number of hours the wind blows "at each

-
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“Wind Energy Costs

A compiete econormic dnalysis of wind energy
versys other energy options requires an

- estirnate of all costs incurred over the life of

the wind system. You also need an estimate
of the energy it produces per year. The
annual ¢ost of that energy can then be
compared with the cost of conventronaf
supplies.:

To perform such a nfe‘cyc!e estimate of
your wind system costs, you need to Know
the following:

- - Purchase price of equrpmem in do!!ars‘ .

¢ {nstallation costs, in-dolfars

*» Annual maintenance costs, in dolfars .
» Annual insurance costs, in doliars

¢ Other annual costs, in dollars

* Resale value of equipment, in doflars =

» Annual interest rate paid, in percent .
. Expected system lifetime, in years
"« Annual energy yield, in kilowatt-hours

i you don’t know alf these quantities exactly,

try to estimate them as best as possible.
System lifetime, for example, is anybody’s
guess.

* Start your analysis by adding up the

- purchase price and instaflation costs. Then

multiply the sum of all the annual costs by
the expected-ifetime of the system, and add

- this product to the dotat above. Finally, sub-

tract the estimated resale value of ther
equipment. Exclusive of financing costs, this

result is the total cost of ypur system over its

expected fifetime. To get the average annual
COSts, you divide this result by the expected

nfef:me and muitiply by a factar that includes
the costs of barrowing money. An example
will help to tlustrate.

Prablam: annnc:.o a wmd cuqf.orr;

oo O T YL ...

an
purchased nf}‘-fhp shelf far ‘Q’A 000 includi

) b
n
wind generator, tower, Dartenes wiring and

iD 143)

controls. Suppose that instaliation of the

system costs another-$1, 000. Based upon
dascussxons with orher owners of that mode/

and with the ?HdHUIstUfUJ you Can expeci a
system lifetime of 20 years, with annual costs

. for insurance and maintenance averaging

$200 per year, You estimate a resale value
for aif the: equ:puiiem to be oniy $500 at the
end of this 20-year period. If the system is
projected to yield 3000 kWh per year at you
site,'what are you paying per kWh for the
energy. it produces'? ’

bo:unon. First add up-alf the costs ano

subtract the resale value:

Purchase price : $4,000

instaliation cost - 1,000
Maintenance & insurance 4,000

“ : , $8,000

. Resale value _ =500

$8,500

To get the average annual costs of the
system, you should include interest paig-gs
an-added expense. Using simple interest at

10 percent per annum, the average annual

costs of this system are:

1.10 X $8’,25000 = §467.50 per vear

When divided by the energy pr@duced per
year, this number gives you the unit cost of
the wind energy delivered by your system:

3,000 kWh = $0.16 per KWh.

] Th:q fmur.o may.seem high, but wait a minute. .

If you take me federal tax credit on the

-capital costs ($5,000) of the installation, you

save 40 percent, or $2,000. This credit

reduyces vour avergnes annual cogls to

uuuuuuu Fewi 2 At LR R WL SN R )

E357.50 and the unit cost to §0.12 per kKWh.

(State tax credits may reduce this cosr even
further} ; .

~each wmdspeed

Cxl

1 U

he power curve for

g e g | T:_
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T
7

nd m ultiply watts times

A-F\II-

nours to gm the total energy (in watt-howrs)

th
"each machine to get the watts available at
an

avatlable atthat speed. Finally, add up all the:

watt-hours available; -this total is a rough

i ~F N P N PR [ e |
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energy yield.

k, Ncaw you have the first Cost and an esti- e

annual yield times the expecled litetime of

the,,system. If you stop right there and divide
cost by energy yield, you get a very rough

indication of the cost in doiiars °per watt-
hour, or per kilowatt-hour, of énergy pro-

duced. For a typical small wind machine,
this might be anywhere from 10 to 30 cents
per kWh. Depending on where you live, your

current electric bijjl might be based on a

price of 2 to 15 cents per kwh. But me cycie
cost analysis goes further

| Other costs that need to be included in

your anaIySIs are the costs of maintenance,
“insurance, fmancnrrg and faxes. Mainte-
nance costs are difficult to estimate, but

they might be: govered by a mainteriance
contract with the installer. Insurance costs

_are easily identified by calling a broker. The

financing costs of your installation are more

‘complex. If you take money out of a savings

account or other securities to purchase your

wind system, you suffer a lossof interest. If

you borrow the money, you usually pay an
even higher interest rate. In either case, the

cost of the money used is important to a fair

economic assessment.

The IWind I_’nwér Bouk
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A heLptuj,' ""o-cedure to perorm an annuet

here (see baxj..
you addup 2l

4 life-cycle asse‘wsment

the expected system lifetime.

:mvolved -HY esttmatmg yoer Hie-eye
state, d&:-perhaps even
local government lncentwes to help you
decide to buy wmd equ&pment The primary

‘“incentives are tax credits; many states and - *
" the federal government have programs that |

.hetghfmance your wind energy system by
; reduc%egyour income tax liability. Tax credits

wilt not pay the whole price, but in some -

states, like California, théy reduce the cost
- by about 50 percent. You,take this reduction
into account when calcuiating:the first cost
of your system. :
- Similaf govemment programs are start-
mg to make low or no-intérest loans available
for conservation and energy, equipment,

v '"T’he electric ulilities are beginning 'to get

- intd'the atthere. Other incentives may show

up in the form of property-tax relief; or a

reduced assessment of property value for
1 peopte owning wind eguipment. Suchincen-

: trves wilt lower theg annual costs you associ-
ate-with the wing equipment..

_ When you ¢ mpare your wind system
‘ehergy cost with the cost of conventional
energy sources using the life-cycle costs,
you ﬁtust include tne effects of inflation.

ke
i

j

. aver the entire’ hfe &fihe

- . machine, subtract thé[ré.sa!e valfie esttmate "
= and compare this total dot[arf;gurewth the

savings in energy consumption costs ove\rs_\{‘_

Conventional energy costs are rising rapidly

as shown in the graph. Once you install a
“wind system, you begin paying for it.in the

form of interest payments, taxes, mainte-

- nance and other costs. Some of these costs

will be-affected by inflation, but the major
costs will occur at a fixed rate. Eventually,

» “~conventional energy costs should exceed
Among the many. changmg aspects _,

le-cost

the cost of your wind system. After that hap-

pens,~the wind equipment is saving you

money. A good windy site can begin to
save money within a few years. A poor site
might never save money. Tax credits may
hasten the break-even day, butthe selection

of a good windy site is the most important . |

factor. . -

Legal Issues
The legal issues involved in owning a
wind power system cover two important

areas—your rights and your obhgatlons You,

have certain rights, granted by law, that can
be obtained by agreement or contract or that

come automatically with~tand ownership:.
‘Other rights may have to be obtained through

the courts. Your abligations are to protect
the health, safety, and welfare of others.
Suppose a family has purchased prop-

. erty in a windy canyon and intends to build

a_home-and install'a wind generator. The
legal'questions that come with purchase of

‘the property should be determined earty on.
Atitle search will find any restrictions placed .

on that property. It previous owner speci-

Cost of Electricity {Dollars per kWh)

Wmdloowel at
0.20 +— SO 16 iper kWh

010

T SO I S T

050
040~ . 15% Inflations.
G0 = L /10% infiation

1 % ‘ i 4 LN i

5% Inflation

| S S T U

{1885

Year

L1898 2000

A comparison of wind electric and utility power -
costs. The wind power cost assumes a $5,000
purchase and|4nstatlation fee, “plus insurance and
maintenance gosts of $200 per year over a twenty-

year lifetime.
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The shaded states offer incérjié;iax c:;edits or deductions for wind power equipment (1980). :

fically excluded tRe installation of any wind *
machine on the property, that would-be the
end of the wind system unless the new
- owner chose to test this restriction in court.
Such a restriction ‘is unlikely, but trouble-
some architectural restrictions often do exist.
« These can limit the height of a structure,
i . determine its architectural style, or force the
* owner to submitto the whims of an architec-
tural review board. It's hard to imagine a
- wind machine deS|gned in Southern Co!omal

-
5

\m_p..-(“/

style, and if the maximum structure heightis -

limited to 20 feet, you'might as-well forget it.
Zoning ordinances are the next area of

potential legal problems. The county may

‘have certain restrictions that limit property
toc« certaln well-defined purposes—resndenha!

agrlcultural commercial, industrial, and so
forth. These zoning ordinances may also
specify architectural styles, building height

limits, and other restrictions that affect a

wind system plan. Zoning regulations are
enacted for the purpose of protecting-the.
“public health, safety, and welfare.” They are

- ‘,_.;__.usually administered by a zoning commis-
sion; planning department, or. bqumg

ifspector. You may apply for a variance
whenever your project is at odds with an

ordinance, and a_hearing will be held to..

determine if the variance is to be granted.
Potential wind-system owners typically have
to apply for a variance if tower height exceeds
the maximum height restriction.

Building codes are yet another source_

“ofproblemms. Before you can begin to lay the

tower foundation, you will probably have to
obtain a bwldmg permit. Typical building
codes are the Uniform Building Code and
the National Building Code; complete books
on whichever code your county has adopted
should be available at the local library.
Building codes specify foundation, struc-
tural, electrical, and plumbing requirements.
In some cases, your friendly building inspec-

- tor may decide that the codes do not apply

to your wind system. In most cases, however,
they do. Your design will have to show, by
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complied with the codes. In some cases, a
registered professional engineer wili have
to check your drawings and calcuiatlorgts
. Oftenadeeply hidden restriction to:your
A ..rtghts crops up-because a wind- systefn
o an energy producer. In every state a Pyblic

. more utility companies to provide the e ergy
" needed by homes, farms, and businesses.

"engiheermg ealculatrons that you have

I9e-

Utilities Commission has licensed one or -

g By L, -

Surely whatever wrnd Ccrosses your property '
is yours to us€ as you see fit. But what

happens when your ngighbor decides to
build a high-rise structire just upwind of
your machine? Zoning ordinances aside,

~"you may not be able to stop such an action.

Recently, a lot of legal debate has focused
on sun rights and solar access—the rights

“to the sunshine that normally falls on a

property or crosses an, adjoining plot. A

—In-mostcasesthis publrrrrrcerrse “AIjounts
.to a virtual monopoly. In some count s, the

municipal water company has the t to
_._install amateemeter on your wind-

water system*and Charge you tor t}ﬁe water.

‘from small power producers, including wind

. Dble for you to cogenerate electricity at your
~ “‘house or business, with full cooperation of

:that utilities must buy this cogenerated
i power at their marginal cost of new power
{’ generahon—whrch is a high rate these days.
i
]

| the subject of debate and litigation for some
" years to come. However, your right to sell

-= by a public utility on your-ability to produce
power.

ered '

“systems. This regulation now makes it possi- |

~.them excess power is clearly set forth in
~ - PURPA, it virtually eliminates-any restrictions

Perhaps the most_fhndamental legal |
question concerns your right to the wind.

simitarfegal debate will evéntually examine
wind rights. For now, the problem is not
highly critical; it is, however, something to

rights appear to be a problem, you might try
“-torobtain @n easement. You usually obtain

,,,_aaneasemem for the- rights- teﬁgmetmng— F

13 ‘concerning yourne@hbo/sfpr”‘perty .Fase-
PURPA) Tequires that Gtilities buy electr|orty"'"'"'

ments are granted or/s/old for driveways,
power line crossings, sewage lines, and ather
similar uses. A wind easement would restrict
structure and tree heights on the part of

- think abeut in-your-site planning. f-wind- |~

your neighbor's property that |s |h your! wmd e

,__w,‘w__theiocatweleotrre utility-The-Act-specifies ™ TetcH aréa.

Along with your rights to harness wind

power, you have certain obligations, most of - .

which are concerned with the protection of

But the exact rate they pay wrtLorobaolybe_uieﬁa-a&#me&MaayeeHhese—safetyobhga—

- fions \fer be satisfied in the course of com-

plying with butldtng codes. For example,
preventing electrical shock is covered by
electrical codes; while plumbing codes

specify sanitation requirements for a water- -

pumping windmill that supplles domestrc
drinking water.
In my-opinion the main area of concern

g
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-

that may not be covered in your buiiding
codes is the attractive-nuisance value of a
wind system. Install a swimming pool in
your yard, and you will be required to fence
itin. A swimming pool attracts chiidren-and
Creatles a safety hazard. A wind system
attracts everybody—not just children. And
1the safety hazard is made worse by the fact
that. peod®e usually have less experience
with windmills than they do with swimming
pools. Your obligation is to protect trespas-
sers from the safety hazard you create by:

~installing a -wind-system. Check with an
attorney, but expert to install at least a
safety fence around the tower.

Your obligdtions extend to the protec- -
tion of your neighbers from falling-towers,— —
flying blades/ television interference, and
other envirorimental damage. It may be that
you install your tower so far from the property 4
line that it cannot collapse into another yard.
But'you cannot so easily predict how far a
broken blade will fly. Hence, you normally
purchase same form of liability insurance to
help cover any damages ... and keep your
wind equipment’in top shape so you don't
need to use thatinsurance. '

Social Issues

‘To a large extent, the social issues of
technology are reflected in the laws, codes, .,

Flying rotor blades are one of th tial dangers of owning a wind system. Take care fo plan for such - : i . ;
ha%za-rgdsobgtrorea:ngtaéémggwemoacn;e?men“{f AIRRIE:RTONMER B Wipt Systam. igke cpre leplan lersts and ordinances just discussed. The experi-

L

ence or mood of society, or needs of a
1 s " group of people, help to guide the creation

w
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of taws that govern the appiications aliowed.
If a group of wind energy sysiems is re-

sponsible for several acmdents orinjuries, a:

faw will very likely be | ‘passed that govems
the use of wind machines.

Social issues abound on a more per-
sonaiievei, too. Whenever you insiaii a wind
system, some .other person or group of
~persons living or working nearby will react.
During site evaluation you should simulta-
neously assess the social issues likely to
occur at the site. Make sure your neighbor’s
reactions to your installation will be favorable.

just purchase whatever equipment he recom- -

mends. Recent approval of the Residential
Conservation Service (RCS) regulations now
means that your utiiity must offer you an
audit of your potential for conservation
measures, solar energy, and wind energy.
An RCS representative will heip you with
some of the initial planning steps; check
with your local utility for specific details.
Because of RCS and PURPA—which
allows you to cogenerate power—it's a sure
bet that wind systems will socon become

very attractive to a wide group of users. This

Neighborhood concern for safety will be\—growth in demand for wind equipment will

first in importance. Next will be concern

about any adverse effects your system will .

have on iocal television reception—unless
cable television is used by all the neighbors.
One company brought cable TV in with their
wind generator to satisty the neighbors.

Noise and visual impact will also arise in

discussions with the neighbors. Wind ma-
chines do not have to be much noisier than
the wind that drives them; only poorly planned

stimulate new ____CiESIgnS mere competition,
and a wider selection of equipment. The
various incentives to stimulate increased
use of wind energy will take a firm grip_on
the market.

If you think your site is windy and you ™

have figured out what it takes to power your
house, it would make tremendous sense to
contact your local utility RCS office and
your state energy-office. Ask them for infor-

‘machines make substantial noise:

Looking over the entire range of tasks
involved in planning your wind system, you
may copclude it's a bigger task than you
thought. Up to now, your only other option
was 1o leave the entire job to a dealer and

mation they may have accumulated on wind
energy for your area. Also ask them for the

 forms necessary to qualify for any tax credits

that may be available. Sort.out your options
and pursue the project carefully. The results

will be more than satisfying.

F
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How to Read a Graph '

- Graphs have been used throughout this boOk to srmphfy«calcula-
- tions. They also help to compress alotof numerical information into
~a convenient visual form. Computations which would normally be -
.difficult or laborious can be done easily with the help of a graph. |

But some readers may have trouble interpreting or using graphs;

~this Appendix is designed to help them Here are a few |Hustrat|ve-
. examples.

Example 1: The curve inthe first graph defines the relat|onsh|p

' between two quantities, Value A«and Value B. If Value A equals 8,

what.is the corresponding Value B? | .
Solution: Start on the horizontal scale (“x-axis") at 8 and qove

vertically (er draw a line) up to the curve. From this” point of

intersection, move horizontally (or draw a-line) left to the vertrcal

scale ("y-axis”). Thus, Value B=4 m this exarnple T
Example 2: Suppose you know tr\at Value B=2 5 in the fjrst

graph. What is the corresponding Value A?

* Solution: From the vertical scale at 25 (halfway from 2 to 3)

* move horizontally right to intersect: the curve, then drop down

vertically to the horlzontal scale as shown. Thus, Value A= 4 in

this example.

Sometimes there is more than one curve Qn a graph that
applies to your problem. Often, there are'a series ofcurves each
corresponding to a specific value of one parameter. Here, you have
to select the appropriate curve, or even add another curve to the -

_graph An example will illustrate.

" Example 3: Look at the second graph. It contains two solid
curves corresponding to two separate values of Value C, C=10 -
and C'=20, in your pfoEIem But you need to know what happens
when Value C =15, What do you do?

Solution: Value C = 15 is halfway between Value C=10 and
Value C=20. Simply add another curve (dashed curve) rough]y
halfway between the two solid curves, and proceed as'in the earlier

‘examples.
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CONVERSION FACTORS
; Hu.it'ipiy: . By: To Obtain:
Atmospheres (atm) 76 Centime‘ters of Hg (0°C}
o 1,033.3 Centimeters of H,0(4°C)
. 33.90 Feet of H,{38.2°F)
29.92 " Inches of Hg(32°F)
‘ . 147 Pounds/inch?
- British Thermal Units (Btu) 2682.0 calorigs
s 4 77765 *  Foot-pounds
38275x107* Horsepower-hours
. 1,054.35 Joules |
2.929x 10°¢ Kilowatt-hours
Btu/hr 4.20 | calories/min -
G 777.65 ‘ Foot-pounds/hr '
3.927x 10+ Horsepower
- 2929x10 1 Kilowatts
’ 0.2929 . Watts
Btu/ft? 0.27125 Langleys (cal/cm?)
Btu/ft2/hr . - 3.15x 1077 Kilowatts/meter?
T 4,.51 x 1073 Langleys/min (cal/cm2/min)
calories (cal) 0.003968 Btu
g 3.086 Foot-pounds
s e 1182 x:|6:5 Kilowati-hours
Calories, food {Cal) 1,000 calories
calories/cm? (Langleys) 3.69 Btu/f
Centimeters (cm) 0.0328 Feet
| 0.3937 Inches

%,

7]
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CONVERSION FACTORS

Laasiny iDL (it

Cubic meters (m?)

Feet (f)

1"

Feet/minute (ft/min)

Feet/second (ft/sec)

Foot-pounds (ft-bs)

Gallons (U.S. liquid) .

Gallons/minute (gpm)

"
L]

[P AR Vil @ Jh

1,000.00
30.48
12.0.
0.508
0.01829
0.01136
1.0974
0.6818
0.001285
0.324

3.766x 1077,
©3,785.4

0.1337

A4
“ad

0.003785

- 3.785
2228x 1073

0.06308

Liters

‘Centimetdrs
1.894 x 107

Centimeters/sec

_Kilometers/hr

Liters

“The Wind Poww‘e‘_frf Book

T Mikbain.
E W AR B,

Feet/sec
Miles/hr
Cubic meter

Gallons (U.S. liquid)

7 3

Cubic feet -~ - =
Gallons (U.S. liquid) ¢a
Liters "

Inches

o a1

mies.

Miles/hr
Kilometers/hr
Miles/hr

Btu

calories
Kilowatt-hours
Cubic centimeters
Cubic feet |

Cubic inches

Cubic meters

Cubic feet/sec

Litersf’sec
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o CONVERSION FACTORS , CONVERSION FACTORS ‘
M-ulti;')’ly.;____\ 5 | © By: To Obtain: i ; Multiply: _ B’y ~ ¢_To Obtain:
‘ Ho-rsepowé}\(hp\) " 2,546 Btu/hr ot Meters (m) +3.281 Feet ,
. " ™. __550 —— — Feotpounds/sec - —1 . eBow 3937 Inches PR
r B " - 7457 Watts - Meters/sec (ﬁ/s'ec} 12’*&4 i E Miles/hour ' A
" " Horsepower-hours 72,546 = Bt [ Miles (mi) ' 5280 7‘ Feet
" 1.98 x 108 - Foot-pounds f ' & -‘ 1.61 - Kilometers
ot ‘ 0.7457 - Kilowatt-hours - Miles/hour (mph) 447 Centimeters/sec
Inches (in)- 2.54 ~ Certimeters o w8 88.0 " Feet/min
d Joules 9.485x.107% . Btu * P e 1.61 ~ Kilometers/hr
r e 0.7376 Foot-pounds s B , : 0.447 Meters/sec °
2.778x10°¢ - Watt-hours : 1o Pounds ('Ibs] . ' 0.4536 Kilograms
Kilograms (kg) 2205 ' Pounds - J~_ = S‘qt‘i"are'feet (2) - 0.0929 Square meters
Ki Io-mgters (km) -+ 0.6214 M“ES * Square inches (in?) r§452 , Square centimeters o,
Kilometer/hr (km/hr) 09118 [Feet/sec I { r_.?';i(j___fofg,;sgm Squarefest - . L
Kilowatts (kW) “ 3-%14 | Btu/hr Squarekilometers (km?) . 1.0764x 107 ¢ Square feet .
" 737.6 Foot-pounds/sec - o 0-{3351 ' Square miles- S |
o T ; ) HOfSeDOW9f 1 e Sﬁuare 'me,ters&_(rﬁzl) 5 "10.?‘E;4‘ 3 " F'deulgaréfeefm ;, p“_
% Kil-o'ﬂaﬁthvuré‘; {kwh)- ‘3,414. ‘ ' "Btu. Lt ;” " I P Watts (W) e ‘."J‘_ 341 d ,,,, A ; ‘Bti f"! . ', . ¢ " L F o L9
: Langleys . - o calories/crm? L f'_-‘" 2 & sl T o014t ,Hé'fs;pcfwer - )
- alitefs e o - 71,000 ' Cubic centimeters - 1 2~ "wWatts7em? I a1t Busehe
B e T 0.0353 Cubic feet Watt-hours ‘- 3414 7 Bt
e o T 02642  Gallons (U.S. liquid)™ . o T 860.4 " o ~
* C e

h
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| Ray;éigﬁ*mndépéed §Di5f;i'b’u' fon.

The Raylexgh drstrlbutlon is a one- parameter equation (see Chap-

ter 3),that can be used to estimate the number of hours the wind

TRbkan p thcular windspeed. The single parameter In the

: equatlon is t annuai average w:ndspeed (the mean windspeed)

atthe sitein ‘question. The. acc;omp:anylng table presents values of

the Rayleigh dls%rlbégimn tp.: mean*wmdspeeds ranging from 8 to
d7°'mph. Alqm & oIt

bose your site had a mean wmdspeed of

¥y anted to estimate How-often the wind blew at
; usfmfead down the column marked “14” atthe top untilyou |
Eieh ther th"fzontal line marked “23" at the left. You get the result
194, "which means that the wind will blow at 23 mph apprommateiy
;194 hours per year at this site.

+

= To getthe result in terms-of the percent of time each windspéed =

-occurs, divide the table entry by 8760—the number of hours in a
year: Thus, the wind blows at 23 mph for 194/8760, or 2.2 percent of
the@me
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! "
RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS RAYLEIGH DISTRIBUTION FOR yAnl6u$ MEAN WINDSPEEDS
m Windspeed | : Mean Windspeed, mph . | Windspeed - Mean ‘:'Jindspeod, mph
mPh s 9 10 11 12 13 14 15 16 17 Cmh e e 10 1 12 13 14 15 16 17
8 |784 731 666 601 539" 484 435 391 353 320 27. |8 12 27 48 74 102 130 155 177
g |716 697 656 605 553 503 457 415 377 344 28 4 2.8 20 37 6 8 111 136 158
10 |630 644 627 594 554 512 470, 431 395 363 29 2 1 5 14 28 47 70 /94 118 140
11 |536 578 585 570 - 543 510 476 441 408 377 - 30 |1 8 4 10 21 a7 5 79 102 124
12 441 504 533 536 523 500 473 443 415 386 | < 31 0o 5 2.7 16 29 ‘46 66 87 108
13 (351 420 474 494 494 483 464 441 416 391 32 0 3 1+ 5 11 22 37 55 74 94
14 [272 356 T3 446 459 458 448 432 412 391 : 38 o 5 3 8 17 29 45 63 * 81
15, |o04' 288 355 w96 420 429 .427. 418 404 887 [ .| 34, |0 § & 2 6 ,1a, 2337, 5 70
=~ 5116 " 1497 227,295 345 378" 2306 403 400 392 380, | - [ 3 "Jo 0 .3 -1 .4 .10 {8 3 4 60
117 105 175 242 296 336’ 361 875 379 377 369 | | "3 |0 o0 .2 9 3 ‘7 14 24 36 'S1
o187 787 132 194 250 204 325 345 355358 355 |l -3 Jo o 1 & 2 5 1 19 30 43
19 |49 97 153 207 253 289 314 330 337 339 | 38 jo. 0o o 4 1 4 8 15 24 36
—-20 (32 70 119 -470- -216 254 - 283 <303 ~ 315 - 321 |- -3 j0o 0 0 2 9 '3 6 12 20 30 44
21 120. 50 -90 436f—?&+ 200 252--275 291,302 | 40 to— 0 o 1 6 2 5 9 16 25
22 12. 34 68 ioaf 150 189 222 248 ‘2-58“-'.723'1 - 41 0 0 0 o§4 13 7. 18 20
23 7 23 °50 84 123 160 194 222 244 260 | - 42 o o0 0 0 3 .9 -3 ‘5 10 17
24 4 15 "38 'e5 99 134 168 197 *220 239 | 4 Jo o o o 2, 6 2 4 8 13
256 |3 10 25 “49 79 111 143 173 198 218 |- ‘4420 0 ©0 ©0 1 4 1 3 6 1
26 (1 6 18 37 6 91 122 150 176 197 . \ | .
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\ B Windspeed versus Height \
SURFACE FRICTION\COEFF]CIENT N 3 .
Description of Terrain “ ﬁ o If you know the surface friction coefﬁciapt_aé(Greek "alpha’) ata wind
F hard Tk of . i 570 7 site (see Chapter 3), you can readily estimate the windspeed at a
Sfmooth, Har grOL{” S Bl \ ' given height hg from. measurements at | another. h_anght hA The
_ Shortgrass on untilled grou."d ‘ ,0'14 equation used to accomplﬂﬁ this Teatis:
" Level country with foot-high grass, occasiOrIaI tree 0.16 hg\&
Tall row crops, hedges, a few trees “ ' | 0.20 Ve=VaX (H;) ’
Many trees and occasional buildings 1 = 0.22-0.24 where VA =the WindSpeed measured ét he|ght th
Woodgd gayairyremall lownssand suburos 4 B Vg = the windspeed estimated at height hg.
Urban areas, with tall buildings ‘& 0.40 __ ~ o .
' - — A P The surface friction coefficient a usuaily has a value between 0.10
, E (very smooth terrain) and 0.40:(very rough terrain). Typtcal vaiues for
\2 a can be found in the table at left.
1 The equation above can be used with various values of ato -
| develop the.series of “helght correction factors" presented in the
" | table on page. 165. Here, a LS listed at the top of each column; and’
e - £ . ! the leftmost column lists the hefrght in feet. To get the windspeed Vg
i - : - i ‘ at height hg whén you have measured the windspeed V, at height
‘ ' ha, use the following simple equation:
i HB - -
s Vg=V, X — ,
B A HA
L where H, and -Hg are the-height correction factors read from-
S ks the table.

These correction factors have been normalized to an assumed '

anemometer height of 30 feet above ground. They are also based
on an assumption that the anemometer is not immersed within the
layer of slow-moving air below the tops of trees or other nearby
obstructions. For level terrain with few or no trees, height measure-

ments start at ground level. When there is a grove of trees nearby,

start all your herght measurements at tree-top level.




Appendix 2.2: Windspeed Versus Height

Example: Suppose your anemometer is mounted 50 feet
above ground level, but there is a grove of 30-foot trees just
upstream. If your wind machine is to be mounted atop an 80-foot
tower atthis site, and the anemometer measures a mean windspeed
of 10 mph, what is the mean windspeed at the machine height?

Solution: Firstyou have to correct the machine height and the
anemometer height for the grove of 30-foot trees. Subtracting 30
feet trom each of the respective heights, the effective machine
height (hg) is 50 feet and the effective anemometer height (h,) is 20
feet. Assuming a surface friction coefficient « = 0.28 for wooded

terrain, and reading down the column marked “0.28" in the table of .

height correction factors, we find that H, = 0.892tand Hgy = 1.153.
Thus, the mean windspeed at the position of the wind machine is
expected 0 be: : ~
Ve=10X 5892
=12.9 mph .
If there were no trees nearby (level country with only an occasional
tree), and the anemometer measured -10 mph at 30 feet high, the
mean windspeed at the 80-foot level would be, assuming a = 0.16:
_ 1w 1170
Ve=10X 1500
= 11.7 mph.

So the extra 50 teet of lower herght gains you only 1.7 mph in mean
wiridspeed over level terrain. But remember that wind power is
proportional to the cube of the windspeed. The wind power

availabte at the 80-foot level is 60 percen greater than that tavailable
at 30 feet.

HEIGHT CORRECTION FACTOR , H
Height Surface Friction Coefficient, o
(L) 0.100 | 0.140 0150 0.200 | 0.220 | 0.240 | 0.280 | 0.300 | 0.400
10 0.895 | 0.857 | 0.839 | 0.802 | 0.785  0.768 | 0.735| 0.719 | 0.644
15 0.933 | 0.908 | 0.895 | 0.870 | 0.858 | 0.846 | 0.823| 0.812 | 0.757 |
20 0.960 | 0.945 | 0.937 | 0.922 | 0.914 | 0.907 | 0.892 | 0.885 | 0.850
25 0.981 | 0.975 | 0.971 | 0.964 | 0.960 | 0.957 | 0.950 | 0.946 | 0.929
30 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | .
35 1.016 | 1.022 | 1.025 | 1.031 | 1.034 | 1.037 | 1.044 | 1.047,|1.063 |
40 1.029 | 1.041 | 1.047 | 1.059 | 1.065 ' 1.071 | 1.083| 1.090 | 1.121
45. | 1.041| 1.058 | 1.067 | 1.084 [-1.098 | 1.102 | 1.120| 1.129 | 1:176
50 | 1.052 | 1.074 | 1.085 | 1.107 | 1.118 | 1.130 | 1.153| 1.165 | 1.226
55 | 1.082 | 1.089 | 1.102 | 1.12§ | 1.142 | 1.156 |1.184 | 1.199 | 1.274
60 1.072 | 1.102 | 1.117 1148 | 1.164 | 1.180 | 1.2147 1.231 |1.319 |
65 1.080 | 1.114 ' 1.132 | 1.167 | 1.185/| 1.203 | 1.241 | 1.261 | 1.362
70 -| 1.088|1.128 | 1.145 | 1.184 | 1.204 | 1.225 | 1.267 | 1.289 | 1.403
75 1.096 | 1.137 | 1.158 | 1.201 | 1.223 | 1.245 | 1.292 | 1.316 | 1.442
80 | 1.103] 1.147 | 1.170 | 1.216 1.240 | 126511.316 11.342 | 1.480
. B85 | 1110} 1.157 [ 1.181 | 1.231 1257\412833.1.338 1.366 | 1.516
. 90 1116 | 1.166 | 1.192 | 1.245 | 1.273 | 1.301 | 1.360| 1.390 | 1.551
95: | 1.122 | 1175 1.203 = 1.259 1288i 1.318 | 1.380 1.413 | 1.585
. 100 1,128 | 1.184 | 1.212 | 1.272 1303L1335 1.400! 1.435 | 1.618
; A S O [0 SRRy | wSSIEEEENS A SESTRCSENE (SRRSO
g 105_? 1.133 | 1.192 | 1.222 | 1.284 | 1.317 | 1.350 | 1.420 1._45&T1.550
110 1139 1199 | 1231 | 1.296 | 1.330 | 1.365 | 1.438 | 1.476 | 1.681
115 1144 1 1207 | 1240 1.308 ' 1.343  1.380 | 1.456 | 1.496 1.711
120 1.149 | 1214 1248 1319 1356, 1.394 | 1.474 | 1.515 1.741
125 1.154 | 1.221 | 1.257 | 1.330 | 1.368 | 1.408 | 1.491 | 1.534 | 1.769
130 | 1.158| 1228 | 1.264 | 1340 | 1.380 | 1421 | 1.507| 1.562 | 1.797
135, © 1.162 | 1.234 | 1.272 | 1.350 | 1.392 | 1.434 | 1523 | 1.570 | 1.825
| 140 1.167 | 1.241-| 1.280 | 1.360 | 1.403 | 1.447 | 1.539 | 1.587 | 1.851
| 145 1,171 | 1247 | 1.287 | 1.370 | 1.414 | 1.459 | 1.554 | 1.604 | 1.878
| 150 | 11751253 | 1.294 | 1.379 | 1.424 | 1.471 | 1.569 | 1.620 | 1.903

.lr
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Wind Power Tables

This appendrx llst.s monthly average wind.

power data for#742 stations in-fhe United

States and southern Canada. These data -
- have been extracted from the repprt Wind

Power Climatology in the United States, by
Jack Reed (see Bibliography); they repre-
sent averages over at least 20 years of wind
measurements made at airports and weather

stations. Average monthly and yearly wind
power available at-these sites is listed it

units of watts per square meter; multiply by

0.0929 to convert these numbers to watts B
‘per square foot. -
"“. These data have not ‘been corrected -
“for the various heights above ground level

of the anemometers used foreach measure-

ment, They also reflect many possible distor-

tions in the wind patterns caused by natural
terrain features and nearby buildings and

trees. Thus, no particular set of these data ™ -
can pe blindly accepted as represematrve.-:ﬂ
of a particular region. They de, however__.-
provide a rough idea of the wind pr}wer'
available dndthe month}y variatiop-in wind”
_power af a large number of sites. By com-

parison of your measurements with thase of
nearby sites in these tables, yoy can abtain
a betteridea of the patterns to expeot at your
own site.

are listed first jn alphabetical order, followed
by Canadian prcf\}mees Each line of the

table contains the following information:
1. State or province (obvious abbrevia-
tions);
2. Exact focation of the measurmg station;
3. International station number;
- 4 Latitude in degrees and minutes (3439
. means 34°39' N);
5. Longitude in degrees and minutes
(8646 means 86746’ W); :
6.’Average annuai windspeed, or mean -
windspeed, in knots (To coenvert to
mph, multiply by 1.15);

7. Twelve values of the month!y average

~wind power available, in watts per..
so;@are meter;
8. Average of these twelve monthly
., ~averages. . | :
“Fhe most comménly used abbrevratrons
for the location (#2 above) are:
~ APT — airport
AFB-— Air Force Base
AFS — Air Field Station
|AP = lntegnatrona| Airport

18 —islang
" NAF — Naval Air Freld
T PT — pomt

WBO Weather Bureau Oﬁice

s Try to contact the actual. station for more:

detailed information about local wmd pat-
terns. Jack Reed's report is. also worth a
closer look. Besides the data presented in

' this table, this report contains rough wind-
The measuring statrons are listed by, __
- region within each state or province; states

rspeed distributions—the percentage of time
each month that the windspeed was re-
corded in~each of eight different speed
ranges—-for each station listed here.




N A
. ° \‘-.‘
5 . \"\
7 .
Appendix 2.3: Wind Power Tables J 167
— ; -
! MONTHLY AVEBAGE WIND POWER IN THE UNITED STATES A\ND SQ?THEFIN CANADA ‘
¢ Ave. T wing P-c;we[i Watts per Square Méter
. . 3 Speed e _
State  Location o o Lat Long  Knots J F .M A .M J A ? o N D Ave.
AL  Huntsville 3439 8646 © 6.6 80 109 118 87 48 37 29 A1 g% 50 78 87 &G,
AL Foley ) 3358 8605 8.0 133 182 153 174 142 ‘106 73 66 .1§9 9% 116 115 122
AL Gadsden H S 3358 8605 . 5.8 - B84 104 114 99 43 24 ;st 21 - do 45 63 33 ¢l
AL Birmingham APT \ 3334 8645 7.3 127 157 156 137 80 64 45 44 sg 68 108 106 97
AL Tuscaloosa, Vn'n'c:af APT 3314 8737 5.1 79 79 93 69 33, 21 15 21 28 36 55 69 49
AL _ Selma, Craig AFB 3221 8659 5.7 74 86 91 68 ‘42 34 - 29 26 34f’j31 48 54 51
AL Hontgomery 1218 8624 6.1 74 90 85 68 39 35 34 .2 39 736 51 & osa |
AL Montgomery, Maxwell AFB 3223 8621 4.8 S8 67 63 S1 28 25 20 ':19" 2$-jize" 39 45 39
AL Ft. Rucker, Cairns AAF 3116 8543 4.7 40 50 55 41 23 18 12 12 19 19 29 35 30
AL Evergreen 3125 8702 5.3 66 69 78 57 29 18 17 i_‘! 21 24 e 51 40
| aL . mobile, Brookley Arm - 3038 l‘8804‘ 7.3 105 104 128 119 - 94' 58, - 43 41 ,63,;§§1 _72:“ gé . BO-
AK - Annette IS §502 13134 6.5 320 264 216 199 110 97 71 77 128 297 524=1;39 199
"AK  Ketchikan 5521 13139 5.8 59 53 42 52 47 37 s 4;-: a3 67 \75‘f‘f5 57 i
A cralg 5520 13309 7.9 185 159 167 132 82 95 71 55 113 186 174" s 128
AK  petersburg ;_ 5649 13257 3,7 26 40 37 41 32 23 22 22 24 29 22 21 33
AK  Sitka 5703 13520 3.5 109 26 ‘345 42 27 23 22 - 1a 34 .44 46 93 37
| Ak Junea. “pr s822 13435 7.5 119 134 123 127 95 70 60 67 108 170 157 159 11S
AK  Haines 5914 13526 8.0 218 202 203 1480 74 61 94 54 72 160 238 159 146

. - Adapted by Dr. Richard Schwind from Jack Reed, Wind Power Climatology in the United States

1
£

-
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i v | : f ----- ¢ e s e = = MO NTHLY AVERAGE WIND POWER IN THE U..NIfED STATES AND SOUTHERN CANADA
i T Ave. : Wind Power, Watls per Square Meter
5 ‘ - . . Speed : - : / 8
State  Location. . Lat Long Knots J F M A M J J A s 6 N D Ave. ;
AX  Yokutat APT . 5931 13940 7.0 177 144 114 100 90 71 56 64 96 181 183 169 114 |
Aé_ HMiddleton'IS*hfS | . 5927 14619  11.9 625 597, 468 355 238 141 96 134 243 519 se2 608 376
AKE Cordova, Mile 13 APT 6430 14530 4.4 46 48 42 41 37 23 18, 17 32 53 47 48 36
| gﬁ valdez | C 6107 14616 4.3 72 28 75 41 36 16 13 7 7 45. 100 72 53
ffix Anchorage IAP | . 6110- 15001 5.9 61 95 48 61 108 KL 61 s2 45 38 38 S0 61
.- ™ /| Ak Anchorage, Merrill Fla 6113 14950 4.5 57 66 29 27 4L 40 23 22 30 30 59 23 7
| AK  Anchorage, Elmendorff AFB 6115 14948 4.4 46 60 S0° 41 40 34 24 22 26 30 46 33 6
f AR Kenai APT 6034 15115 6.6 96 109 94 66 61 63 56 54 53 83 85 80 T4
/ AK - Northway APT 6257 14156 3.9 16 21 30 44 40 42 33 32 27 22 18 16 28
;5: AK  Gulkana " 6200 14527 5.8 45 88 85 105 11l T8 83 100 95 76 48 40 81
" | AKx ‘Big Delta 6400 14544 6.2 447 322 239 147 148 85 68 102 163 209 300 333 215
i AK - Pairbanks IAP ‘ 6449 14752 4.3 10 16 25 37 SO 44 33% 290 28 22 13 0o 27
| Ax .éfairbanks, Ladd AFB 6451 14735 3.5 10 17 3& 28 38 35 23 29 33 24 12 9 23
Ak Ft. Yukon APT 6634 14516 6.7 30 41 64 8L 9l 8% 8 81 74 52 31 I 64
| AKX Nenana APT © . 6433 14905 — 5,1 68 44 48 45 46 14 %27 26 331 42 45 44 42
~ ! Ak Manley fiot Springs :?]:2 6500 15039 4.8 76 54 g4 2;09 93 89 '%53'”'42 63 104 62 52 62
AKX  Tanana © gs10 15206 6.6 22 85 89 83 56 53 47 29 S0 64 56. 80 73
AK  Ruby | 6444 15526 6.5 58 133 119 84 40 51 46 42 5413476 11e 54 7
ak, Galena APT 6444 15656 s.4 56 €3 66 77 Sl 53 48 6L 61 59  S3. 49 59
 3£§ Kaltag - 6420 15845 5.7 46 103 26" 8L 31 33 30 28 37 56 40 51 56

.
3
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Appendix 2.3: Wind Power Tables 169 i
a o ... MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA =
Ave. . Wind Power, Watts per Square Meter ‘
| Speed | .
Statn Location Lat Long Knots J F 9‘ A M J . J A 'S+ O N D Ave. .
AKX Unalakleet APT | 6353 16048 10.5 520 502 336 191 112 96 116 146 175 234 1395, 176 265 /
‘gg Moses Point APT [ 4 6412 16203 lo.6 329 2163 275 279 149 129 181 233 217 222 246 262 zgl
 AK  Golovin ] 6433 16302 9.6 188 229 246 250 142 117 178 264 271 258 389 256 236
| Ax Nome APT =~ - 6430 16526 9.7 328 308 228 225 133 119 117 162 189 23c '25§ 238", 217
:;ag_ Northeast Cape AFS 6319 16858 11.0 468 263 246 347 239 137 218 240 288 4627 692 187 ;z;
AX  Tin clty AP ..--6534" 16755 15.0 763 919 Bl1 €58 427 271 260 334 352 522 722 128 549
AR koezebua 6652 16238 11.2 455 418 310 204 161 187 212 234 228 270 197 366 547
AR  Cape Lisburne AFS. 6853 16608  10.5 432 268 335 266 227 210 303 2ié_‘§6§: 432 444 333 a4
AK  Indian Mountain AFS 6600 15342 5.4 115 113 ga 58 57 37 30 36 52 g6 :95 ggﬁ,i 76
AK  Bettles ABT 6655 15131 6.3 28 44 57 62 66 62 44 38 a3 41 a1 F 47 g
AX - Wiseman 6726 15013  3.1L° 28 ;_26 16 15 24 15 23 14 12 1#* 26 16 éal'"
AR Umiat 6922. 15208 6.0 113 121 43 77 80, 93 62 53 s7 5L 121 78 74
AX  Point Barrow 7118 i5647 10.5 215 194 162 167 168 143 145 208 211 258 286 183 " 192
AK  Barier IS ;QQSHJ%4333 11.3 512; 468 379 279 216 145 123 208 267 470 486 425 u3¢il é
AK Sparrevohn AFS élos §§534-; 4.7 69- 73 108 76 47 35 3 41 54 63 74 82 gﬁt
%Ax' McGrath Hézss 1%537 4.2 713 27 29 37 39 35> 34 35 32 24 15 12 27
|-k —Tataline Ars. B 6253 15557 4.4 25 37 36 37 38 27 'g73: 29 33 %24 21 o,
AX  Plat 6229 15805 a.f' 2063“2651 205 150 116 100 3%1’ 108 *145 15@'“195'“154““1f2““““”‘“”'””
AKX Aniak . 61;5 15932 5.6 S1 59 63 59 . 49 37 27 34 4l 47 41 42 a0 |
AK  Bethel APT 6047 16148 9.8 229 258 224 166 125 108 110 '1%?!;140' 158 185 211 17
28 o f
=2 - -
& rﬁ_
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MONTHLY AVERAGE WIND POWER iN THE UNITED STATES AND SOUTHERN CANADA '
J Ave. _ Wind Power, Watull per Scjuare Meter )
, o ;o Speed vk o s T S
- "4;___|7 State deaﬂo-u" L S . - Lat long - - 'quu - d T F M . A M | J A s ~ 0 N D Ave. -
"7 Ak cCape Romanzof AFS 6147 16602 11.7 692 699 493 476 246 124 110 154 234, 30S 520 654 30
A AKX Cape Newenham AFS | 5839 16204 9.8 400 371 330 288 168 119 1ol 142 165 212 300 35 281 | ¢
S __iKodiak FWC . — 5744 15231 B.8 328 271 258 198 124 87 52 77 120 210 294 329 189
AK  Xing Salmon APT 5641 15639 9.2 250 260 235 1e0 182 138 92 139 156 180 230 206 191
AK  Port Heiden APT - 5657 15837 12.9 576 564 493 361 289 273 1525 381 466 51 439 365 429
AK _ Port Mollor - 5600 16031 8.8 158 isgx 171 195 '135 81 108 144 164 222 260 219 172
AK  Cold Bay APT | C. . 5512 16243 14.6 736731 699 580 506 465 428 soi 462 606 652 631 573
AX  Dutch Harbor NS 5353 16632 916 355 376 295 223 135 125 69 105 169 390 419 266 233
| Ak Driftwood Bay _5355‘“15651~.,”g?ng4204 203 154 148 11s 72 88 " 77 | 7 120 161 182 131
AK  Umnak IS, Cape AFB 5323 16754 13.5 651 688 577 514 454 251 163 249 466 ‘jei 606 723 497 — -
T 7] Ak 7 mikolski 7"”4”7lf9" 5255 16847 14.0 S3I8 560 532 566 437 321 239 283 361 634 732 662 482
L P Adak ’ _ SISS'”1?633: 12.2 426 467 528 453 366 223 218 258 331 502 481 525 - 404
AKX Amchitka 18 s123 17915 18,0 1764 1517 1418 1062 65) 448 405 455"1501655'ii657i569'-1625
AK  Mtu-Is | 5250 17311 . 11.2 ;1553;msaz;msaaw;493~ﬁaa5x—%q%fﬂiaS%ﬁrfg“%jﬁﬁ“‘ﬁia‘”aii"ESQ_A”SEQW'%W’vﬂi"ﬁ
AK _shémya APT . 5243 17406 15.7 887 932’ 878 641 483 266 235 285 432 301 977 870 633
AK  St. Paul IS 5707 17016 15.0 758 867 684 S18 1355 207 175 282 399 693 691 791 547 -~
AZ . Grand Canyon 3557 11209 6.2 38 43 49 71 66 55 35 ©31 57 58 44 28 49
AZ  Winslow APT 3501 11044 7.3 104 104 232 169 161 141 93 77 63 73 63.778 111
Az Plagstagf, pulliam APT ~ 3508 11140 6.4 71 70 96 95 93 86 40, 33 52 6 69 69 69
Az Maine “;= | 3509 11157 8.9 132 186 218 253 240 224 111 68 116 178 139 188 151
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

_ Ave.

Wind éPower, Watts per Square Meter

- . | Speed - a -
State Location Lat Long Knots J o F. M A M J N A S$.-7 0 N D Ave,
faz-f'ﬁ%ifbrk‘“ 3514 11233 7.5 111 .116 154f"‘§2-01 145: 126 82 ge 86 100 103 82 Li&
¢ RZ Kingman 3516 11357 8.9 126 156 172 Ezoa 153 166 126 99 102 124 115 197 138
AZ Prescott 3439 11226 7.5 54 95 117 544 138 124 75 S6 67 57 59 44 - 85
AZ Yuma APT 3240 11436 6.8 55 62 | 68 77 7L 89 . 93 77 45 40 55 31‘ 62
AZ Phoenix 7 3326 1;20;" 4.8 %5 2é 34 ,%39 37 35 43 31 '2sﬁu 24 ?22 lﬁ 29
»»  Phoenix, Luke AFB 3332 11223 4.6 21 31 41 52 49 43 49 39 2§ 21 0 18 34
laz- _ Chandler, Williams AFB 'F-azlak“l114o 4.1 17 21 28 35 34 33 m 33_; 28 22 18 | LEM .26 1
Lhéﬁuwmj§¥£§2é:§%?"*“_—-*—* 3207 11056 7.3 71 59 69 90 :av 73 gvs s4 62 78 ei_ i;.. '774
AZ  Tucson T 3207 11056 "LTETE""W7T“"§§”““§§“““§6"“”@ﬁ”f“$iA/ﬁvs 54 62 718 82 92 74
AZ 'éTucson, Davis-Monthan AFR 3210 11053 '5.7: 48 . 48 57 63 56 GO ﬂ51 | 35 42 - 40 43 45 49
AZ %Ft, Hauchuca A 3134 11020 5.7 43 S8 84 96 80 u_sa.m 39. 27 39 30 34 4L ¢ s3
AZ fpouglas o 3128 10937 - 6.4 B4 94 166 143 128 86 61 46 47 63 62 15 87
AR EWalnut Ridge APT 3608* 9056 6.0 93 8l 103 104 S8 44 27 22 28 43 64 75 62
m AR BlyE§9V§}}§ AFR 3558 _»gaéﬁ 3{4 85 106 108 111 66 41 26 25 36 39 67 71 65
AR Pt. Smith APT 3520 -9422 - 7.4 76 86 116 104 B 62 S 45 SO .5 66 715 73
AR Little Rock 3444 . 9214 7.6 82 91 105 9 70 S8 46 46 48 S0 73 71 70
AR Jackaénville, Ltl.fhk. AFB 3455 9209 .8 61 67 85 70 47 234 28 24 28 29 45 49 43
AR Pine Bluff, Grider P14 3410 9156 6.5 102 89 102 87 51 39 31 29 35 45 71 ol " 6a
AR Texarkana, Webb Pld 3327 9400 7.7 92 108 128 115 717 69 48 49 62 61 14 87 80
CA. ' 3446 11437 6.7 108 125 128 112 98 67 67 58 718 113 124 '

‘Needles APT

108

o} -
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= MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
£ : . ) Ave. ‘ Wind Power, Watts per Square \Metgr i L
. | , . speed - S
State Location : Lat Long Knots J F M A M J J A S ~Q N D Ave.
f CA El Centro NAAS 3249 11541 7.7 98 126 171 208 225 189 80 73 79 86 98 96 127
CA  Thermal 3338 11610 9.1 . .66 79 103 149 191 153 125 114 119//45;// éé“\;53 e
cA  Imperial Bch.,.Ream Fld 3234 11707 5.9 }%\&a 51 s4 54 52 45 35 32 30 31 43 '42\ 43
CA  San Dlega, North IS 3243 11712 5.3 32 41 s6 S6 4% 4L 33 32 - 35 31 30 32 39
CA  San Diego 3244 11710 5.4 30 33 40 47 . 47 40 30 29 27 s 22 2 n

.\\

4.4 23 24 28 30 26 19 16 17 1d 19 20 24 22
€A San Clemente IS NAS  * 3301 11835 6.3 53 72 83 97 evxx\ga 313 32 33 - 32 S4 69 55
. |
5

-3

< < |l ea ” Miramar NAS 3252 11707

. ] ) e )
CA  San Nicholas IS 3315 11948 9 152 199 295 306 348 244 161 166 164 140 180 159 209

TS S o

I

CA"  Camp Pendleton 333 11724 ;2 30 35 45 6L 53 43 Eﬁ\; 44 36 24 28 29 k]:

L ca Bewamdde : “E 311@ 11721 8.0 129 122 108 82 67 59 49 \*4§ 64 66 96 - 116 87
cA Laguna Beach : Cjaaé 11747 5.0 35 38 44 37 30 300 27 2§\\\25 25 22 32 34
ca__El TOfQ;HCASA,_;;T;;;ifj?i;335§ _____ 11744 4.8 —-45 38 33 30 26 22 19 19 .EB\. 23 36 43 28|
cA Santa Ana MCAP "TTT.3342 11750 4.6 43 43 47 46 37 31 30 26 25 \}e\ 36 43 37
CA Los Alimiﬁou,ﬂhs : i334é; 11807 4.9 3 39 47 44 . 41 32 29’""75'“”23“’"33r“\35 37 34
CA  Long Beach APT ¥ 3349 11809 4.9 27 _ 40 45 48 43 35 34 _ 32 31 27 2§<\\25 35
CA  Los Angeles IAP 3356 11824 5.9 40 57 69 70 63 49 43 44 39 36 38 \is\\ 48
CA Ontario - _ 34°ﬁY311737 7.7 36 117 109 118 148 1244 135 135 92 71 46 127 “193
CA  Riverside. March AFB 3353 . 10715 4.4 35 43 40 44 49 51 52 49 37 28 29 32 a1 |

CA San Bernardino, Horton AFB 3406 11715 3.5 43 43 33 2'f 25 22 22 20 19 17 28 29 28

cA  victorville, George AFB 3435 11723 7.77 99 134 170 183 163 135 87 @5 74 70 87 90 118
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| Appendix 2.3: Wind Po

wer Tables 113 N S I
s | o S | K ) "}‘: i j .
- - " MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA | | |
) Ave, o ' Wind Power, w-m per Square Ilé_tcr ’ 3 - I
. Speed i " . P )
State  Location Lat Long Knots J. F. M\ A B J J A S O N .-D | Ave.
cA 'Daggett ‘ 3452 -11647 - 9.6 94 ‘173 315 \anf 355 236 177 159 145 121 107 74 137 ff:- | !
CA' ' Chipa Lake, Inyokern NAF 3541 11741 7.1° 121 156 238 249 225 186 134 126 111 124 103 93 155 |
.CA. Muroc, Edwards AFB 3455 11754 7.9 90 118 187. 206 236 230 155 ‘A3l 99 @7 a2 83 14 L |
CA  ralmdale 3438 11806  10.2 163 205 226 267 315 328 254 200 165 (158 120 109 225 |
,-céf ; Palmdale APT 3438 11805 8.8 121 146 233 234 234 229 173 141 107 104 112 112 163 o |
.\Q\A saggus | 3423 11832 6.3 105 128 88 9% 96 108 101 88 67 76 105 50 _359 |
;i\y\ van Nuys 3413 11830 .6 105 82 66 50 43 21 ;-iz 19 1é*_ 22 90 69 49 | 'I
cA  Ginard -AFB 3413 11905 4.4 63 56 49 46 43 26 20 19 19 31 S0 76 -4l &
cA Point Mugu NAS . 3407 11907 . 5.6 100 79 71 78 ;1 o33 28 26 28 35 76 €2 55 | |
cA éan;a.ﬁéfia 3454 12027 6.5 75 80 114 94 ‘83 93 63 57 56 86 7. 1 a2 i
CA  Vandenberg, Cooke AFB 3444 12034 6.1 62 67 99 .97 115 67 34 33 41 51 Se 58 65 | ’
€r e, Arguello N 3440 12035 7.2 72 105 138 135 133 79 S8 54 S1 74 76 66 8s
CA  San. Louts Obispo 3514 12039 6.9 60 69 134 127 146 173 105 120 -131 129 89" 73 115 ‘
CA  Estero o o 3526 12052 4.3 B 66 69 76 60 50 22 51__ a2 a7 C 44 17 53 | |
cA  pasb Robles, Sn Ls Obispo 35@0 12038 S5 34 39 $7 76 105 127 106 8) S9 42 32 10 64 -
CA. Jolon ’ 3600 - 12114 28 9 6 10 & 11 11 '8 8 6 4 6 .6 7 ‘ |
| CA-  ‘Monterey NAF 3635 12182 © 5.0 . 30 33 45 48 S1 45 35 32 23 21- 20, 3 35 .
CA - Ft. Ord, Fritesche AAF 3641 12146 s-7. 30 31 46 61 67 63 86 S9 41 34 25 24 47 | |
CA  Taft, Gardner Fld.. 3507 11918 4.4 20 18 20 29 45 46 31 22 18 16 18. 10 26 i
CA  Bakerafield, Meadowa Pld. 3525 11903 5.4 .27 1M 45 55 69 65 47 43 34 25 24 28 4L J
4 \ ) i 4
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MONTHI%Y AVERAGE WIND POWEH= iN THE UNITED STATES ANlj SOUTHERN lCAN_ADA ‘
. : Ave. Wind Power, Watts per Square M;ger
: - o Speed ) : 8 =, t
State Location Lat Long Knots_( J _ F M A M o ‘J A S '_o N D~ Ave.
CA  Bakersfield, Minter Fld. 3530 11911 5.0 26 31 38 49 61 73 38 25 22 21 19 25 30
CA.  Lemoore NAS — 13620 71195%3 4.8 21 30 38 40 ‘45 47" 35 29 25 27 18 .18 . 130
CA  Fresno, Hammer Fld. 3646 11943 5.5 24 %28 42 48 .60 62 42 33 25 23 7. 20 s
c$ Bishop APT -3122 11822 7.5 74 106 161 145 129 100 " 80 "8l 85 101 88 ad 103
| CA Merced, Castle AFB 3722, 12034 6.0 56 66 "72 74, 69 78. 59 52 44 44 34 42 59
CA  Livermore 3742 12147 7.9 109 108 115 124 158 180 173 143 107 @5 - 122
CA  San Jose APT 3722 12155 6.4 SI 47 61 61 86 B84 S2 43 46 34 45 . 43 54
- CA Sunnyvale, Moffett Fld. 3-*725_::1 12204 5.47 47 50 54° 59 65 73 62 54 ,:41 35 312 s6 Sl
"CA San Francisco IAP 3737 15223 9.5 96 129 183 228 268 280 236 211 171 141 B8O 91 176
cA  Farallon IS ;3740 12302"é 9.6 61 406 287 193 188 208 100 91 83 - 106 204 275 212
CA  Alameda FWC 3748 12210 7.4 92 94 122 125 129 124 99 87 65 65 69 ._51 91
CA - Oakland 3744 12212 . 6.8 52 75 77 92 101, 98 74 €9 57 S0 40 S1 71
CA §§§ Rafa lton AFB 3804 12231 4.8 51 52 54 52 50 S0 39 39 30 34 32 51 45
CA 'Féirfiéig,*_ is AFB 3816 12156 fib;? 114-“i53 176~ 232 347 488 577 481 332 182 106 91 270
‘ca  Point g?ﬁbaf;; —~ 3885 12342 13.0 401 398 361 488 500 614 388 513 321 368 320 467 _ 421
ca Sacr§h§§t6f _' 3831 12130 7.8 145 145 126 118 116 128 92 83 64 70 61 123 - -9
ca Sacraﬁéé%o;;ﬁa;h;zgaFB 3894 12110 6.0 117 108 89 69 63 69 56 45 38 .46 59 @8 72
CA Sacrgmeﬁﬁéi_;ftléifgn AFB 3840 12124 6.5 107 102 98 79 83 90 62 56 49 67 75 B84 79
cA  Auburn "f{ h 3857, 12104 8.4 106 148 109 76 77 64 65 65 44 57 63 67 83
€A Blue Canyo;.ﬂPfr: P 3917 '1gbﬁéf? - j@r 257_.212 'IGB' 106 92 75 S7 64 65 110 130 ;Ea; 122
CA ' Donner Sumélﬁkﬁ?//i " 3920 fggﬁgy 12§1j}100 615 729 _ 269 266 226 173 168 154 439 579 645 463
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~Appendix 2.3: Wind Power Tables

s i 5 ) sy
RE o MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
- "a s | Ave. ' : Wind Power, Watts per Square Meter )
N SR . . Speed e -

“ State . “tpcation  Lat ~Cong — —Knots- - J~ " F M A M J J A 'S o N D Ave.
CA . ;éeaie AFB 3988 izlzp" 5.1 75 59 64 56 43 52 31 ° 29 34 39 41 62 50
cA hwilli_:ns) 3906 12209 &2 163 172 179 112 126 120 78 64 78 105 112 116 111
cA . FE. Bragg o :g%éi'z? *%‘?12;49 £ 59 75 88 B2 96 . 46 44 25 26 25 33 s0 s2 51

S ea  pureka, Ar_ia:ia APT 4059 12406 6.0 .93 93 109 102 115, 87 6 42 39 50 &L 75 75
_ 1A MEt. Shasta 4116 12216 11.9 456 535 349 309 343 297 177 163 182 214 295 262 309

cA  ,Redding . 4034 12224 7. ‘7Y 86 94 8L 68 8BS 69 62 Eﬁiufsgﬂ 72 70 74

ca ;ontagq¢.¢ 4144 12231 's.8 65 130 120 122 130 131 123 100 76 75 11 s 98

“cA Montague, Siskiyou Co APT 4146 12228 5.3 106, 108 123 115 78 63 59 50 | 45 64 82 B9, .Eo‘

co La Junta 3803 |, 10331 8.3 115 136 322 204 6B TedTUEATUEETTES TN I3 11s o13e
€O Alamosa APT .° 3727 10552 7.4 92 1l0 195 254 214 167 84 70 85 Ol 77 74 127
CO  Pueblo, Memorial APT 3817 10431 7.7 1ol 122 180 231 168 129 '105 84 82 8L 9 104 121
€O . Colo Springs, Peterson Fld 3849 Y0443 9.0 142 163 217 212 189 163 99 86 105 105 138 128 142
ole Ft. Carson, Butts AAF 3gal 10446 . 7.3 85 .93 145 218 127 131 63 71 68 117 74 87 .- 107
cO  Denver _ B 39457 10452 g.s 1I7 139 182 183 132 126 94 83 -85 88 118 136 126
CO . Denver, Lc:r? ASH 3§%3 10454 8,1 115 - 94 131 163 112 100 95 87 102 88 126 121 109
CO  Aurura Co, Buckley Fld. 3942 10445 6.7 60 . 60 19 121° 79 %7 s4 52 51 51 57 59 66
€0 . Axron, Qashingtcn Co APT 4010 10313 11,7 216 313 383 2359 276 239 226 IR4 241 212 252 280 242
co  Rifle Co, Garfield Co. APT 3932 10744 4.1 17 32, 37 69 51 39 26 23 11 25 23 15 31

| co craig '# 4031 10723 ;ﬂ’ﬁfz §7 63 710 . 97 ‘80 58 50 52 54 61 56 51 62
\bq Hartford, Bradley Fld. 4156 7241 7.7 115 127 142 129 96 75 54 53 61 74 91 100 93
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA s
B T R iy Ave, 'Wind Power, Watts per Square M;eter

| Speed S : 3

Location - Lat Long Knots J- F P M A M ..J J A S o] N D Ave.
New Haven, Twhed APT 4116 7253 8.7 117 122 142 120 83 65 52 60 78 89 114 106 98
nfidgeport APT 4110 7308 10.4 244 274 256 219 158 114 96 101 139 92 214 2517 186
Dover AFB | 3908 7528 7.7 135 152 148 125 BS 69 49 49 73 78 99 104 9%
. Delaware Breakwater  3g48 7506  12.7 449 570 477 430 283 196 163 190 270 403 391 410 143
wilmington, New Castle APT 3940 7536 8.1 127 149 175 147 165 B5 66 59 61 ~8%. 118 126 109
ﬁashgggtonr-kndggws Afg, 3848 7653 7.2 120 156 161 126 77 51 39 36 45 62 1ol 109 90

| washinton:uﬂolizgg RFB 3850 7701 7.5 125 173 171"140 84 58 45 40 517 72 119 112 1ol
‘washington National - 3851 7702 a6 142 151 163 134 95 82 62 44 67 85 103 107 105
Washington, Dulles IAP 3857 7727 6.7 104 115 118 111 66 42 . 37 41 40 42 66 18 68!
Key West NAS - 42435‘ﬁ 8147 9.5 158 172 172 176 122 98° 78 71 133 133 139 147 13

' Homestead AFB ) » 2529 8023 6.4 6L 74 90 89 72 51 31 35 66 59 60 56 60
Miam{ T 2ss8 mols 7.8 87 98 ‘111 116 80 59 sa 54 90 B8 78 19 89
_Boca Raton 2622  BOO6 8.2 80 108 125 135 109 72 51 55 109 140 108 106 99
Wast Palm Beach | 2643 8003 8.3 123 129 1St 145 106 79 70 67 80 105 126 102 108
Ft. Myers S 2635 8152 . 7.0 | 93 111 153 156" 104 79 S8 70 99 96 90 101 101
Ft. Myer=, Hendricks Pld. 26138 Bl42 7.1 S9 68 98 91 74 I 38 47 716 85 58 . 60 69
Tampa © " 2758 @23 7.6 85 100 100 101 76 67 40 38 61 - 65 _ 73 80 68
Tamps, Macdill AFB 2751 8230 ) 6.9 73 95 98 83 59 SU <"35 40 67 73 62 67 67

Avon Park Range AAF 2738 8120 ., 5.4 S0 SL S5 64 45 30 18 24 61 73 43 48 a5 |
o:iando, Herndon APT 2833 8120 8.2 . g6 110 131 120 99 ezr‘Zea -85 91 1lo7 89 93 97
4




Appendix 2.3: Wind Power Tables = m j S

: L. 'MONTHLYAVERAGEVWNDQOWEHINTHEUNﬁEDSTATéSANbSﬁU#HEHNCANAbA:”ﬂw | 'f

o | . ; N

A - L K Ave. . ) ‘ Wind Power, Watts persi/}gga'a_l_'_e__ﬂe,ter‘”

E ‘ . _ Speed S o
State  ‘Location ' Lat Long Knots J F i M A M ‘J . J A L o] N D Ave,
FL . Orlando, MCCOy AFB 2?27‘ 8118 5.9 -1 76 71 67 46 41 29 24 43 48 467 51 49
FL Tifusville | 2831 8047 6.7 57 72 72 58 44 42 43 32 47 se rso"n 56 49
FL ocoa Beach, Patrick AFB 2814 8036 8.5 127 149 144 ;34' 115 80 }32 62 130 191 143 127 ﬁé
rL,’  Cape Kennedy AFS 2829 8033 7.4--82 107 103 80~ 71 55 41 37 .82 94 75 76 73
FL  Daytona Beach APT 12011 8103 8.9 112 141 146 142 125 94 91 95 113 161 108 .116 120
FL  Jacksonville, Cecil FLD NAS 3013 8157 5.2 43 65 56 40 35 f~31 21 19 39 33 - 37 39 39
PL Jacksonville NAS 3014 8141 6.9 61 80 81 70 ‘s8 60 40 38 76 77 - 62 64' 63
FL - Mayport NAAS '{{ 3023 B125 7.2 82 105"492 %0 671 67 40 19 110 90 74 68 76
FL Tgliahassee | .'5 302__3"" 8422 5.8 S1 59 76 &6 41 ,28 24 28 19 41 51' .5'3_ 45
FL  Marianna 3050 8511 6.9 92 104 115 8 65 48 43 36 55 61 71 84 7
PL  Panama City, Tynoall AFB 3004 B8535 6.7 <79 101 120 97 &2 47 42 S 37 - 65 55 64 715 7y
PL  Crestview 3047 8631 5.6 68 37 85 57 31 22 16 16 35 38 60 65 47
FL  Valparaiso, Eglin AFB_ 3029 8631 6.2 66 §4§' 78 71 se6 48 40 37 S5 46 S5 59 s
TL  Valparaiso, Duke FId 3039 8632 7.0 104 123 1105 115 78 46 33 38 40 48 84 88 7
FL  valparaiso, Hurlburt Fld 3025 8641 5.5 55 67 /55 s1 36 31 23 21 34, 33 39 45 4o
FL  Milton, Whiting Fld NAAS 3042 8701 7.1 107 114 125. 93 62 44 36 32 65 ST 84 92 76
PL  Pensacola, Saufley FP1d NAS® 3026 8711 6.8 98 109 110 ' 94 57 42 37 35 79 63 8l 99 15
FL Pengacola, Ellyson Fld 3032 8712 7.8 87 104 ‘,116 112 | .86 62 48 44 65 57 74 8l <8
FL Pensacola, Forest Sherman Fd 3021 8719 8.0 110"119 113 106 79 75 56 57 73 71 86 99 a8
GA  Valdosta, Moody AFB 3058 8312 4.8 40 51 s4 43 29 28 21 19 33 32 29 35 s
i
¢ -
; 0 , —

e st
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——— MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA |
- Ave, " Wind Power, Watts per Square Meter %~ d
State  Location Lat Long Knots J F M A M - J J A .8 o . N-_ D Ave,
sa Moultrie 3108 8342 6.6 73| 89 84 79 45 32 34 30 47 60 59 15 se
GA  Albany, Turner AFB | 3135 8407 5.3 50, 68 73 55 £33 27 23 19— -33 27 =3&_" 41 41
o Brunswick, Glynco NAS 3115 8128 5.5 39 54 S3. 52 40 36 28 25 38 39 =;s 317 40
GA Ft. SteQart, wright AAF 3153"3134 3.7 20 30 32, 23 22 14 12 10 14 16 15 23 ~“”éQf
*| 6o~ savannah 3208 8112 7.5 88 108 98 87 56 49 46 45 61 62 63 712 69
| GA :'s'avannap. Hun_tér AFB 3201 8108 &5.8 59 76 ee.‘;"' 70 44 40 34 31 3‘8 43 48 47 - 51 .J
GA-. . Macon - 3242 8339 8.0 92112 103 117 69 59 56 44— 6% —56— 68— T3 TS| " |
,___@—#4Q¥——~4ﬁnﬁnnrTHﬁﬁﬁﬁéﬁﬁﬁﬁj‘ "i“—”§5§E: 8336 4.9 54 76 75 59 35 26 22 18 27 31 42 a4 a1
GA  Pt. Benning . 3221 8500 3.9 95 64 71 51 28 21 13 13 21 22 32 36 33
GA  Winder - 3400 8342 7.6 99 113 éawl 91 57 S0 51 44 43 79 92 92 8 7
GA  Adairsville - 3455 8456 - 6.2 87 95 1?9 74 s6 42 36 333 49 100 1 64|
GA  Augusta, Bush Fld 3322 8158 5.9 68 83 87 83 43 41 36 32 43 39 45 49 ° 53
GA Atlanta R 3339 g42s 8.5 170 169 165 151 84 67 56 46 73 80 109 127 106
GA  Marietta, Dobbina AFB 3355 8432 5.8 89 99 .ibs' 96 52 - 38 34 30 ‘40 SO .66 12 66
HI  Honolulu IAP % 2120 15055 9.8 118 131 164 163 155 172 189 194- 141 128 133 144 153
“HI - 'Barbers Point,NAS 2118 15804 8.3 106 99 1&§ 102 93 "97 100 102 77 76 95 104 95
HI  Wahiawa, Wheeler AFB . 2129 15802 5.9 48 49 61 59 60 70 72 65 43 40 39 49 54
HI ' Walalua, Mokolefa Fid 2135 15812 7.7 *s9 s2 97 141 115 136 1Sl 1s8 113 84 89 108 109
BT  Kaneohe Bay MCAS . 2127 15747  10.0 131 144 157 156 140 137 143 143 116 113 135 168 141
HI  Barking Sands AAP 2203. 15947 5.6 112 62 42 40 33 24 20 22 21 38 43 69 44
e
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‘Appendix 2.3; Wind Power Tables T

: ;
» MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. . ' Wind Pﬁwer, Watts per Square Meter
| - Speed ! , .
State. . Location Lat Lang Knots J F M A M J J A L] 0. N D Ava,
HI  Molokai, Homestead FId 2109 15706  12.3 110 195 249 291 250 312 361 342 266 268 233 238 . 266
. EffgI . Kahulul NAS | 2054 15626 = 11.1 203 204 240 276 335 366 375 377 283 219 247 200 276
“| mr milo -0 1§43 15504 17 82 8 77 71 65 67 63 61 59 S5 52 14 67
P Hf  Hilo, Lyman Fla 1943 15504 7.8 82 496~ 77 71 65 67 63 67 59 'fg 52 14 67
e e ID  Strevell 4201 11313 9.7 275 255 189 175 161 148 127 120 127 18 188 209 168
ID. Pocatello o 4255 11236 8.6 211 224 230 209 163 159 113 87 102 103\ 148 176 160
o rdaho Falls . 4371 11204 9.7 226 185 321 295- 241 214 132 139 166 184 178 172. 200
- ID ° Burley APT 4232 . 11346 8,0 185 162 342 légﬁ 156 16 z__m_ﬁe 72 89 114 150 133
“1n mwln Falls 4228 11420 8.7 168 181 232 237 155 138 85 74 86 114 131 172 147
ID  King HiIl. 4259 11513 8.8 220 222 357 363 330 216 169 147 212 158 165 185 221 °
_ 1.ID  Mountaln Home AFB 4303 11552 7.3 94 “136. 154 172 144 121 92 - 76 80 105 89 81 110
( ID  Boise APT 4334 11613 . 7.8 103 112.127 119 95 79 64 56 60 76 84 95 91
IL  Chicago Midway 4147 8745 9.0 129 145 151 144 115 70 53 52 74 95 149 134 112
IL  Glenview NAS 1 4205 8750 B.4 164 164, 203 206 137 ‘83 S6 S2 72 105 143 137 128
IL  Chicago, Ohare 4159 8754 9.7 220 242 268 272 197 140- 99 B9 140 162 258 213 199
IL  Chicago, Ohare IAP. 4159 8754 9.5 189 199 227 229 174 118 83 71 113; 129 227 176 162
1L Waterman ) 4146 8845 9.1 236 269 222 269 134 100 50 €0 77 99 210 175 166
5 'IL  Rockford ‘ 4212 8906 8.8 112 107 135 164 126 85 61 70 82 92 126 121 107
* 1L Moline - .4ﬁ27. 9031 8,9 121 151 215 200 155 93 63 54 91 113 185 141 130
IL  Bradférd A 4113 8937 10.2 210 271 284 290 203 129 68 88 96 123 237 183 196
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. MONTHLY AVERAGE WIND POWER IN THE tmrrsn STATES AND.SOUTHERN CANADA G | f
2 . o . Ave. 1‘ Wind Power, Watts per Square Meter ; ; ‘ )
: o Speed ‘a ) e w5, fe "/
State  Location Lat Long Knots . J ' F M A M oo A .- 0 N D Ave. \\
1 Rantoul, Chanute AFB 4018 8809 8.5 158 Y64 103 210 143 91 . 50 47 .66 @7 145 127 12 \
ILF ;Effingham 5 3909 8832 93 170 i;o 251 217 116 95 '53‘ ;qai'igs ’95‘ ‘21;1'144 136 \
IL_" :‘—‘i?:'s'ﬁﬂngfield. Capitol APT 3950 8940 10.6 215 253 Soe 295 212 1_*-3"1‘.':'" 92 32 119 152 263 242 198 ; a
IL " Guincy, Baldwin Fld 1956 9112 9.9 209 229 275 220 137 98 71 "61 95 136 211 194 161
.| 1L -'Belggville,:Scott AFB 3833 8951 7.2 129 140 162 143 as;;E£" 36 33 46 ‘6 109 96 90 - T I
"It marion, Williamson Co APT 3745 8901 716 159 186 230 243 135f*askd 59,045 88 93 187 28 139
|- 1M Bvansville o 3808 8732 8.1 179 139 165 154~ 98. 69, -Z*ﬁéi’“‘ig 38 60 71 118 117 100 h I
1 -:Tegfe Haute, Holman Fld 3927 8717 §.2 160 151 20> 182 105 74- 43 -33 60 79 130 134 115 |
1N i  Indianapolls 3944 8617 7.1 174 198 247 fzoé _11;K§96, “%a¥:>59 81 108 176 16l 143 = I
IN‘ Columbus, Bakadar AFB J9l6é 8554 7.0 97 106 128 '1‘1'7. '7‘1 50 -- 36 32 44 .58 91 B8 14 |
IN  Milroy : 3928 8522 9.5 243 270 '230 209 116 115 73 &7 94 101 189 163 148
IN  Centerville 3949 8458 9.0 196 237 209 1a2 101 87 4 57 79 931 176 136 ;54 ;
"IN Marion APT . 4029 8541 8.4 21T 254 279 255 160 116 64 50 } 79 95 253 _135 170 |
IN  Peru, Grissom AFB 4039 8609 7.7 123 137 158 165 109 65 40 36 S3 69 131 133 100
IN  Lafeyette 4025 B656 10.3 290 317 290 316 175 142, 91 _ 98 112 ‘126 29 222 215 | —
IN rézt Wayne 4100 %Blz 9.3 149 167 230 205 154 101 73 66 96 116 _ 214 17 '}45”
3 IN  Helmer - 4133 8512 9.6 256 243 263 242 141 100 79 78 133 153 352 215 161
% 'IH- Goshen 4132 8548 8.9 229 209 208 221 124 104 75 73 B9 103 182 148 146
! 4&5 ) South Bend 4142 8619 9.8, 243 243 283 2;5 155 128 92 92 107 127 fﬁfzg 156 188 » d
. |8 mecool 4133 8710 107 "284 297 311 290 183 149 82 96 130 157 312 231 227 ' |
+
- l
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Appendix 2.3: Wind Power Tables

MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. Wind Power, Watts per Square Meter »
. Speed | . e
State  Location Lat Long Knots J‘ F M A M J J A -8 lO. N - D Ave
IA nguqué APT “ 4224 9042 - 9.4 208 209 239 317 241 150 112 135" 170 198 312 231 210 |
IA  Burlington b 4046 9107 9.5 147 160 257 164 94 - 85 52 44 72 97 200 144 26"
IA  Towa City APT 4138 9133 8.6 175° 195 231 229 118 82 71 61 8l 100 205 159 a6,
IA  cedar Rapids 4153 9142 9.2 160 171 23 249 ‘157 97 S3_ 49 59 102 138 131 3
| 1a ° ottumva 4106 9226 9.1 209 243 257 '239 169 140 118 112 156 169 174 168 119
XA Méntezuma 4135 9228 11.0 270 330 330 390 256 203 103 117 150 158 271 223 7y
IA " pes aofées Vb ; 4132 9339 9.9 192 193 '251.-2§9 180 126 7 81 81109 142 219 178 168
IA  Ft. podge Apr Y .° 42331 9411 10.3 253 260 331]§q§;;;255' 140 71§%.f;é 104 181 185 188 199
IA  Atlantic 4122 9503 11.3 296 350 363 457 295 256 136””133; 155 190 264 270
IA g&ou&.éity 4224 9623 9.7' 180 ‘172 247 283 206 143 89 Bz 1147 155 2;5 170 149
Ks Pt. Leavenworth 3922 9455 ° 6.3 73 @4 1le 111 73 57 31 33 SO 52 78 66i'”a9
' KS ~ Qlathe NAS N 3850 9453 9.2 143 157 211 187 139 1{1 69 69 91 102 152 136 5
* | X rdpexa 143904 9538 9.8 138 147 237 229 170 159 107 112 136 137 159 163 o
KS - Topeka, Forbes AFB 3857 95405‘ B.6 117 134 186 185 132 115 69 79 - 88 95 125 104 5
KS  Ft. Riley 3903 9646 8.0 112 122 224 233 171 130 86 102 139 138 125 106 5
KS  cassoday 3802 9638 13.0 370 436 S50 550 350 310 231 257283 284 371 M1 gy
KS  wichita | 3739 9725 12.0 243 273 344 337 262 276 168 177 203 221 249 237 “25%
KS  wichita, McConnell AFB 37377 9716 10.9, 222 234 336 317 ‘252 237 151 136 176 188 200 207 7 |
KS Hutchinson 3756 97541  10.7 287 335 372 375 330 351 215 195 309 280 308 269 s
'KS  salina, Schilling AFn 3848 9738 9.1 ‘134 168 230 221 176 150 100 112 "148 135 147" 111 155

256 | 7
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) BASE}'HLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

o /,,f | "sg:“-ee;' | - - | | Wind Power, Watts per Sc;;:ualte Meter | * |
State Location Lat Long Knots J F M A M J J - A S 0 N - D Ave.

KS  Hill City APT 3923 . 9950 9.7 122 199 337 262 210 226 152 125 153 140 153 131 is4 |-
KS  Dodga City ABE 3746 9958 13.5 281-360 441 ‘458 360 368 259 '24% 206 296 33% 318 336
ks  Garden City gpr 3756 10043 12.4 227 326 451 450 415 ¥S6 277 272 303 259 216 204 295
K¥  Corbin | « 3658 8408 4.4 71 34 €5 -S8. 26 15 16 12 16 18 43 44 35
KY  Lexington 3802 84136 8.9 161 158 156 ‘169 103 75 61 47 72 73 148 146 13
XY Warsaw | 3846 8454 6.8 123 132 137 123 &5 57 49 38 40 54 106 101 g
KY Ct@ﬁi;Qiiie;Qéﬁéndifora Pld 3811 8544 6.5 75 84 104 96 53 32 26 27 29 36 58 66 s
“k¢ Pt knex o 3754 8558 6.6 108 121 126111 64 46 30 25 39 47 98 96
KY  Bowling Green, City Co APT 3658 8626 6.6 131 115 13 113 65 39 38 32 46 57 89 93 79
XY  _Pt. Campbell . - 3640 8730 s.s 78 88 107 89 5l ,-32”_'2i 25 29 39 60 - 69 56
XY - Ppaducah = | 3704 8846 6.7 109 106 122 106' 59 44 35 33 40 48 90 93 o
LA New orleans 2959 9015 0.0 129 137 144 114 76 52 4443 81 91 128 109 o
LA  New Orleans, ciiiendeg NAS 2949 9001 4.6 47 S5 50 35 2614 10 10 26 24 31 4Q 3;
1 “'maton.rowge 3032 9109 7.4 105 106 10295 72 52 40 .36 S0 53 39 92 g4
LA Lake Charles, Chenault AFB 3013 9310 8.3 184 <156 204 176 '125° 91 58 57 67 67 133 140 1z
'£ﬁ ‘ Polk AAF o o :31057N9311 , 5.7 S1 69 78 68 47 37 23 15 21 29 S5 51 g4
. LA aiexangr’ia, Engiaﬂnd AFB | 3119 9233 4.6 45 57 64 52 31 20 & 15 13 17 21 39 4?.1 | 35
LA 'Hggrég, Se;han'rip 3231 9203 7.0 88 104 ‘108 90 61 46 36 36 46 51 13 79 48
‘LA Shreveport By . 3228 9349 8.4 128 138 145 131 92 71 57 S5 58 69 105 11 o
: - ; : .
%ﬁnx// Shreveport, Barksdale AFB 3230 9340 6.0 69 "7 83 72 48 36 . 27 27 35 34 53 59 s
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} MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

e
-

Ave. i Wind Power, Watts per Square Meter
' : : *  Speed ‘ : ; "
State Location Lat Long Knots J o F M A M J J A s 0 N D Ave.
MZ  portland ’ 4339 7019 8.4 ‘127 145 158 140 103 80 197 61 g3 ’lbi; ilz‘ 120 -1oz:$
we Brunswick, NAS 4353 6956 6.8 109 116 106 107 87 64 55 48 58 69 ‘a0 91 . 82 f
" ME  Bangor, Dow AFB 4448 6841 7.1 132 138 136 113 *83~ 76 sS4 59 63 B2 100 110 93 f
e Presque Isle AFB 4641 6803 7.8 151 lGl_.L#ihmisl 123 88" 17 69 97 115 110 134 129 :
«ME  Limestone, Loring AFB 4657 6753 6.9 97 _}d5.91164 88 69 55 48 45 60 68 73 78 74
MD  Patuxent River NAS 817 7625 8.1 159 177° 186 148 97 76 S9 59 83 102 138 139 119
MD  Baltimore, Martin Fld 3920 7625 6.9 107 111 119 95 53 44 37— 39 - 34 46 57  64 6l
MD  Baltimore, Friendship APT 3911 7640 9.6 206 253 265 209 152 117 96 79 110 117. 179 188 164
MD  Ft. Mead, Tibton AAF 3905 7646 4.4 ST -S58 69 €5 37 19 14 14 14 21 42 ar 38
MD  Aberdeen, Phillips AAF 3928 7610 7.9 126 170 173 157 95 66 S2° 55 69 95 121 118 109
MD  Camp Detrick, Fredrick 3926 7727 5.4 101 122 144 110 S1 33 25 22 30 47 9 15 72
i MD  Ft. Ritchie 13944 7724 4.6 38 34 33 37 21 16 -14 23 18 27 27 52 28
; MA Chicopee Falls, Westover AAP 4212 7232 © 7.1 122 143 131 133 96 79 52 48 60 81 104 114 96
E MA Ft. Devons‘AAf _ 4234 7136 ;.4 45 40 66 84 44 31 29 32 33 33 48 " 53 45
| MA  Bedford, Hanscom Fld 4228 7117 6.1 109 120 117 94 70 48 39 36 44 65 80 92° 76
? MA  Boston, Logan IAP . 4222 " Tl02 11.8 314 321 314 268 195 150 128 108 131 .131 230 277 227
; MA  Boston 4222 7102 11.7 314 321 314 268 195 150 128 108 131 131 230 217 227
f MA  South Weymouth NAS 4209 7056 7.6 125 125 146 136 84 53 43 56 51 71 92 102 90
MA Falmouth, Otis AFB 4139? 7031 9,2 188 199 198 1931 147 110 87 90 112 139 148 - 185 149
; MA  Nantucket ‘ 4116 7003 11.6 304 346 298 277 190140 104 113 169 214 261 298 223
i MA  Nantucket Shoals 4101 6930 16.7 1024 1025 977 838 632 551 592 544 482 769 855 927 757
. . 2 y
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' MONTHLY AVERAGE WIND POWER IN THE UNITED STATES ;ﬁp SOUTHERN CANADA
;f'; Ave. - - V;Iind Power, Watts per Square Meter

; State ° Location Lat Long Knots F M. A Mo J JoA S o} N D Ave.

'} MA  Georges Shoals 4141 6747 17.1 1168 1175 1058 891 619 575 519 378 473 739 ‘891 1156 783

MI Mt, clémens. Seifridge AFB 4236 8249 R 8.2 -1.57 151 ‘1.60 145 96 71 56 53 71 B4 156 145 115
;.;_, M@ - Ypsilanti, willow Run 4214 8332 9.5 169 169 244 194 139 101 85 77 ‘104 113 188 173’ 147
=jﬁ' MI Jackson . - 4216 8428 8.8 19 149 182 215 106 92 57 €9 77 -99- 175~ 147 - 127
- MI  Battle Creek, Relogg APT 4218 8514 8.9 161 189 '205 179 124 99 76 63 106  99. 152 180 137
ﬁf | _ni _ orand Rapids - . . - 4253 @sS31 8.7 120 134 180 158 112 77 6 54 83 87 162 135 113
P '”w”ﬁx- . tansing 4247 8436 10.8 273 208 356 287 178 112 69 74 123 146 251 269 203
'MI Plint, Bishop APT 4258 8344 9.6 231 206 _24ef%195 140- 109 — 85 71 129 140 210 223 167

T T ;leh;;,(fri city APT 4326 8352 9.7 218 196 223 196 152 111 .92 74 ‘121 128 199 189 15

MI  Muskegon Co APT 4310 8614 9.4 156 164 140 171 121 96 ‘68 70 80 155 177 166 29

MI  Gladwin ’ 4359 8429 5.9 67 71 92 76 63 40 31 24 34 39 61 53 53
MI cadillac Ag? 7___V | 4415 8528 9.4 210 204 239 193 172 151 104 89 139 ‘161 208 203 171

MI Traverse Clity -7 4444 8535 9.5 229 206 249 207 147 132 l00 91 160 187 250 225 178

MI . Oscoda, Wurtsmith AFB 4427 8322 2.6 117 123 121 116 91 76 55 S8 71 94 109 108 94

MI  Alpena, Collins Fld 4504 8334 © 7.3 76 76 92 108 88 59 49 46 52 62 67 58 70

Mr Pellston, Emmett Co APT 4534 8448 . 8.9 183 159 192 165 154 115 105 @1 115 144 175 185 147
MI  Sault Ste Marie 4628 8422 . 8.3 114 105 119 125 113 77 €2 57 79 93 115 108 98

MI Kinrosa, Kincheloe AFB 4615 8428 7.6 B8 105 106 120 106 69 53 56 68 61 109 93 89

 |.Mz Eacanaba apr 4544 8705 7.8 126 164 148 186 191 150 116 93 135 163 232 143 154
MI Gwinn, Sawyer AFB 4621 8723 7.5 94 116 109 116 100 72 52 57 &5 92 102 105 90

. {
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" Appendix 2.3: Wind Power Tables

"MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SQUTHERN CANADA

gt

Ave. e ) (

i

i Wind Power, Watts per Square Meter
, . Speed ! _ . i , . .
State  Location .- Lat Long Knots J F { M A M J J A S o N D Ave
L3 ?Ma;quettg 4634 8724 7.6 18 84 4113 125 117 9% } 71 70,3%99 ‘85 88 66 9
MI  Calumet : 4710 8830 8.5 116 126 1% 139 106" 9 78 66 97 108 116 112 108
"MI Houghton Co APT 4710 8830 8.5 - 1L6w—}26‘J136 139 106 90 78 66 97 108 116 112 108
‘MI  Ironwood, cogeblc Co APT 4632 9008 8.5 164 198 167 290 280 174 136 139 200 213 ﬁ?D 203 202
MN Minneapolis, St. pgﬁl IAP 74453_‘93i3 9.4 127 142 152 211 ‘186 133 88 86 112 130 5157 123 138,°
‘MN© St. Cloud, Whitney APT 4535 941l 6.9 70. 70 102 129 99 71. 44 8 S5 66 84 Sm, 74 [
MM Alexandria | 4553 9524 10.7 221 215 262 290 249 202 128 161 182 263 263 196— 219 -
My Brainad N ) 4624 9408 6.9 90 92 111 167 134 98 62 8 107 @7 123 @9 1oz
MN ° Duluth IAP T 4es0 9211 10.7 219 229 249 299 333 147 122 111 154 196 254_mggs;.zozf
MN  Bemidji APT 4730 9456 7.3 104 120 111 244 201 155 117 120 133 ‘141 162 122 144
MN  International Falls IAP 484 “9{23 8.4 95 103 110 175 155 103 82 -88 119 122 163 117 /9
MN  Roseau © . 4B5l 9545 6.5 31 31 50 S8 5L 35 16. 20 27 ‘34 49 41 37
M ?rh:gf_ni§er Falls 4803 9611 8.7 215 207 194 305 279 199 135 157 189 221 109 219 219
MS  Biloxi, Keesler AFB 3024 8855 6.8 82 79 83 8l 64 49 38 35 58 S5 66 68 63
MS' — Jackson 3220 9014 6.2 BS 92 @9 78 46 31 26 25 31 ¥ 63 17 s |
'ﬁs"";creenville APT 3329 9059 6.6 89.100 104 90 66 48 327 34 49 50 65 17 4
MS “He:idian NAAS. -3323  ge33 3.5 29 40 37 25 "12° '8 9 5 B 10 17 21 g8
MS  Colunbus AFB ‘ 3338 8827 4.7 52 .60 61 48 25 17 15 13 23 21 31 40 3
MO %, .Malden 3636 B959 8.3 1S1 117 162 152 108 75 57 53 ‘62 74 124 118 10
MO St. Louls, Lambert P1d 3345; 9023 7_5 ¥5 116 143 ‘138 o4 60, 41 36 S5 60 92 96 86
N
. L
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MONTHLY AVEHAGE WIND POW'EFI IN THE UNITED STATES AND SOUTHERN CANADA :
Ave. Wind Power, Watts per Sc.iuare ﬁeter
State Location Lat Long Knots J F M’ A M J J A S 0 N D Ave.
M0 New I — 3853 9126 10.1 198 231 238 231 138 105 65 BS 111 112 199 165 158
MO . Kirksville 4006 9232 l0.5 250 271 297 310 191 137 111 103 118 158 231 191  1g4
MO ",viéhy, Rolla APT 3808 9146 8.6 153 158 211 170 92 72 54 45, 68 76 142156 117
MO  Ft. Leonard Wood, Forney AF 3743 9208 __,5;0“"éj 65 81 88 SO 37 ;22 21 26 S0 62- 67 52
MO  Springfield 3714u_931§"dﬂ 9.7 183 243 230 263 123 96 Jo 77 97 _10 i8) 170 150
MO0 Butler 3gl8 9420 9.3 212 208" 266 226 123 124 74 65 81 131 156 160 152
MO  Xnobnoster, Whiteman AFB 3844 9334 7.4 %6 109 146 .151 94 65. 40 45 61 70 94i& 8l 87
‘MO Marshall 3906 9312 9.5 203 223 263 250 115 109 82 90 . 89 95 ;56 136 143
MO 6randview, Rchds-Gebaur AFB 3851 .-9435 8.1 105 101 156 173 113 ;!6 55 59 74 91 110 110 100
MO  Kansas C£ty APT 39d7¥ 9436 2.4% 115 126 165 182 145 129 105 99 1i3 112 143 122 132
MO Knoxville ' 3925 9400 10 .ﬁi,zlo 211 284 278 144. 124 /ﬁA‘ 91 98 125 171 151 158
MO  ‘Tarklo 4027 9522 8.2€ 121 137 258 225 192 150/ 87 71 85 }13' 135 . 94  13S
:HT. Glendive 4708 10448 7.7 131 141 145 222 217 146 -125 137 139-:}4g. 111 122 149
MT ~ Miles City APT 4626 10552 8.6 123 137 120 161 134 Epi 87 98 104-109 93 116 115
wr | wole point . 4806 10535 8.1 117 112 143 326 248 439 126 171 245 223 183 124 179
Mr  nlasgow AFB 4824 10631 8.6v.£33 131 125 178 l98£f13d 191_,101 138 l2§q 119$ 125 - 133
MT  Billings, Logan Fld ' 4548 10832 10.0 230 210 185 202 leqf 137 1100 99 128 152 218 237 173~
MT  Livingston ' 4540 11032  13.5 778 819- 574 415 3%4 239 233 253 321 500 713 1058 500
T Lewistqn APT 4703 10927 8.6 198 185 14l 163 £§5= 108 82 95 114 125 189 1531 140
MT  Havre 4834 10940 8 .7 148 106 155 141 ;323 115 75 74 86 120 132 127 114

ey

/

:ﬁ
i
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" MONTHLY AVERAJGE WIND POWEH IN THE UNITED éTATES AND SOUTHERN CANADA
_// Ave. " Wind Power, Watts per Square Meter ;

State Location - ‘ 7 Lat Long Knots J F M A M J J A - 8 6] N D L Ave.

L Mr  Goreat Falls IAP.. 4729 11122 11.6 444 439 300 281 194 193 136 143 197 300 456 509 304
MT Great Falls, Manstrom AFR 47321 11110 8.9 2;3 240 181 176 120 112 8o ‘80 115 178 21% 263 169 |

MT  Helena APT . 4636 11200 7.3 145 95 142 134 63 113 B5 44 111 34 61 . és 90

MT  Whitehall ' ;gsz 11158 11.4 710 543 352 274 221 245 193 167 174 260 4lOJ‘6b2 344

.MT But'ﬁe, Silver Bow CoO ‘APT‘ 4557 li230 6:9 98 101 116 -- 158 141 120 N g6 BS 93 93 856 76 164

(MT Missoula , 4655 11405 5.0 49 36 64 75 72 70 64 4> 57 23 19- 26 50

) NS . Omaha ) 4118 9554 . 10.0 161 186 264 280 186 148 104 104 122 158 217 191 177
) ﬁa"$‘70mana, Offatt AFB 4107 9555 7.6 118 123 189 198 138 98 67 S8 68 93 112 112 s
| L’ﬁi_' 'Grand Island APT | 4058 9819 11.1 177 195 270 312 251 217 161 158, 179 180 232 200 1211..,

- NB  oOverton - 4044 9927 10.5 209 195 323 389 276 243 155 149 162 202 299 182 -
:%7' | 8  worth platte 4108 11042  10.5. 193 233 ©374 435 321 253 153 153 206 246 234 166  ,s,
* 7 | ¥ Lincoln AFB 7 4051 9646 9.4 163- 173 258 251 193 143 97, 102 102 119 173 ‘a6 &z I

N3 'columbﬁiitp--n:~~—--~~m‘~ 4125“?972?7 10,0 184 192 16 301 246 172 113-rill 120 184 150 143 g,

" NB  Norfolk, Stefan APT 4159 9726 9.7 236 235 308 387 275 215 142 ‘173 204 281, 361 255 e

NB  Big Springs 4105 10207 11,7 270 284 430 4507349 270 210 210 217 754 297 251 g0

NB  Sidney " 4108 10302—16.5 275 267 369 395 294. 227 193 160 680 227 241 188 248

NB  Scottsbluff APT . 4152 10336 9.8 147 225 271 254 189 180 119 124 122 166 254199 1

N8 Alliance | 4203 10248  10.6 203 209 274 358 289 233 189 204 233 228 238 210 238

KB valentine, Miller Fid 4252 10033 10.0 181 237' 267 323 286 242 199 226 230 271 338 242 253

NV Boulder City 3558 11450 ‘7.6 109 162 185 230 247 293 186 197 137 95 155 8l 173

By ‘ ‘ &
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MONTHLY AVEHAGE WIND POQEH IN THE UNITED STATES AND SOUTHERN CANADA
Ave. . ; _ Wind Power, Watts per Square Meter -
| . - Speed . R
State  Location " Lat Long Knots J F M A M J . J A 'S 0 N >D Ave.
NV Las Vegas | " 3605 11510 . 8.7 105 142 186. 229 225 209 166° 141 111 122 67 | 92 150
NV Las Vegas, Nellis AFB 3615 11502 . 5.7 73 89 137 138 125 123 77 75 61 63 66 7 < es
NV Indfan Springs AFB 3635 11541 5.3 38 , 75 141 186 1547 109 64 46 54 . 26 63 ‘54 80
NV Tonopah APT - 3804 11708 8.7 99 1507196 196 174 142 98 94 104 113 109 .10l = 133
{ nv FalioQ,HAAS . : 3925 11843 4.7° 48 50 74 72 60 49 29 23 25 30 27 36 44 )
NV Reno f" - 3930 11947 5.2 77 108 123 99 93 8l 56 54 52 52 45 a4 74
|'sv  Reno, Stead AFB 3940 11952 . 5.9 79 105 125 132 110 91 72 72 56 64 SL 69 B85
NV Humboldt . - 4005 11809 6.7 61 76 140 102 103 118 98 qi 66 57 471 48 79,
NV Lovglocgf- : ,  . 4004 11833 6.4 109 91 121 99 98 113 80 72 56 - 67 43 - 47 e:f» 
NV wWinnemucca APT % 4084 11748 7:2 79 91 117 115 105 97 89 8l 73 B0 55 60 86 |
NV Buffalo Valley ” 4 4020 11721 6.4 66 97 94 94 102 97 77 62 57 59 53 52 76
NV  Battle Mqupééin © 4037 11652 7.3 148 80 ‘147 113 132 113 85 70 61 102 64 66 98
NV (BQQWQ?B ] i _. 4036 11631 6.2 57 98 112 “l06° 99 86 79 68 63 62 45 51 76
Ly Elko . | | 4050 11548 6.2 68 76 100 92 99 98 9 76 75 73 52 60 16
NV Ventosa ... 4052 11448 ;. 6.8 139 160 178 179 166 112 104 97 9 88 93 99  §09
KNH 4, Portsmouth, Pease AFB i 4305 7049 (‘ 6.6 90 112 9§ 82 73 50 39 37 42 54 65 90 68
NH  Manchester, Grenler Fld 4356 7126 6.7 ITS5 150 134 137 83 68 49 37 5L 72 ‘95, 127 86
NH  Keene o 4254 7216 4.8 63 86 69 74 67 48 29 31 34 42 ;.4§ 50 53
©| N3 Atlantic city 3927 7435 . 9.1 185 207 207 166 109 8L 62 61 81 107 ;;4~ 164 129
LD Camden f 3955 7504 8.0 132 131 167 160 B6 73 64 55 62 82 118 111 104

]
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~ e - MONTHLY MEHAGE WIND PQWEH IN THE UNITED ST;TES ANIS SOUTHERN CANADA
‘ Ave. ) Wind Pdwer,. Watts ;:;er Square Meter
| ﬂ Rl o _ o
State Location - Lat Long  Knots J F M A M J J . A S o] N D Ave,
2| M3 wrightstown, McGuire AFB 4000 7436 6.6, 100 114 114 '101 .48 42 30 28 40 52 73 82 69
T ong Lakehurst NAS 4002 7420, 7.4 133 158 166 131 94 62 49 41 48 60 99 109f 93
| xs Belmat ; ‘a011 7404 6.1 80 82 83 .57 37 31 23 23 30 s0 5% 55/ . 50
-l g Trenton ‘ 4017 7450 8.1 125 146 146 194 85 71 47 55" 70 92 140 120 105
_N&.."Newarh;" C 4042 74?0 B.7 145 145 157 126 107 80 73 €8 71 95 100 11@_ 109
Nﬁ; " c1ayton =;£a 1627 10309 13.0° 447 397 519 483 427 360 230 207 255 279 350 395 354
\ MM Tucumcari’ A By 3511 10336 10.6 ° 273 321 359 365 293 227 167 154 166 207 206 206 260
. | ™ Anton chico 3508 10505, 8.9 204 257 306 227 130 132 78 67 74 1ol 145 140 185 |
ol e clovis, Cannon AFB | 3423 10319 9%y 171 215 320 279 226" 204 126 93 111 122 160 180 186,
| NM  ‘Hobbs, Lea Co APT (9241 10312 104 195,23 353 276 250'd§15 138 109 118 109 166 188% 190
NM  Roswell APT f 3324 10432 8.5 148 191 273 260 216 172 101 82 84 102 1f6 172 163
NM  Roswell, Walker AFB $318 10432 7.3 79 102 145 145 129 135 93 71 65 72 B2 86 98
NM - Rodeo ' 315é 10859 9.4 195 216 250 325 259 191 ,166 131 129 155 210 173 203
NM Las Cruces, White sands 3222 10629 6.1 100 106 169 149 123 88 50 43 . 41 42 82 99 89
| o ﬁAiamogqrdo, Holloman AFB 3251 10605 5.6 45. 59 92 1ol 85 72 54 43 38 35 a? 40 s
) NM Albuquerque, Kirtland AFB 3503 106}7/{/7 7.6 ag3' 115 154 190 160 134 101' 72 88 97 80 74 112
y NM  Otto 3505 /16%00 9.6 2/8 311 491 372 271 264 1l 102 94 176 234 228 243
M Santa Fe APT 3ff? ;i.li$}7ﬁ=10605 10.3 218 ©200 308 308 248 217 138 113 135 154 184 194 201
M Farmington APT “ 3645 10814 7.1 53 74 136 15! 106 101 78 55 S0 - 71 81 _Az 183
T —-FNM callup | 3531 10847 6.2 .92 133 237 293 248 217 _ 92 82 75 1lla B4 54 14:
: . B 5 5
’ z ¥ o= N )
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MONTHLY AVERAGE'WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. Wind Power, Watts per Square Meter
Speed
State Location . . Lat Long Knots J F M A M J J A S 0 N ‘D Ave,
N4 zuni | 3506 10848 8.4 127 109 234 220 183 138 S8 S4 80 104 97 126 127
w4 EL Morro 1501 10826 7.4 76 113 228 210185 136 95 66 66 92 91 ' B3 10T}
NM  Acomita 3503 10743 9.6 150 169 283 223 16 143 9% 82 75 109 143 136 169
iY  westhampton, Suffolk Co AFB 4051 7238 ' 8.1 146 145 154 133 "100° 82 69 67 87 110 120 118 110
NY  Hempstead, Mitchell AFB 4044 7336 912, 194 2217 211 189 134 115 99 88 100 129 185 194 155
.NY New Yérk, Kennedy IAP 4039 7347 10.3 242 259»;Eeo° 204 151 139 '122,.106 120 140 173 180 168
NY  New York, La Guardia 4045 7354 . 10.9 300 'géz 263 211 160 123 105 110 135 174 217 278 197
NY  New York, Central Park 4047 , 7358 8.1 114 10& .117 99 57 43 38 37 61 63 83 95 76
|¥¥  Mey York wBO 4043 7400 11.6 436 428 384 259 211 173 “las 107 143 209 329 336 26l
NY agir Mountain 4114 '7400 12,5 476 463 - 550 444 311 183 171 163 271 289 396miéi§ 150
NY - ;éewburgh; Stewart AFB | 4130 7406 7.8 164 206 :193 176- 108 76 _»51 52 64 101 136 163 124
NY | New Hackensaok 4138 7353 6.0 83 91 93 87 S0 42 34 32 40 63 93 B4 63
Wy poughkeepéie,1n:he§§ Co APT 4138 7353 6.1 68 90 Mg 90 52 43 33 28 36 46 66 74 60
NY CQlumbia\}ille o 4220 -')_345 - 8.7 185 220 226 173 131 104 69 - 69 97 138 164 172 138
NY  Albany Co APT 4245 7348 7.9 148 163 173 138 95 80 68 63 81 96 103 111 108
NY  Schnectady “o 4251 7357 74 is6 116 1le0 155 123 61 82 67 84 8 112 114 112
; NY Platteburg AFB | . 4439 7327  '6.0 €3 78 76 82 70 52 42 36 4l 54 66 60 Y 60
NY  Massena, Richards APT 4456 7451 9.5 176 192 217 183 150 129 108 101 111 154 170 193 158
NY  Watertéwn APT 4400 7601 . 10.0 409 312 373 298 153 134 119 99 171 197 278 350 236
~ .
NY  Rome, Griffiss AFB 4314 7525 5.7 - 91 108 109 94 66 44 30 26 36 SO T1 82 65

X
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e — #
MC)NTHLY= AVERAGE WIND POWER IN THE UNITED STATES ANb SOUTHERN CANADA
e | v S e : C Ave. Wind Power, Watts per Square Me=ter .
- o Spoed , n | | |
State  Location Lat Long Knots y F M‘ A M J J A S 0 N D Ave,
NY  Utica, Oneida Co APT 4309 7523 8.2 1{7 130- 113 100 74 Bl 43 4% -59 67 106 1l . g7
TNY Syracuse, Hancock APT 430"7 7607 8.4 158 174 166 16F 108 BO 66 61 76 91 12% 138 115
NY Binghampt;ﬁ, éloome Co APT 4213 7559 9.0 157 183 194 191 138 77 73 70 77 104 155 160 122 .
NY Elmira, Chemugg Co APT 4210 7654 5.6 73 78 91 80 50 45 . 29 25 34 57 79 69 59
NY_  Rochester 4307 7740 - 9.8 205 229 240 201 138 123  98--82 102 123 197 104 183
NY  Buffalo - 4256 7843 11.5 468 430 .417 411 422 281 278 383 377 334 354 306 382
NY  Buffalo | 4256 7849 10.9 254 258 322 ;239 160 151 132 118 145 166 227 251 205
*| NY Hiagafgésalls ~ 4306 7857 8.3 193 175 147 ﬁao lo6 82 72 67 82 105 134 176 126
| NY  Dunkirk | 4210 7916 11.2 488 348 368 goz 173 154 121 127 174 269 396 361 "281
NC wilmington 3416 7755 8.1 118 151 163 69° 102 87 77 80 98 97 101 97 _gidb
NC Jacksonvilla, New Rvr. MCAP3443 7726 6.0 59 72 84 79 53 44 32 31 43 40 49’ 46 s1
| ne . Cherry Point NAS 3454 7653 7.0 92 105 124 125 84 68 57 57 84 66 67 74 83
e Cape Hatteras | 3516 7533 10.6 195 229 209 202 144 i:a 117 135 180 169 166 - 168 169
%ﬁ" - iwe Goldsforo,.Sym:—Jhnsn AFB 3520 7758 5;4 Jss 71 8 72 45 32 30 23 30 29 a2 36 45
3 . NC Ft. Bragg: Simmons AAF 3508 7856 5.8 63 82 76 0 46T IT I 9F I IT ST 4§*Wf736
nC Fayetteville, Pbpé AFB 3512 7901 4.3 43 sS4 60 55 34 25 24 21 21 . 23 29 "30 - "33
NC . Charlotte, Douglas APT 551i 8056 7.4 16L 101 120 _1ié 69 57 S0 53 70 J6 78 . 82 82
NC  Asheville | © 3536 8232 5.5 77 77 1lo 90 41 24 17 16 18 3131 76  1§"'“54-
NC  Hickory APT. - 3545 8123 7.2 69 69 89 79 57 50 50 49 49 54 63 6l 62
NC  Winston Salen 3608 5914 © B.l 14X 166 149 169 88 68 66 -S54 97 106 98 . IV o




v 192 T Ttewmdnwerbeok
l _ﬁ - ) o uomw A\}Eﬁﬁ.'ééﬁﬁsﬁagéh N THEUNITEDSTATES AND SOUTHERN CANADA
‘ - Ave. - Wind Power, wﬁt;s per .S'quare»mter
- Speed : ;
Lat Long *© Knots . J F M A & J J o IA s o N D Ave.
AC ,',Giﬁ:nssbéo 3605 7957 6.7 67 %, 94 :94 47 37 34 29 35 a3 69 57 58
NC  Raleigh - 3ss2 7647 6.7 - 89 8l I06 113 53 gi 49. 37 45 41 64 61 64
NC  Rocky Mount APT 3558 f774a 42 72 74 97, 86 - 49 62 5L 43 45 50 57 60 ° 52
NC  Elizabeth City ' 3616 7611 7.4 81 89 95 98 76, /25 50 © S8 67 , 7L .63 63 74
" ND . Pargo, Hector APT 4654 9648 11.7 280, 264 203 389 286 215 144 160 225280 337 279 263
ND  Grand Forks AFB. L 4758 9724 8.9 ‘167 182 “183 197 166 flo;-”;71~"’aﬁ 1?1.'147 147 172 146
D “Pembina ‘f" " 4gs1 971s 11.7 308 '§91 321 341 issf 261 187 ‘24% 261 329 403 409 308
. | ®p . Bismarck APT o 4646 10045 9.5 147 140 186 250 217 174 118 119 157 167 186 143 170
ND  Minot AFB I 4eg§ 1d12x | 3.1 191 192 166 199 -155 '117 " 95 ;:931 127 "164 163 1Bl ~ 157
¥D  williston, Slodlin Fld 4811 10338 8.2 80 86 109 143 141 f04 76 83 171 98 88 .78 — 98 |
ND bickinsen . 4647 10248  13.0 402 365 462 4B6 401 402 246 208 300 332 426 334 362
on Youngstown APT a11é 8040 9.2 187 177 218 178 115 B84 66 57 81 95 180 188 133
“oH 'r'wagrgé L 4117 8048 9.3, 1% 133';19? 197 116 95 &7 59 82 1221 164 149 136,
Ok  Akron - ﬂ%_“;;4o;35|312§__ 9.1 163 184 192 151 101 75 55 S5 70 86 156 14?’~”11€Eif'
. - | om ;'peziéé_ . ;'_‘?££41ﬂ 8107 -~ —10.7 296 296 290 277 136 1is 82 90, 136" 36_;“511 279 2237
X | onm 'Vicker;?3@§ o 4125'féé55 10.7 284 310 303 284 150 136 " 89 g8 130 157 284 217 217
: |rout  Toledo o 4136 28348 7.7 109 114 138 108 76 5L 39 .37 49 60 89 93 im_adt;'
| on .archbola 4134 8419 . 8.8 182 176 182 189 99 86 57 62 84 98 182 135 127 -
- | om ‘columbus 409 ‘8253 - 5., 109 11B 136 116774 s2 37 35 44 S5 100 91 B2
| O —
. i [B) -
.. - -
P " [P S S - .
- ) . + e S S ;




193

Appgﬁdix 2.3: Wind Pﬂwlet Tables

)
0.

_. MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANA%A ‘ B
Ave. Wind Power, Wa:tts per Square Meter
: i . Speed ; L e h A
State . Location Lat Lon_g Knots J F M A M J ) J A .5 O N D * Ave;
OE°  Columbus, Lockbourne AFB 3949 8256 6.8 109 127 135 120 79 53 36 33 43 S8 93 o4 . an
oH é;yesvilie- | 4047 8218 10.0 257 257 236 204 3153 124 76 76 104 151 258 204 163
CH Can-xbri;dge 4004 81}5 6;2 110 103 110 94 54 50 40 . 32 407 | 59 o 73 Tr
A\ pomeswiile, carbridge 3957 8154 7.7 160 142 188 158 87 67, 46 32 S6 63 136 130 105
oM Wilmington, Clinton Co AFB 1926 8348 7.8 133 148 166 157, 94 6C 44 37 48. 62 117 119 93
ou. cihcinn?ti 3904 84490 8.4 133 135 150 '144 .90 . 63 S51° 42 81 77 126 12 99
| o © payton 3954 8413 L 9.0 179 192 207 173 108 73 59 46 69 84 170 160 125
Of  Dayton, Wright AFB 3947 8406, ¢ 7.6 I6Lw'léa 226 182 I22 83 58° 50 71 86 162 157 128
OH  Dayton, Patterson Fld 3949 8403 + 7.4 171 186 202 176 108 73 47 43 51’ 79 160 145 120
OK  Muskogee 3540 9522 8.5 149 189 230 210 132 84 ~ 53 71 80 108 114 99 139
OK rﬁlsa IAP 3612 9554 9.5 157. 178 196 185 .155 116 94 85 110 118 145 149 14
ok Oklatioms city £ 3524 9736 12,2 306 333, 376 386 274 250 165 151 - 182 216 248 265 zei}
CK  Oklahoma City, Tinker AFB 3525 9723 11.4 263 277 370 412 319 318 176 153 197 230 243 248 264
. OK ArdmorerAFB: Autrey Fid 3418 9701 8.7 140 165 204 203 123 113 91 72 86 98 132 114 127
OK  Ft. Sill 3439 9824 9.2 174 215 272 247 193 182 104 91 125 140 164 165 173
0K Altus AFB 3439 9916 8.0 99 134 198 7180f 140 126 71 64 79 92 91 92 113
OK  Clinton-Sherman AFB 3520 9912 . 9.8 184 202 283 262 224 ‘158 84 77 108 113 139 161 166
OK  Enid, Vance AFB 3620 9754 9.0 162 173 229 188 438 138 88 81 100 107 136 142 119
- 0K waynoka ‘ + 3638 9850 12.4 295 41c 562 556 389 310 290 250 275 309 308 261 356
ox Gage 3518 9946 10.5 203 207 281 323 257 321 168 132 173 161 167 1leg 221
oR ontario 4401 11701 6.2 52 10 96 143 139 107 115-F 122 75 69 49 41 88

I i
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: { ° 7 | * ~ . . -
B MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERNCANADA =
; - = — ik * T : @
Ave. _ ' ‘ © Wind Powet, Watts per Square Meter
) State  Location ' Lat Long Knots  J F. M A M Jo Lo A 8 0 N D Ave.
OR Baker | 4450 11749 . 7.0 441 52 47 54 47 40 - 40 40 39 as 38 743 46
OR. La Grande "7 4517 1180l 8.1 328 261 173 131 93 66 55 .54 60 B2 “58i'_;12/, 152
orR  Pendleton:Fld | 4541 . 11851 8.7 9 164 196 w;ﬁa”flvn'*iéd“ 134 124 134 ,fga;fl275'i§4 145
OR ‘Brurns . R 4335 7'11,‘903 : 5.9 46 46 537. ; 159 57 60 49 44 4550 43 40 51
} OR Kiam5£h Falls, Kingsley F1d 4209 12144 - 4.8 84 .77 99 86 w‘ei 44;2;;afghgﬁ % 53 66 76 60
OorR  Redmond, Roberts Fld = 4416 12109 5.6 56 76 ,63 s}f,fhs“f:QS// 20 30 38 36 58 45 47
OR  Cascade Locks _ 4539 12150 13,1 651 718 339 331 365 351 387 -35) 144 451 643 750 '365_;3
|or  crown point ot 4533 J2214 9.6 746 765 209 148 107 50 36 50 ‘113 hﬁo4'fﬁlzu 650 308
‘0 portland IAP sl 4536 12236 6.8 139 104 91 :61 44 39 45 38 ';g;f 51 91 131 75 ]
“{or  Fugene, Mahlon Sweet F14 4407 12313 5 7.6 . 83 86 110 94 19 74 89 74 79 58 13 77 eyl
;; {63 North Bend 4325 12413 8.4 76 128 108 107  88 185 <192 149 88 52 B0 94 113
OR*  Roseburg S ) ;5@4 12321 4.2 22 23  §32:“”2éN 27 28 39  1e. 22 16 18 19 T 23
OR .  Astoria, Clatsop Co APT 4609 12353 7.2 125 109 - 95 .82 69 66. 71. 61 "S54 70 105 111 84
o OR ~Balem, MeNary Fld - . 445“.\5 “12301 7.1 160 122 100 72 56 47 52 | ;44 47 59 104 137 . 85
" ; . |OR _Newport o 4{3@ 12404 8.5 110 108 107 95 12&f 145 151 111 69 72 95 129 113
| 1 OR  Wolf Creek | 424]? 12323 2.5 ) 10 -1L 15 16 19 19 22 18 11 9 - 8- 8 14 __
OR-  Sexton Surmit . 42362 12322 1;.g' 323 283 T243 196 236- 243 255 263 248 223 ‘a6 3o 276 |
. .{or . Brookings . 4203 12418~ .4 1 131 9 68 58 55 35 26 37 43 72 92 63
! OR  medfora - 4221 12251 4,9 33, 44 S3 S0 57 51 50 49 39 28 24 40 46
. ‘ OR , Siskiyou Surmit .. 4205 12234 8.8 }gf 115 102 .82 129 150 170 123 102 68 B89 82 109
' ‘ ‘ o ) ’ ' e
- o 1 e ¢ ) -1 ¢
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4 M(SNTHLY AVERAGE WIND POWER IN THE ﬁNITED STATES AND SOUTHERN CANADe .
Ave. Wind Power, Watts per Square Meter
C . Speed- . ' ' i
State Leeation Lat 7 ang Knots J F M A M J K. A S 0 N D Ave.
“ pA ° - philadelphia 3953 7515 8.5 131 139 ,170. 133 93 78 62 52 | 61 84 98 o9 103
PA w:illow, G;oxz.e MAS. 4:01‘2 7508 6.§ 11l i36 148 114 74 46 35 30 \_ 43 54 ee:' 90 xB1
P ¢ Allemtown - i 2033 7526 7.3 157 141 227 124 77 73 38 .35 55 61 108 151 104
.-_P‘.I\ gcranton i " D - 4;5@, ‘7544q 7.7+ 87 107 94 95 80 62 .47 37 50 64 ssi B4 74
"PA  Middletown, bi’rﬁéﬁ"’ad’a{ﬁjwzxolz 7646 5.5 97,126 113 96 53 37 "3; 28 28 41 75 82 66
PA  Harrisburg = " 4013 ;_7'651 6.4 96120 125 B8 53 41 @7 24 31° 42 69 68 66
PA aa'rkpglace K « T ;:__;..w4'o_51 7606 . ’ié,g 464 "477 451 411 251 198 -132 137 211 31a 411 424 345
| A * ‘Sunbuty, ‘S‘efi-n‘s“g:r‘z_'év; . 4053 7646 5.4, 72 85 115 73 38 29 19 18 22 32 sé sa 5o
PA‘T‘ m;odwaz\:d - ‘:“““"-'—4&5‘5‘__1‘7739 13.4 630 :5644  596 550 330 257 157 “163 257 403 551 590 417
| e Be.].le‘fcr?{‘tg;.,: . 4053 7743 7 6.8 133 139 139 169 B3 68 44 46 60 96 128 126 103
PR Buckarbwn ‘400,43 785¢ .94 261 30B--321 241 131 83 73 62, 83 179 235 247 192
__Ei ;M;j;\o{cciiélﬁn?llsl .glh\_k 3950‘133&1\ '~ 7.2 168 148 163 ° 150 92 72 49 42 63 97 174 120 106
PA -'Al.'toon';,, Blair Co ABT 4018 78Ty—=.77.9 155 180 241 164 95 79 53 46 . 56 82 124 143 118
PA Kylertown - | 4106 7811° 9:\';‘*.‘»5&&\_‘_;2'4 2..262 -147 98 85 77 98 146 202 - 247 200
o nﬁ’bots A ,, 4111 7854 7.5 118 Eé"--\-j-*iz_?_\_lla | EM 35 4L e T 109 78
T“T'?ﬁf-%ﬂriéigrd'/ T ..7838 6.1 81 69 76 70 49 30 21 20 25773454 68 49
A 'f{;“mé"“_"_'_Z.‘i’f'"ffffﬁ”***%:‘f?%gﬁ’g 3611”1‘:""”"3"'.?'1} 234 191 208 147,792 77 67 62 . 94 Il1 176- 216 T30 )
/__p/::rcer o B ﬂlB\?& _.%};g;,q;_iea‘ 169 1901767109 80 65 58 80 107 170 163 128
T-#a  Brooxville 4109 7906 7.4 zé;s{%“ff?"‘%*m%gi 15 60 a2 \45‘;__\_-?45“_ 75 112-- 104 ___ B9
PA Pittsburg AGW 4630 - BO13 8.5 166 170 187 ‘162 ‘105 7 h
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES‘AND SOUTHERN CANAqA
- v .. Ave. Wind Power, Watts per Sqt;ara Meter
. Speed @02 .. Sy e S e e
________ | State  Locstien . . . .. - -Lst - Long- ~ Knew™ T F M, A M J A S 0 N D Awe
PA  _Greensburg 4016 7933 9.1 239 226 207 160 94 75 72 61 B0 117 186 141
_RI“' Quonset Point NAS 4135 7125 8.4 164 164 163 156 121 84 61 70 83 115 135 "123
= RI providence 4144 7126 9.5 173 189 129 180 140 117 n98' 88 100 177 150 144"
=, N .RI providence, Green APT Ll44 7126 9.6 173 18‘; 192 180 140 117 98 Bé 100 117 iS¢ ‘144
| sc Beaufort—HCAag 3229 8044 5.7 44 70 62 61 43 35 28 23 35 35 42 ¢ 43
. " SC charl;étqn o ) 3254 8002 7.5 93 124 130 117 69 64 54 52 63 59 71 f‘ 81
sé Myrtle 3eacﬁ;: 3341 7856 6.1 49 65 70 78 54 51 49 44 44 40 39 ﬁo 52
sc . plorence 3411 7943 7.6 95 99 114 93 74" 67 52 4350 74 73 ;78 72
SC  Sumter, Shaw AFB ~:“ﬁ:a..;asa 8029 s.4 49 57 64° 62 40 31 26 24 34> 36 38 a1 41
éc Bastover, McIntire ANG 3355 8048 4.9 37" 68 54 52 33 24 26 14 32 27 N jfze 34
4 SC Columbia 3357 8l07 6.2 65 74 90 96 S2 42 42 34 41 38 44 5 50 55
SC  Anderson 3430 8243 7.7 o 99 107 99 113 80 K0 SL 51 52 73 85 | 98 79
. sc Greenville, bonaldson AFB 3446 8223 6.3 67 70 80 79 44 faa 32 27 36 37T 39 | S0 49
| s¢ Spartaﬂburq 3455 8157 8.2 121 122 156 129 95 66 65 52 60 8l 108 100 94
§= : 5D Sioux Palls, Foss Pld - 4334 9644 9.5 158 156 215 266 190 120 “94 91 121 144 212 147 ‘161
% ’ SD Watertown 4455 9709 10 .1 189 224 284 332 251 233 129 123 185 210 240 fls; 212
5 sp Aberdeen APT 4527 9826 11-2g£1‘5 234 341 413 290 das 173 177 240 249 295 202 258
sD Huron 4423 9813 1012{ 164 169 2;9' 285 214 165 131 131 q1£§ 197 239 174 187
8D Pierre APT 4423 loo0l? 9/{8 216 205 ‘255 204 202 141 124 129 149 168 230 207 191
: 5 F : ;
imsn ‘Rapid City . © 4403 10304 ;5.6 176 173 239 234 178 144 123 139 168 193 285 205 191

#
]

e i,




Appendix 2.3: Wind Power Tables ~ . =~ . W S /
) ’ MON}THLY‘AVERAQE WIND POWER IN THE UNITED ISTATES AND SOUTHERN CANADA /7 . - o
] ' = T R e el ,
State  Location . S ket Long . Knots. J +F | M A M J o d (A S O N D
sp . Répid.city,.EilsworthA&B 4409 1o§o§_' 9.9 306 256 382 354 %45 191 164 172. 196 233 320 204
 sp.,' Hot Springs RN f 4322 10323 '6.2 90 117 %155v"297 5}9 C163 . .94 “izef 126 136 179 125
™ aiiséol_ o b-: 3630 8221 5.9 76 105‘%493_ 85 53 40 " 30 }30 22 37 51 59.
'TN_'-'xnoxviil; APT '; . 3543 8359, | 7.0 133 135 156 161 85 66 53 ';42 47 54 99 100
™ :¢§§E£anooéa | X 350#_ 8512 5.6 64 70 i 76 83 42 }1_”;56,;%20 26 31 49 5#
TN Chattanooga © 7 3s03 asiz . 5.4 10 86 1106 ‘83 46 44 37 ;29 35 4@ &7 60
'éu; M;nfeagie_ o %33515' 8550 = 5.4 77 84 _334. '63'_,32_ 19 “'ié§E 16 19 32 60 70
TNflﬁfémyrna;;ééwart arB 3606'ﬁ8632 5.2 76 83 87 ng? a2 29 ~7§27ji20' 22 31 sajrgez
T8  MNashville, Berry Fld 'gsoﬁ ‘8641 7.4 116 114 132 117+ 70 67  '4i{ﬁ;53 44 57 87 80
TN  Memphis NAS . - . 33211/3952 6.2 84 85 93 '34‘ff54~ 17 25.J'24L' 29 36 67 13
v * Memphis AP 3503 8959 7.9 130 137 188 125 89 57 45 .42 54 61 102 110 _
| T  Brownsville, Rfo Grande IAP 2554 9726 . 0.7 231 229 281 292 277 . 211 185 141, 1%?_.104.'150_‘186é
.Tki"ﬂﬂ;éiington‘hépl AR 2614 9740 - 8.8 124 175 215”_507 172 160 132 129 82 . 75 101 109
T . Kingsville NAAS L2731 9749 _9.5:1_1'1-:.,13\0 162 183 171 157 142 115 107 77 104 98
TX  Corpus Christi . 2746 9730 10.4 189 22;\‘2sd{ 752 195 177 158 150 107 114 157 154 9
Ihrx rcarpus Christi NAS B 2742 - 9716 ;_H\11.3 209 _25; 272 ;286 ﬁgéa 225 189 153 150 144 -206. 132 a1o |
: TX ‘ Laredo AFB . E 2732‘-9923 ?ﬁb.o édﬁ 122 153 ;185 2oéifra3~'216 174 122 101 93 82 a7 | .
TX  Beeville NAAS | 2823 9740 7.3 Bl 10l 124 129 111 85 91 61 60 52 -T6 72° g
TX = victoria, Foster AFB 2851 9655 - ‘7.9 13¢ 173 198 138°-112 5:97. 67\\“1}\ $1 S8 103 12¢ w09 | ©
TX  Houston 2939 9517 - 10 191 216 240 258 186 139 85 74" 101 117 185 159 163
_ } f | . )
= e —————
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MONTHLY AVERAGEMWIND PC?\Q-IEFI IN THE UNITED STATES AND SOUTHERN CANADA _ ';|
= L T Ave e * . " wind Power, Watts per Square Meter - - ,
o . - . ;- Spa&d = . - 3 .
- .Lat .long . Knots _ _ J F M A M J J A S O N D Ave. | 1
I S Hni:stém, 'I-;l_l_ingto'n f“fB 2937 'QS‘EO; ar SB 86 96 ‘114 104 8% - 56 I8 _ 41 56 54 a2 15 72 i
T 1x '3 Galveston AAF s 2016 9451., -11.6.262 261 298 257 227 200 149 144 147 148 239 217 210 | | |
" . TX  Pt.-Arthur, Jefferson gg. 2957 9401 9.3-153 186 184 190 156 95 64  S4 115 85 121 134- 128 -
|*Tx"- Lufkin, Angelina Co APT 3114 .°94d5 ~° ‘6.1 65 *72 76 70 45 30 27 22 26 .38 S6 62 49 |
1rw% . saltillo S T o3ne 9519 - 8.7 "131 172 171 185 100 86 72 . S8 71 84 102 104 = 112 _
TX  San fntonio ¥ 7. 2032 dg28. 8l 99 113 f114 123 104°104 83 62 65 7L 947, 87 98 i
o5 ¥ . < . . . .- . . . = .‘ . - o . '.\.‘ R 2 ) ) _,. F: . 4
‘TX. San Antonio, Randolph AFB 2932 9817 7,37 94 %105 '115 109 9% B2. 64 58 61 56 90 B2 B4 |.n
“TX . SaniBhtonio, Kelly AFB - 2923..9835 6.9 B84 :85 105 109 96 83 63 53 S2 s3 72 63 ° 77
TX - §an Antonio, Brooks AFB 2921 9827 8.9 141 144 185 1e9 187 166 136~ 108' 95 107 135 103 142 |
TX ' Eonde.AAF 2920 9510 6.7, S9 82 @8 94 99 96 51 45 42 32 507 49 . 64 !
TX - Kerrvilid - 2959 9905 .. 7.1 86 . 95 134 129 1177 92 97 48 52 63 74 54 13
TX. | San Marcos - 2953 9752 7.2 115 121 ‘l42~1is 129 102 64 65 S¢ 78 108 105 98
TX | Austin] Bergstrom AFB 3013 9740 7.8 145 140 167 145 118 119 88 73 S8, 74 117 116 115 |
TX " Bryan - 3038 9628 7.0 85 ioa "108 103 89 74 49 48 38 47 73 89 76
. : b o R . \ -
TX  Killeen, Fort Hood AAF 310 9743 g.1 123 138 151 ,155 130 109 81 59 60 75 96 114 106 .
™% . Ft Hoofl, Gr&y AAF 3104 9750 9.2 163 179 198 208 162 153 12E 87 72 '102 147 158 146
TX  Waco, Connally AFS, 3138 9704 771 17 111 "135 128 181 90 72 61 56 68 104 10l 95
TX  Dallas NAS | 1244 9658 - $.1 1S5 166 210 199 154 144 97 82 B85 99 135 131 137 )
‘T%  Ft. Worth, Carswell AFB 3246 9725 . 8.2 138 154 216 194 141 133 71 60. 72 89 129 121 124 _4
X mineral Wells APT® . 3247 9804 .- 9.2 120 146 203 201 152 1S4 103 79 78 88 111 110 128-
4 2 e - ‘ — : ‘ g
| ' ( — z 5 - !
5 4 s L4 -
. . X
i / )
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*Appendix 2.3 Wind Power Tables

S L 'f;;.éAuAﬁA ¢
s i  Ave.. Wind Power, Watté per Square Meter
_ T, , s % s gmesd o _ | 5 _ ; :
State - ch‘:ation_' e Long ', Knots - 'J.. F M A M J J A 5. o N D -Ave.
e _Mineral ﬁe}iql rtﬁqalters‘¢f3;50: 9803 8.7 117 '1;5 192 184 149 136 92 71 ‘71 82 99 103¥ 11
wx ggatéfhﬁw o oy 3235 9814 7.1t 92 136 157 163 87 83 55 55 60 S5 112 77 9
'&?'?i‘ lsﬁ;rman Perrin Aﬂé ‘—3343 ?9640@ . 8.L 172 164- 217 213 142 121 79 73 81 106 153 153 13
X, Gainsville ,ﬁ1_93~;f; 1340, 9708 11.1 244" 303 338 - 357 226 184 fal 134 155 163 222 188 ' 22
?ﬁﬂ".wichltavvallg?” o 23358 9829 5.9 160 '178 ‘244 222 176 158 110 95 107 114 168 154 15
™ Rblle“e" Dygrs ALB 3226 9951 :7f?‘ 9; 1°i;1145*,¥§?mM124-;£93_ 61 s1s 866 07 87 . 9
-:Eir san HHQE’O Mathis rla ;3122' 10030 8.9 117 {54 195 184 170 147 96 86 90 90 113 108 12
f?i« san’ Ang 1o, Goodfellow A%E zjiﬁﬁi foozg .7 108 152 191 179 169 157 85 8l 9l¢ .88 114 102 12
™ - Del- Rio, Laughlin AFB 2922 110045 7.6 71_107 114 120 118 1177 91 68 s9 57 56 . 60 8
- x| canadian o 5. 3300 10022 13.0 390 416 570 596 430 344 263 231 310 337 370 Foo  m
£ ﬂiDiihartﬁAPT“.= r'- 3éol“l10233 12.9 370 371 476 477 477 559 334 278 280 228 266 305 " 3s
T Am&g&}lo English Fld T 3514 1@142 11.7 229 21§ 359‘ 329 290 2400 166 135 180 200 221 222 z&
| TX Chiraresa ) : 3426 10017° 10,2 152 - 194 272 269 221 204 118 93 117 126 128 147 17
> Lubbock Reese AFB. 3336 f%zoa 9.4 155 211 ;291' 268 204 188 B3, 67 68 99 140 ° 169 16
X Big Spang, Webb AFB. 383 10131 10.1 155 197 264" 266 226 216 128 101 112_412§ 135 139 - 17
X Hidland h -% ‘ 156 10212 8.9 9l 143 146 155 133 123 94 76 85 84 89 102 1o
= Wink, Wznkler o apT 103127 8.5 v5 148 204 181 181 193 119 98 72 75 8l 128 11
- ‘Marfa APT - 10401 ‘%ﬁﬂj‘lzé 182 165 192 146 117 84 65 85 84 88 119 12
e Guadalupe Pass, - ¥ 10448 1§;a 887 egz_fésa 932 868 603 422 342 401 760 827 11
2 zl ‘Panc w ; 'Eﬁ%zg 9.8 1?6, 257 1 ) 151 163 18
, | : .
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; MONTHLY AVERAGE WIND POWER IN THE UNlTEpSTATES A_Nij HERN CANADA |
T Ave. : » Wi d Power, Watts per Square Meter

© State  Location Lat . Long Knots. —J F.: 9 A s,

‘TX  .El Paso, Biggs AFB 3150 10624- 5.8 68 99. 47 38 32

UT st George 3703 11331 - S.L 26 39 - 53 62 40

v 'Milford'lwﬁ. 3826 11300 10.2 179 241 228 275 3oz‘x241% 220 115 167 173 172

UT , Bryce Cahyon APT - 3742 11209 6.4 69 65 - 93 79 94 | 90 40 47 53 48
o ﬁéhksailié '''' 3822 11043 4.6 43 74123115 84 102 Los 3s 38\x'43

uT - 'TOOéle,\Dquay PG N 40;1"11256 4.8 18, '487; 69 81 %1 RrTS 53 5?'\\46
T uT Darby:, Wendover AFB 40.43: 11402 _ 5.3 59 | 62 20 'A 20 ';l 82 62 61 4._9‘.

ur We!:ndover - #_ ~1+1402_ 5.4 48 - 55 ﬂgi B = —34780” -:..gﬁ__..-__,g g _4_5_‘

ur mLﬁcéﬁ;giv;’Springs 4143 11255 9.3 113 129 205 193 221 215 195 202 167

UT  Ogden, Hill AFB 4107 11158 8.0 102 118 127 126 130 124 124 130 j;;g_ 93 92 119 L\ -
uT ) salt Lake City - 4646“ _';11}58 7.7 77 84, 100 100 95 96 B2 106 73 85

UT  Coalville ’ 4054 11125 3.9 26 35 39 32 30 23% 17 18 37 28
VT Montpelier, Barre APT 4412 7234 7.2 162 167 152 118 © 99 97! 69 60 94 111

VT Burlington, Ethan Allen AB 4428 7309 7.7 114 111 181 100 85 70 L 55 s2 70 90
VA Norfolk MAS 3656 7618 e.aj“154 182 171 139 103 84 E 75 80 111 121
VA oOceana NAS 3650 7601 7.6 135 136 150 126 84 62 52 52 83 98
' vA  Bampton, Langley AFB 1705 7622 8.5 156 187 193 166 122 86 73 81 117 136
| VA Ft. Fustls, Pelker AAF 3708 7636 6.5 79 90 g9 _“54 51 42 32 32 43 58

VA South Boston 3641 7855 5.0 49 49 65 65 34 33 32 24 28 40

VA" ‘Danville APT 3634 7920 6.1 69 63 84 78 43 36 32. 31 33 48

|
z ®




Appendix 2.3:§Wind_quier”Tahles o i 1= | o a0 !
MONTHLY AVERAGE WIND POWER IN THE uu‘lTéBsmT‘Esfyn S0
,l‘. L : e : f Ave. ’ o I
. s 4L, | | G - -
¢ S}ate " Location Lat  tong ;i Knots J F M ' 'Aé\ .
| v Roanoke . 3719 7958; 7.1 152 o7 171“‘“144@ "
VA . Richmond [ 3730, 7729”" 6.7 59 68 2g
VA  Quantico MCAS "3830 7719’49‘ 6.0 55- 63 75 g
~ | va  Ft.selvoir, Davison ARF. 3843 77}&‘1 U 3e 42 s0 0
WA spokane IAP o 4738 lgi?BZ 7.2 T 92 ‘111 106
WA Spokane, rairchild AFB . 4738 ,-f”” . 7.2 118 138 134
WA  Moses Lake, LarSOnl:AFB ) 4711 ;'111’919 6.2 68 ézl 98 ‘
WA walls waila n T Eéosf116“17'"“— 6.7 87 100 114 93 66 65" 5¢
WA Pasco, Tri Clty APT . 4616 11907 6.8 382 331 246 372_243 212 190
WA  North Dalles - 4537 12109  8lo &5 72 191 fes P64’ 270 334
L Yakima - J '-4@%4'_ 12032 6.4 6053 89 1ls ";_79;""5;?_, )
WA Chehalis o 4840 12205 6.4 109 86 82 59 53 57 80 110 68
.+ WA Kelso, Castle Rock . - ;ﬁsoa 12254 €.9 128 107 87 ],/6'5;&; 65 : 66 119 133 adﬁ
| WA North Head = . {4616 12404  13.0 547 521 495 369 430 357 366 460 773 428
-| WA  Hoquium, Bowerman APT 3 4658 12356 8.2 141 112 108 88 86 66 . 94,.103 88
) SA moclipy 4715 12412 . 7.6 82. 82 »° 75 g1 . 68 69 102 - 65
_ WA Tatoosh 1§ /4823 12440 ©12.3 763 603 443 269 276 569 735 388
WA  Tacoma, McChord ArB 4709 12229 4.6 50. 48 53 49 .38 30 25 . '
WA Ft. Lewis, Gray MF 4705 12235 3.9 36 28 -;o‘.'l 30 23, .19 ;17 24
WA  Seattle Tacoma 4727 12218 9.5 194 210 211 173 130 120 94 149
va Seattle Fwe 4741 12216 s.6 69 61 58 48”7 32 28 25’ a5
"' == L — : TIE - |
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: &Waga per SqqatglMeFer

@A

Jyc A

s

|

0 N D

3

P

whidbey IS NAS

“Everett, Paine AFB
#

Bellingham APT

qﬁarlestcn

. Gteen Bay =

La Crosse APT
Eau Claire '
Cheyenne APT

. Medicine Bow
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Wind Power Maps

This ajpendix presents five maps indicating roughly the wind
power available near ground level in the continental United States
and southern Canada. They are derived from the same report as the
data in Appendix 2.3, Wind Power Climatology in the United States,
by Jack Reed. The first map shows the annual average wind power
available, and the other four indicate seasonal average wind power .
for spring, summer, fall and winter. -
Values of wind power, are given in units of watts per square
meter along isodyns, or curves of constant power.. To.convert to

watts per square foot; multiply by 00929. For comparison, note that ~

windspeeds of 10, 15 and 20 mph yield wind power:values of 55,
185 .and 438 watts per square meter at sea level. These maps
indicate only the total. wind power available in the wind; the actual
wind power extracted by a parttcular machine wili be some fract;on
usually 10-50° percerit of that available.

The windspeed measurements upon which these maps are
based were made at differing anemometer height, gwen though the
standard feight is 10 meters (33 feet). No attempt was made to -
correctforthese difterences ortor the effects of local terrain features
on wind patterns. Small variations in windspeed from one station to
the next are amplified by the cubic dependence of wind power on
- windspeed. These measurements were smoothed by averagirgg all

values over circular areas 300 miles in diameter before making the
major geographic features like mountain ranges and coastlines.

‘These maps indicate considerable wind power is available in
the Western Great Plains and along the New England and Pacific
‘Northwest coastlines. Southeastern and southwestern areas of the .
United States have very limited wind power potential.
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Anmal Average Wind Power Avalable, in watts per square meter
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Winter Average Wind Power Availab
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Catif St LA AN B ol o the United States.
s 31 3K 329 413 399 836 47w i s e The maximum heat lOSS‘Tate occurs when the temperature s
PO S S A s S N T lowest, and you need some idea of the iowest iikely temperature in
T . - your locale in order to size a conventional heating unit. The design
535 3f a5 027 3u9 481 527 <o 381 253 im0 | 2470 temperatures in the accompanying tables provide this mforrnatlon for
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_ C ' Degree-days gauge heating requirements over the long ran. _ -
Vi el fw aoah oam S wh YN mn . One degree-day accrues for every day the average outdoor
i, S S A el ol Ul e temperature is 1°F below 65°F. For example, if the outdoor air
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| | oversimplified example.
. wER BOOIRESRTOSRCBHTHET iz el Both monthly and yearly total degree-days for the United
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FY Mg g 4w 8 B OB b al B and yearly degree-days can be found in the ASHRAE Guide and
o ~ Data Book (for the United Slates), and in the Handbook of Air-
G0 s o we we w0l M0 Conditioning, Heating and Ventilating (for Canada).
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Appendix 2.5; Degree-Day Tables 213
- _
Canada : Yearly_]
Province and City Sep Qct Nov Dec Jan Feb Mar Apr May Total
Alberta - . ‘ j
1 calgary 7410 7100 1110 1430 1530 1350 1200 770 460 | 9520
Edmonton 440 750 1220 1660 - 1780 1520 1290 760 410 | 10320
Grande Prairie 450 800 1300 1750 1820 1600 1380 830 460 | 11010
{_ethbridge 350 620 1030 1330 1450 1290 1120 690 400 | 8650
McMurray 520 880 1500 2070 2210 1820 1540 920 500 | 12570
Medicine Hat 300 600 1070 1440 1580 1380 1130 620 320 | 8650
. British Columbia : o
| Atiin : 560 870 1240 1590 1790 1540 1376 960  -670 | 11710
~ Buli Harbour 340 490 630 770, 820 . 710 690 580 470 | 6370
Crescent Valley 330 680 990 1220 1360 1080 940 610 400 | B8040
Estevan Point 310 460 580 710 760 670 700 °580 470 | 6090
Fort Neison ..~ 460° 920 1680 2190 2200 1870 1460 890 _ 460 | 12690
Penticton 200 -~ 520 ,820 1050 1190 960 780 490 260 | 6410
Prince Geoige | 460 750 1110 1440 1570 1320 1110 740 480 | 9720
Prince Rupert * 340 510 680° 860 910 810 790 650. 500 | 8910
Vancouver . 220 440 650 810 890 740 680 480 320 | 5520
Victoria :""—"250 + 470 660 ° 790 870 720 690 520 370 | 5830

’ Manritoba | , . . _

. Brandon 350 730 1290 1810 2010 1730 1440 820 420 | 10930
Churchitl 710 1110 1860 2240 2590 2320 21507 1580 1130 | 16910
Dauphin 320 670 1250 1740 1940 1670 1430 830 420 | 10560

| ThePas 440 840 1480 1980 2200 1850 1620 1010 550 | 12460

| Winnipeg 311 686 1255 1778 1993 1714 1441 810 411 | 10658

. Mew Brunswick | ) _ .
Bathurst 310 650 1010 1480 1690 1520 1300 880 520 | 9670

e Chatham - e e 270 640 970 1450 1620 1450 1250 850 . , 490 | 9290

ot
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; Canada B ' . : _ Yearly
5 . Province and City ‘Sep Oct Nov Dec Jan Feb  Mar Apr ~ May Total
Fredericton - 250 600 | 940 - 1410 1570 1410 1180 780 420 8830
Grand Falls 330 660 1000 1540, . 1750 ‘1570 1340 870 . 480 | 9950
Moncton . 260 580 910 1340 1520 1380 1190 830 480 | 8830
’ ’ | saintdohn - 280 590 880 1800 - 1440 1310 1160 830 510 | 8740 |-
Newfoundland ' : '
' CapeRace 350 600 800 - 1080 1240 1170 1150 950 - '766 9290
" Corner Brook 320 640 ~ 890 1200 1410 1360 1240 900 640 | 9180
Gander” 320 860 920 1230 1430° 1320 1270 970 65Q | 9440
Goose Bay 440 BAO 1220 1740 2020 1710 1530 1101 770 | 12140
St. John's 320 610 ~7 820 1130 1270 1180 ° 1170 920 - 700 | 8940
Nova Scotia . ﬁ 7
Halitax 190 469 745 1109 1262 1180 1042 ~ 765 484 | 7585
Sydney 220 ! 510 . 780 1130 1310 1280 1160 850 570 |~ 8220
Yarmouth ¥ 230" 480 720 * 1040 1180 1100 1010 750 510 | 7520 -
Ontario _ _ _
g Fort William 370 740 1170 1680 1830 1580 1380 890 540 | 10640
' | Hamilton 140 470 8OO 1150 1260 1190 1020  670° 330 | 7150
" Kapuskasing 420 790 1280 1770 2030 1750 1550 1030 . 600 [ 11750 |
Kenorf 320 710 - 1270% 1800 1980 1670 . 1420 860 - " 430 | 10740 -
Kingston 160 - 500 820 1250 1420 1290 ~ 1110 710 .-380 | 7810
------ - Kitchener 170 520  BB0 1240 1350 1240 1080 680 830 | 7620.
| London 150 490 B840 1200 1320 1210 1040 650 330 | 7380
North Bay 320 670 1080 1550 1710 ° 1530 1350 840 470 | 9880
Ottawa 200 . 580 970 1460 1640 1450 1220 730 330 | 8740
_ | Peterborough 180 540 890 1320 1470 __1330 1130 —696——1330 [ 8040 |
T Sault Ste. Marie 340 650 1010 1410 1500 1500 ;1310 820 470 | 9590

: Sioux Lookout 390 780 1310 1850/ 2060 1750 1510 950 520 | 11530

W
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Appendix 2.5: Degree-Day Tables 215
Canada B Yearly
Province and City Sep Oct Nov Dec Jan Feb Mar Apr May | Total
Southampton 190 500 830 1200 1350 1270 1140 760 450 | .8020
Sudbury 310 680 - 1100 1500 1720 1450 = 1340 870 510 |- 987Q
Timmins 410 780 1270 * 1740 1990 - 1680 1530 1010 . 550 | 11480
Toronto ¢ 184 485 777 1126 1249 1147 1018 646 316 |° 7008
Trenton 160 470 840 .1280 1400 1280 1080 670 330 | ,7630
White River 440 *. 820 A270 1770 1990 1740 . 1550 1010 590 [~4A850
Windsor * 120, 410 780 1130 1220 .1100 950 580 270 | 6650
Prince Edward Island : , e
Charlottetown 240 550 850 1210 1460 1370 1220 870 560 | 8710~
Quebec o B |
Bagotville 370 * 740 1160 1730 1950 1710 145G 940 570 | 11040
Fort Chimo o 700 1040 1440 2010 2410 2170 192Q 1460 1010 15600 | . .,
~ Fort George - 550 890 1270  1880° 2340 - 2090 1950 1330 920 | 14480 | M, *
1 Knob Lake 670 - 1080 1500 2010 2410 2040 1810 1300 - 910 | 14890 :
Megantic ' 330- 660 1000 1480 1640 . 1490 1290 - 870 500 | 9670
‘Mot Joli 310 660 1030 1440 1650 1470 1310 910 , 550 | 9750
Montreal ' 180 530 , 890 4370 ' 1540 1370° 1150 ‘700 300 | 8130"
“olf ;I*Jitghéqudﬁ 590 . -970- 1430, 2050 ' 2340 2010 ° 1820 ° 1310 . 910, tas1p” e i
e PertHagison .., 730 . 1050 - 1430 # 12050, 2470, .- 2200 ' 2190 1610 1140 | 16880 | .
_ ] Quebec {7 250 . 610 990 1470 " 1640 1460 1250 © 810 400 ", 8070 |
. Shefbrooks™ =230 590 920 1400 T 7560 7410 1190 750 370 | 8610 |
Three Rivers 250 610 980 1490 1690 1490 1250 770 370 | 9060 |
Saskatchewan -' ‘ 5 h
North Battleford 380 750 1350 1820 1990 1710 1440 800 400 | 11000 .
Prince Albert 410 780 1350 1870 2060 1750 1500 850 440 | 11430 ’
Regina 370 750 1290 1740, 1940 1680 1420 790 ~ 420 | 10770
Saskatoon 380 760 1320 1790 1790 1710 1440 800 420 | 10960
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Rotor Swept Area

The rotor swept area, or frontal area, is a parameter frequently used -
in wind power calculations. This area, denoted by the letter A" is
the tota! surface area perpendicular to the wind direction that is
swept by the rotor blades. It |s measured m square feet or
square meters. ! o '
-Thefirstillustration on the facrng page indrcates the sweptarea
for a propellor—type rotor. This category includes all rotors with a
horizontal axis parallel to the windstream; they sweep out an area

perpendicular to the wind direction equal to:

-Av—%XDE 0785><D2 e

o where = 3,14159 and D = diameter is measured from blade trpto '.
- blade tip as? shown. A convenient graph presented at left will help=

you convert drameter measurements into rotor gyvept area, or

vice versa., "

For vertical-axis, cross-wind machines similar to the second

| ilustraticti(i.e, those with a unrform radius about the axis of rotation),
the swept area rs " ; S _ ST

' o T Ry C AR
N | A HelghtXWldth e O i 0L T Ea

'Thrs is the formula to use wrth Savomus and strarght bladed,;

Darrieus rotors.

Inan eggbeater~style Darrieus, the blades assume the shape
of-a troposkein — a complex mathematical curve involving elliptic”
integrais. Fortunately, this shape can be approximated fairly well

" with a ﬁarabola and the swept area is about equal to:

=267 X Hadius X Half—Height

The radius and half-height of a typical eggbeater Dameus are.
mdrcated in the third iustration.

-

- W
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Savonius Rotor Design - - o
Suppose you are designing a three-tier Savonius rotor, similar to thre
one in the photo on page 74. You need- to know the power it can
deliver at various windspeeds. To calculate this power, use
Equatron 1 together with the values of the relevant parameters and
dimensions of the machine. Férexample, say the rotor efficiency is
gryen by the graph on page 95, and you expact it to operate ata tip-
speed ratio of TSR = 0.8. Then you would read E =0.15 from that
graph for the efficiency of this machine, and, use this number in

~_Equation 1, Suppose also that the height of. me_rotoereet and.—
its width Aor diameter) is 3 feet. Then the rotor swept area is
A=3X9 =27 square feet. Putting this and other information mtc
EquatiT 1 , YOou get:

Power—~1/2><p><V3><A>< EXK
/ | 1/2><00023XV3X27X015X461
| Kf- =0020 X Ve, - . N
, | o N
Here, you have used K=4.31 so that power is expressed in waltts if
. the w»{ndspeed Vis given in miles per hour. Thus, if V=10 mph;the
P ' output power of this Savomus rotor eguals: 20 ‘watts. Performing..
similar calculatrons at windspeeds ranging from 5 to 30 mph, you
get a power curve like the one shown at left. A similar series of
calculations will determine the powershaft torque over the same ,
.. range of windspeeds.
' You should also calculate the lift and drag forces on an S-rotor.
~Lift is produced by the rotor because of the Magnus Effect—the
wind is slowed on one side of the rotor and accelerated on the
other. The lift force pushes sideways on the rotor; drag is a down- /
1 _ - windforce. Many people estrmate drag and forget lift; this oversight '
S W— - g —= I 1 I could be'disastrous.
. 5, 10 20 30 40 "  Use the followrng formulas to estlmate Irﬁ and drag forces ona-
Wingspeed (mph o s --—————Savemus rotor: - . |

. 1 :
Power citrve for a,typical Savonius rotor. S Lit =1.08XC_ X p. X V2 X A;

: ‘ o Drag—108><CD><p><V2XA

Power (watts)
I

200




" This force is the total load on the support structure. Note that both

1!\-=— — —
? % | \
e e — ; _ ‘ , A
Appendix 3.2: Savonius Rotor Design : 219 - |
where C, is the iift coefficient (see Chapter 5) and Cp is ine drag 2.0
coefficient of the rotor. The parameters p, V and A are the usual air .
density, windspeed and rotor swept area., O
~_Using the accompanying grapn of iift and drag coefficients, E - 16F
'you can estimate lift and drag forces on this S-rotor. Ata TSR = 0.8, £
- the lift coefficient is C, = 1.4 and the drag coeflicignt is Cp=1.2. % e
Thus, at a windspeed of 20 mph, the lift and drag on this rotor are: & s \
T Lift =1.08X1.4X00023%X20°X27 = iz B
4 =378 pounds; g =
. Drag=1.08 X 1.2 X0.0023 X 20X 27 ©oosr _
ezt SRR A OIS — IR | : \C
: ~ "
- The total force on the Savonius is the vector sum of the lift and drag 5 04k -
forces. To calculate the total force, use the following formula: . § ‘
_ /A ' 2 ! % %
) | ‘Force =Y (LilY)" + (Drag_) : > g / 1 t 1 |
. o 702 0.4 0.6 0.8 1.0
Then, in our case, 0O .
_ e Tip-Speed fatio, TSR

Force = V/(37.6)* + (32.2)?

i =1/24506

B = 49.5 pounds . ' : . i ® e

lift and drag increase-with the square of the windspeed—double
thg windspeed means quadruple-the force. In our example, then, the

IQ‘I@T would experience a total force of 198 pounds ina 40 mphwind.~ — - o e _ __ R

Propellor-type rotors usually employ some kind of governar to
prevent the machine from encountering such high forces. But
Savonius rotors are difficult to govern; if you apply a brake to slow
the rate of rotation, the torque produced by therotor increases and

fiahte the brake Movinag tha vanee e fRat the Sorntar hararmae =
SRt AL AN LA, TYRY TN LHIS VLAY IO O L IGL LIS STV GG D

cylinder with no exposed vane surface might work. Some people
design the tower support systery to hold the rotor up in the highest

aynected wind and et hamo fAr the haot
AR e e LA A WY N N DR J\.JL.JI. ilV}.J'u sl WUl AL,
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Simplified Rotor Design

L ' There are several methods of sizing a rotor/-- --at your site and the peé‘k of the energy
' ) o s generator system to supply thé annualenergy  distribution occurs at 15 mph—a low wind
you need. The twelve-step design proce-  site. From the lasttabfe in Chapter 4; you
dure presented here is a “halfway” method  estimate the overall system éfficiency of the
- for designing a high-speed propellor-type  machine to be about 25 percent. The fol-
wind generator. It is much mere detailed  lowing design example results in @ machine
* than the simple procedure given in Chapter  with a cut-in wmdspeed of about 8 mph and
5, but less rigorous than the approaches  ashut-off, or gove ning, windspeed of about
outlined in-some of the references cited Tm 40 mph. Thus, m\ﬁll achieve its rated power
the Bibliography. As leng- as the-aerody- over 59 important windspeeds available at

* . | f - namic sophistication requured ﬁls not too * this sue _ |
: | . ____high, this method_Ls_a reliable _desigh.———- 1

Start by determining the windspeed at Step 1. Calculate the !DlOLQi_a_me_ter Use Equa-

which the eaergyms;nbut;on curve for your ¢ t;on; tf i‘;’g&f :I'lstge:ﬁ:-tcgfmte‘ﬂ
'site hits a peak. See Chapter 3 for more ' ' pov;r r% ukp P b Vod
.. details on measuring such a drstrtbutlon . System at the pea energywm spoa
Allow this peak-energy windspeedto be
your. first cut” at a rated windspeed—the
s - -  “speed at which your machine attains i
- A s rated powrir By this choice, you are approm-
) _ v e mately centering the machmespnme powdr— ' " 3
“ - | -~ producing range under the wind resource 1uckRe &\06923%15 XAX025X431 o

o w e x Tt e e s . ___curve, Later refinements in your-desigh - e o
C o e 7 77 7 7 calculations may be necessary, butthisfirst or A= o= 72 10030 025X 431 /
A e T T DESS should give you a wind machine fairly ' /2 X000 3 X15°X
‘ - well matched to the site. “ A= 2391 ft?.
The design procedure will be iNMustrated R *
by an example of a typical small wind gen-  Then the diameter of this machine is D = 175
_ , erator. Suppose you havé anwelectrical feet. Had we assunied a higher system efn-
B o _ generator with a rated power output equal  ciency, say 35 percent instead of 25, we
‘ to 1000 watts. You have monitored the winds ~ would need a smaller rotor, D = 14.7 feet, to

Inour exa_mple, E =025V=15and K= 431
for power expressed in walts and windspeed
in mph. Assume C,= CT= 1.Then,

i




of 15, would also result in a smaller diam-
eter, D= 11.3 feel

N PR .

i Step 2. Marcn the rotor/generaior (O ine site
winds either by matching the rotor rpm

dfrectiy or rhfough selection of an ap-

for your-machine.

If 2 low-speed generator (DC battery-charger
type) is selected, try to usethe rpm required
by the generator at its rated power as the

_rotor rpm at the peak energy windspeed. in
“our example, suppose the generator requires

300 rpm to achieve its rated power of 1000
watts. Then 300 rpm could be chosen to be
the rotor rpmat 15 mph and no transmission
need be used. However, this rpm corre-
sponds to a TSR of 12.5 {See box on page

71 for calculation of TSR), a bit fastfora 17-
_foot rotor. A gearbox with a 2.1 gear ratio

should be used to lower the rotor rpm to 150
and the TSR to about 6—a much more

app;:opnaie_ value e o e — e

~Im a constant-rom wind machine, such
as an AC device where the rotor drives an
induction motor linked to the hduse wiring,
the generator rpm must hold very ¢losely to
an rpm dictated by the génerator synchro-
nous speed. Most induction motors spin at
an rpm of 1800 to 1850. With a 6:1 gearbox,

-the rotor rpm in our example would be about

w--w—propna te gearbox -Try to-get-the tip-——
speed ratio into the range appropriate
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~ develop the same rated power. A mgher_ 300 (TSR =12.5). To achieve 150 rpm (TSR
peak-energy windspeed, say 20 mph instead = 6.2), a 12:1 gear ratio is required.

Step 3. Having selected the design TSR by '

appropriate gearbox selection, next
determine the rotor solidity and the
number of blades from the graph and
tables on pages 95-96.

Ara TQR = G

qnlldm/ of D ()'3 and a ThrPP—

btaded rotor are the Dest choices forour

example.

1
4

Step 4. Draw a rough sketch of the blade, and
divide it into several sections. Calculate
the speed ratio of the blade at each
section by multfp!ymg the design TSR
times the fraction of the total distance
from hub to the section.

The speed ratio at any radius equals the

TSR times that radius divided by the total .

blade radius, whichis 8.75feet (17.5 = 2)in
our example. Thus,
/

SR,=6X84+=875=4.11,
SRy =6X3+875=206,
SR.=6X2+875=137.

For the sake of clarity, only three radius
stations plus the tip station are used in this
example. Stations every 10 percent of the
spar are commonly used in dctual design
calculations. i

. i\_ /"

T
' [ ' ! | ]

\l

2,
1 i &
3 . )
e T e i

5,




"

The Wind Power Book .

;

!

Step 5. From the foilowing graph, read appro—.__Step 6. From the foliowing graph, read vaifies
o, of the Shape Parameter SP for each

80
50
A
©
. h
s o 30
» 2oy \\ At
10 \\\
R -\\_____*? s
i ok [ ‘
0 3« 4 6 8 10 ™
, S'peed ratio, SR
in our exahwpie £ |
% « .[
qbﬂi 00) = -
¢A(4 ANDES T
qu(Z.OS) 176°
{1 37) = 24 1° .
: {

priate values of the wind angle ¢

(Greek “phi”) for each station.

staﬂon

.

321
28
- 24— :
|
& 20 \\
% 16 \ 6
2 \
L \
%’ 12 - \
08—
LY
0.4 — :
N |
N 2 ¥ 6 8 10, 12
SR *
In our.example, .
SP; =017, |
- e
" 'SP, =037,
SPg=1.10" |
SPg=260 . S

L

¥




" lfris &xpresseg

‘Appendix 3.3: Simplified nutE‘r Design

Step 7 Choose an am‘oﬂ type and determine
the lift coefficient C, that produces
maximum lift-to-drag ratio-L/D. Use
“the graphical method from the box on
page 69 of Chapter 4. '

Supposewe try the FX80-126 airfoil s used
in that box. Atthe maanum lift-to-drag ratio,
- L/D =100, this airfoil h‘asa lift coefficient C,_
= 108 at an angle of attack equal to 5
degrees. Repeat this step-for as many air-
foils as you care to try, usding drag polar
plots from the references. We contlnue here
with the FXB60-126. '

Step8 At each radius station, calcu!ate
C T chord lengths using the formula:

_ IrXSP |
C.XN’

where r IS_ the radius at each statfon
and N is't “_.;;ndmber of* blades

in feet, then the chord
lengths c will be glven in feet; multiply by 12

to get your answer in m‘t:he
:
 BI75X 0174 Al s
Cr= W f‘*—”;-.%.:?'ﬁ_)’
o= BX037
A 1.08 X 3

Ce=102 ft(=1221in),
cc=1.60 ft (=19.3 in).

“. Lift coefficient, C

~ourexample o

. BE R

* FX60-126

1.2

=
fas]

o,
B

|
i
|
|
|
|
I
|
| v

£

|

|

104

16

038

0.004

Drag coeffument Cp

- =04

Lt

0. 008\012/ -4

4

8

12

Angle of attack {degrees) °

an4f!

Drag polar plot for the FX60-126 airfoil.

Step 9. Calculate the blade aspect ratio AR,
which is justthe blade span divided by -

the average chord length. . - |

From Step 8, the average chord length ¢ is:

. 0.46+0.69:1.02+1.60 o8t

The blade span, or total radius, is 8.75 fee‘t,

so"ihe aspect ratio is,

i

Lift coefficient, Ch
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e . B S | 'Step 10. The lift coefficient curve must now be .—a + ‘ '(1 % . 3 )
o | Coe : corrected for the blade aspect ratio. - ° 6_ AR
5 ) This empirical correction adjusts the T
angle of attack for.optimum L/D. Start t‘:?rig f%i nﬂcwﬁqgti:;weéfgﬁfg at Op't.
with the angle of attack a, where the il ey aspec
0 lift curve crosses the x-axis. Then the Tolep T |
- corrected angle of attack a. is given Iri*our examiple, O, = 7.08 a;ndAH"= 93,
by the formula: ¥
L , From the drag polar plot on page 223, note
. * " \
i1 that a, = —5°, approximately. Thus,

£

BLADE MOTION=u

WINDSPEED

CHORD LINE 4
b ~

PLANE OF ROTATION

. SPEED RATIO=u/V

BLADE ANGLE (8)

hom—s+ 198 x (14 &)

01 = 93
= -5+ 982X 13225
z\-—-5+ 13 - 80.;

For more lﬁformétmn on this aspect ratio
correétlon cdnsu!tA:rcraft Des:gn by K: D.
Wooﬁ

Step 11. With this cofrected angle of attack
a., Calculate the blade angle 8 (Greek
“theta”) from the formula,

8=¢—a,, P
where‘th'e wind angle ¢ is taken from
Step 5.

In our example, a; = 8.0°, so,
B f' -
8;=63—-80= _—“I T

,=90~80=10°,
Bs=176—80=96",
§.=241-80=16.1°,

o




/
Y

Appendix 3.3: Sim'plit_i:éd Rotor Design |

225

Step 12. Now make an acéuraté drawing of

the blade showing the airfoil cross-

sections at their proper blade angles
at each station, with the chord lengths
calculated in Step 8.

At this point, you can expetimentwith design’

variations which include different airfoils and
simplifying assumptions like linear twist and
taper. The final drawing is the starting point
for your structural design efforts. - -

In general, you will need more detailed
information on airfoil sections and perform-
ance characteristics than has been pre-
sented here. Abbott and Von Doenhoff's
Theory of Wing Sections contains data on
all major NACA airfoils. The January, 1964,
and November, 1973, issues. of Soaring
Magazine have data on high-performance
Wortmann airfoils. See also the Handbook
of Airfoil Sections for Light Aircraft by M. S,
Rice. All these references are included in

.’-:-j the Bibliography. i
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Water Consumption Tables - - 4

In orderto determine the appropriate size otthe pump and rotorin a
wind-powered water-pumping system, you should first estimate the -
~ flow rates likely to be required. These estimates will depend upon -
the intended uses for the water and the frequency of use. But only
rough estimates are prfacncal because. drﬁerent users may hav%"
very different habits of water use. s
On the average, hgusehold water use amounts to. 100 150
gallons per person per day—not including outdoor uses like
_watering lawns and gardens or-washing cars. With conservation
measures, household use can be cut to perhaps 75 gallons per
person per day. Washing a car can take an additional 100 gallons. T
Depending upon the dryness of climate, lawn-watering can require | .
- upto 100 gallons per day for each 1000 square feet of lawn. i
- _Farmwateruse is morecomplex: The-amount of water used for i
drinking purposes, for example, will depend on the number and !
type of-animals, théir age, the air temperature, and the feed or
pasturage being used for them. Average water requ;rements of
cattle, chickens, pigs, sheep and turkeys are listed in the tables in ]
this Appendix. A better treatment can be found in Wind Power for——-
Farms, Homes and Small Industry, by Jack Park and Dick Schwind
(see Bibliography). Even more thorough tables can be found in the
' Yearbook of Agriculture (1955), issued by the U.S. Department of.
Agriculture. Consult this book for irrigation water use, which
depends on type of crop, soil conditions, climate, and watering
practices used.
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WATER CONSUMPTION OF LIVESTOCK

?

Animal Conditions

WATER CONSUMPTION OF FOWL (per 100 birds)

Gallons per Day
Holstein Calves, 4 weeks old 1.2-1.4 _
. ———i sy e 1 s s s e it — B,W_e.eks_o.td_.._”,77,, [ S IS . i ——— .___,____,___._‘___-__ I.T,..E__ e mm———— =
12 weeks old 22-24
; 16 weeks old 3.0-34
20 weeksold , 38-43
- 26 weeks old 4.0-5.8
| :
Dairy Heifers Pregnant 7.2-8.4
Steers Maintenance ration . 4.2
. Fattening ration & 84
jers-ey Cows Milk production 1/2—3‘/2 gal/day 7.2-12.2
Holstein Cows Milk production 22-6 gal/day - = 7.8-21.89
Milk production 10 gal/day | 22.8
Dry - 10.8 .
i : : @
| Piglets Body weight = 30 Ibs. 0:6-1.2
§ Body weight.= 60-80 Ibs. 0.9
g Body weight = 75-125 Ibs, . 2.0
? Body weight = 200-380 Ibs. 1.4-3.6
! ‘ .
Sows - Pregnant 3.6°4.8 s
i Lactating 4.8-6.0
; 7 y
Sheep On range or dry pasture 0.6-1.6
On range (salty feeds) 2.0
O rations of hay or grain 0.1-0.7
i On good pasture Very little

. Animal Conditions Gallons per Day
" Chicks 1-3 weeks old | 0420
| ~ 3-6weeksold T T T 1430
6-10weeksold =~ TTU30-40.
~ 9-13 weeks old 4 4.0-5.0
Pullets — ' 3.0-4.0
Hens Nonlaying . 5.0
Laying (moderate temperatures) 5.0-75
- Laying (temperature 90° F) * - 8.0
Turkeys ~ 1-3weeks of age o 818 -
| 4-7 weeks of age ) 26-59
9-13weeksofage . - 62-100
15-19 weeks of age | E 117-118
21-26 weeks of age - 95-105
/
Y
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Estimating Electrical Loads

_Your needs for electrical energy and power - draw up to five times their rated power for a
depend entirely upon the appliances you few seconds whil Startlng Such a surge
have and how you dse them. To determine  doesn't COHIFIDU(QJ—VGW much to the energy
these needs, you must examine all your  demands, but it might put an excessive load

4 ' appliances—including electric heaters, . on the: batteries, lﬁveners or other delucate
-f power tools and fight8—and monitor or ™ system cornponents

estimate their use patterns. First determine In real appllcathgas%gl the electric de—

. & the power drawn by each appliance—-u&uall_y vices will rarely, if-Ever on at the same

¥ - e - " expressed in watts or horsepower and written  time. The maximum (or “peak”) power that

on a data label somewheére on the appliance.  your system will have to deliver will be the

} If the appliance is not$o labeled, try using  sum of the rated power levels of all the

.an AC wattmeter or.consult the manufacturer majdr devices that are likely to be on at the

. ~ to determine the rated power. A table of  same time. Accurate load estimates there-

-power ratings for typical appliances is in- . fore require that you know or can estimate

cluded at the end of this ‘Appendix. This  the times when each Gevice is in use. For

table is intended as a rough guide; more  devices such as television sets, toasters,

accurate power estimates require specific ‘\hot curlers, lights and kitchen appliances,
) information about t‘ne appliances you are tﬁrs\estlmate should be easy: you or your ~
using. } : family-determine how long they'reon. ~ .°

If all the appHances were “on” at the For other devices like refrigerators,

same time, t ower drawn would be the  freezers, and electric water heaters, a ther-

p ) sum of the reted power levels of all the mostat controls the.on-time or “duty cycle.”

appliances.Mo addition, electric motors in Some of the methods-of determmmg this
appliances like refrigerators and freezers  duty cycle |nc|ude
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,r Appendix 3.5: Estimating Electrical Loads

‘e Guessmg

- Personally recording the on-time W|th

a stopwatch

. Momtormg the on-time with an electric
recording devrce

The first method is Cheap but accuracy can

be low. The seeond®

consuming and downright boring. The third

s accurate but expensive. Guessing can be
fairly accurate if the appliance is affected

more by your use than by its environment.
For example, a refrigerator will draw most of

- its power around mealtimes —when people

are opening it frequently. An-electric water
heater will draw power after baths, shower,
dishwashing and other activities that'use a
lot of hot water. If you confine your record-
ing activities to such periods, you can still
get a pretty accurate estimate 3f the total
time an appliance is in use.

Once you know the rated power of an

appliance, and also have a fair estimate of

how many hours per month it's being used,
you can calculate its monthly energy use by
the formula:

Energy = Power X Tlme

where power is expressed in wattsand time
in hours per month. Divide by 1000 to get

your answer in kWh per mor’rth Do this for

and add\alt the- reeults to get the total elec-
trical energy\used per month in kilowatt-

,hours As a check\compare the total with

your monthly electrl\ty\bm If you're off by
more than 25 percent, you mlght{y to adjust

is extremely time-™-

- Suchaload pis

some of your estimates and try again. &
The next concern is to estimate the
peak power required by your electrical sys-
tem. In normal households linked to the
utility lines, the peak demand “for electric
power usually occurs in the mornlng near
- breakfast time "or in the evening ‘around
dIhHGJThe refrigerator, many lights, several
kitchen appliances, and even the TV set are

‘all on at the samie time—drawing perhaps a

total- of 1500 watts. Suddenly, the-micro-
wave oven is started and a power spike of
3000 watts’ occurs for about a half hour.
piypical of the demands
placed on utility*ll es across the country.
Little thought is.given to load management
because old Edison has made provisions to
supply this peaking power with extra genera-
tors, called "peaking plants” that spring into

~action as they are needed.

In_a wind-electric system, such peak
loads can draw too much current and
damage a battery bank or delicate system
controls. Perhaps a gasoline generator can

be used instead to supply this peak power.
- But with only a little forethought and care,
‘'your electric loads can be scheduled to
‘prevent giant power spikes. The microwave

oven could be left off, or lights and TV set
restricted to minimum use near mealtimes.

- Onthe whole, such “peaking shaving” prac-

tices greatly enhance the system perform-
ance. Some energy will be saved because
lower currents in the wires mean lower line
losses. Batteries will last longer, and a
peaking plant might not be needed at all.
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i 5
POWER AND ENERGY REQUIREMENTS OF ELECT‘??IC APPLIAN(_;ES ‘ |
Item (with Horsepower) L Watts Hours/Month  kWh/Month
Household Appliances | | L “
Airconditioner, central ~ . o — L . 620
Air conditioner, window  (2) . 1,568 . 74 " {16,
Blanket | 190 80 4 15
| Blender - | - ' 350 3. S
; Bottle sterilizer f 4 500 ajo < 15
' Bottie warmer ~ 500 6 3
Broiler .. " 1400 | | 85 -
Clock = 1100 — T o1
a Clothes drier. : . ag00 . 20 ° w2
. | Clothes drier, electric heat, (6%2) *. 4,856 18 v 86
‘ Ciothes drier, gas heat A ‘ 325 18 6
Clothes washer SR —_ - 8.5
Clothes washer, automatic - C 250 12 ' 3
“Clothes washer, conventional 200 12 2
Clothes washer, automatic 500 18 9.
: Clothes washer, wringer 275 15 4.
Clippers o -40-60 0 — 0.5
- Coffee maker i 800" 15 | | 12
Coffee percolator . ' 300 - 600" Wi 3-10
Coffee pot - 900 10 .9
Cooling, attictan  (1/6 - %) L 124 - 560 — ' 60 - 90
Cod?ing, refrigeration @ g o o= 200 - 500
. Carn popper : 460- 650 ' & _ 1
Curlingiron - ' ' 10-20 o 0.5
Dehumidifier | - ©.300- 500 — 50
Dishwasher | 1200 30 36 '
Disposal (%) L 375 2 c 1
Disposal o " 500 6 - ;
T
T

\
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| ~ POWERANDENERGY REQUIREMENTS OF ELECTRIC APPLIANCES ".1 “
ltem (wifh Horsépowerj Watts Hours/Month | ;Wh/Month iil
Drill * _ 250 2 5 -
! Electric baseboard heater 110,000 160 1,600 |
Electr§cuter, insect 5-250" — 1, 5 4 ¢
Electronic oven 3,000 - 7,000 — 100
Fan, attic  (Vz) 375 65 24
. “Fan, kitchen 250 30 8
[ Fan, 8- 16 inches 35- 210 = 4-10 5
Food blender 200-300 - = 0.5 b ‘
. Food warming tray g 350 | 20 7
Footwarmer 50-100 — 1
Floor pblisher 200 - 400 — _ 1
Freezer, food, 5- 30 cu. ft. | 300 - 800 e 30-125
Freezer, ice cream 50 - 300 —_ 0.5 ;
Freezer, 15 cu. 440 330 145°
Freezer, frost free - 440 180, 57
- | Fryer, cooker ) 1,000 - 1,500 — 5 J
Fryer, deep fat T 1500 4 6 ) .
Fryingspan 1,300 12 145 _
7 Furnace, electric control © 10-30 — 10 e
Furnace, oil burnef 100-300 — 25-40 T
Furnace, biower 500 - 700 — 25 - 100 //
. Furnace, stoker 250 <600 — 3-60 . i ‘
Furnace, fan w — — 32 ; /,// '
 Garbage disposal equipment (¥ - Va) 190 - 250 — 0.5/ ///
Griddie o 450 - 1,000 - 5 el
Gl 650 - 1,300 | — 5 . E
Hair drier 200-1,200 | — 05-6. .
. Hair drier 400 5 ?// |
Heat lamp 125- 250 — /2
/ ‘
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g
POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES

Item {with Horsepower) Watts Hours/Month kWh/Monthﬁ
Heater, aux. - 1,320 30 40 _
Heater, portable 660 - 2,000 — 15-30
‘Heating pad 26 - 150 — T

. Heating pad 65 . 10 9

| Heat lamp ’ 250 10 3

" Hi-Fi stereo — — 9

Hot plate 500- 1,650 * - 7-30

. House heatffig 8,000 - 15,000 — 11,000 - 2,500

| Humidifier T 500 - 5-15

[#tron 1,100 12 13

roner 1 500 12 1w [
Knife sharpener 125 — 0.2
Lawnmower 1,000 8 8
Lights, 6 room house in winter e — 60
Light bulb : 75 120
Light bulb 40 120 4.8
Mixer 125 6 1
Mixer, food 50-200  °  — i
Movie projector 300 1000 — —
Oil burner 500 100 50
Oil burner (%) 250 64 16,
Polisher 350 6 2
Post !ight, dusk to dawn = — -— 35
Projeé:tor = 500 4 2
Pump, water (375) 450 44 20
Radio, console 100 - 300 — 5-15
Hafiio, table " 40-100 o 5-10 »
Range 850 - 1,600 — - 100 - 150
Record player 75- 100 — T 1-5
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i —— . g
- POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES Mo ,
ltern (with Horsepower) Watts  Hours/Month  kWh/Month - - - I
Recorder, tape 100 10 1 N 7
. | Refrigerator y 200 - 300 = 25 - 30 ' 3 I
._._F%efrigerator, gonventional L= — BY ~ =g = e T - - - o ,
Refrigerator-freezer ; 200 150 30 | R |
Refrigerator-freezer, 14 cu. ft. 325 290 95 i &R
Refrigerator-freezer, frost-free 360 500 180 . . I
Roaster 1,320 30 40 i R
& Rotisserie 1'.409 30 42 . o I
] Saucepan _ ~300-1,400. e ) 2-10 - L ., L
o Se\ging machine » 30-100 —_ """‘*\9,5_-‘25‘ ‘ - /:/’/ - w I
Sewing machine 100 10 1 - . o
Shaver ' 12 — 0.1 ' o
Skillet 1,000 - 1,350 — 5-20 ° f | I
| Skil-Saw . o-— T 1,000 6 '
| Sunlamp 400 10 | |
Sunlamp 280 | 5.4 1.5
TV, black and white (AC) 200 120 = 24 ’ I
| TV, color (AC) ' 350 120 42 -
Toaster 1,250 4 5 . ; I
- T},fp,ewritel‘fg 30 15 - 5 a
Vacuum cleaner 600 10 6 I
Vaporizer 200 - 500 — 2-5 |
+ Walffle iron 550 - 1,300 — i-2 ' |
| Washer, automatic 300 - 700 — 3-8 > .
Washer, conventional (AC) 100 - 400 - 2.4
Watef heater (6) 4,474 90 400 . |
Water heater 1,200- 7,000 s ~ 200- 300
Water pump, shallow. (1%2) - . 35 — 5-20 , " I
| Water pump, deep (a-1) . 250-748 == 10 - 60 R
s & . .
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POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT :

—t

lt_t_arn ' Horsepower Watts Kilowatt-hours
,-Earn Equipment I .
_ Barn cleaner | 2-5 1,500-3,750  120peryr.
Corn, ear crushing ' 1-5 750- 3,750 5 per ton
Corn, 'ear sheiling Va -2 185 - 1,500 1 per.ton
Electric fence — 7-10 7 per month
Ensilage blowing , 3~8 2,250 - 3,750 Yaperton
Feedgrindng ~ = 1-7%  750-5600 © Vz- 1Y per 100 Ibs.
Feed mixing Va-1 375-750 1 perton
Grain cleaning = Ya- V2 185 - 375 1 perton
Grain drying N A 750-5,600  5-7 perton
Grain elevating’ ., Ya-5 185- 3,750 4 per 1000 bu. -
Hay curing 3.7 2,250-5,600 . 60 perton
Haipomﬁng_ | V-1 375-750 V3 per ton
Milking, portable Ya - Vo 185-375 1 2 per cow/mo.

) Milking, pipeline %-3 375-2,250 2 V2 per cow/mo,
Silo unloader . B 1,500-3,750  4-8perton
Silage conveyor 1?3 750- 2,250 1-4perton
Stock tank heater . g = --200-1,500 varies widely
Yard lights L = 100-500 10 permo.
Vertilation ¢ - 1/6-" 125 250 2 - 8 perday per 20 Cows.-
Milkhouse E;uipment : |
Milk cooling . -5 375-8,750  1per 100 Ibs. milk
Space heater, -~ _ 1,000-3,000 800 peryr.

Water heater _ — 1,000 -4;@,000 1 pergal.
Poultry Equipment |

Automatic feeder  Va-Va 185-375 10 - 30 per mo.
Brooder — 200-1,000 - ¥2- 1% per chick

per season

A
\




W

Appendix 3.5: Estimating Electrical Loads

235

POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT

I

t
POWER AND ENERGY REQUIREMENTS OF FARMEQUIPMENT

item

Horsepower Watts Kilowatt-hours Item Horsepower Watts Kilowatt-hours

Burglar alarm — 10- 60 2 per mo. Miscellaneous

" Debeaker | — 200-500 1 per 3 hrs. Farmchore motors ¥2-5 375- 3,750 1 per hp per hr,
Eggcleaningor washin-g — — 1 per 2000 eggs Insect trap i — _ 25-40 3 per night <
Egg cooling ' 1/6-1 125 - 750 1 V& per case Irrigation pumps 1andup 7'”750 and up 1 perhp perhr,

“Night Iighfing = = 40-60 10 per mo. per 100 birds Wood sawing 1-5 ?50 - 3,750 2 per cord
Ventilating fan — . 50-300 1-1 ' per day S o
Water warming —_ 50-700 varies widely
Hog Equipment
Brooding — 100 - 300 35 per brooding period
per litter ' ..
Ventilating fan — 50 - 300 Ya - 12 per day T,
Water warming — 50+ 1,000 30 per brooding period |
: : per litter -

Farm Shop o~
Air compressor Ya - Ve 1B5- 375 1per3hr - )
Battery charging — B00-750 2 per battery charge
Concrete mixing V-2 185- 1,500 1 percu. yd.
Drill press 1/6-1 125-750 V2 per hr.
Fan, 10-inch — ' 35-55 1 per‘20 hr .
Grinding, emery wheel Va - V3 185 - 250 1%er 3hr. |
Heater, portable — 1,000 - 3,000 10 per mo. ’
Heater, engine — 100 - 300 1per5hr, .
Lighting - B — 50 - 250 4 per mo, | o :
Lathe, metal Va-1. . 185 - 750 1 per 3 hr.
Lathe, wood - Va - 1 185- 750 1per3hr,

. Sawing, circular, 8- 10 inch 3-1s 250 - 375 V2 per hr. |
Sawing, jig - Ya - Vs 185 - 250 1per3hr. . .

| Soldering, iron — 60 = 500 1 per5hr. |
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by Richard Merrill and Thomas Gage.

New York: Delta Books, 1978. The Wind

- section, pp. 120-149, contajns extensive
“ reviews of available books and reports.

“Wind Energy: A Blbilography with Abstracts -
- - and Keywords,” by R.van Steyn. Available .

The Wind Power Book

able from Publications and Documents,

University of New Mexico, Albugquerque,

New Mexico 87131. A complete hibliog-
- raphy covering the period 1944-1974,

.Construction Plans

A. Bodek: "‘Eﬁow to Gonstruct a Cheap Wind

Maehine for Pumping Water,” Do-It-Your-
self Leaflet No. -5, Brace Research |
Institute, MacDonald College, McGill
“University, Ste. Anne de -Bellevue 800,
Quebec 'HIX 3M1, Canada. '

R. D. Mann, “How to Build a ‘Cretan Sail’ \
Windpump.” Available from Intermediate

from Librafy ,Administration—niversity———Technotogy -Publications, Ltd, 9 King

ofTechnoJ@g?,PO Box 518 Eindhoven,
Nelhe’rlands '

'Wmd Energy Bibliography,” 1973. Ava:l- ,

.~ able from Windworks, P.O. Box 329,
- Mukwonago, Wisconsin.

' A"‘Wind Energy Intdr"mation,DLreetory,” Octo-

ber, 1979. Sqlar Energy Research Institute

* Report No. 061-000-00350-9. Available
from Superintendent of Docurhents, U.S.
Government Printing Office, Washington,
- DC 20402,

“Wind Energy Information Sources Avail-

_able from Document Distribution Service,
“Solar Energy Research Institute, Golden,
Colorado 80401.
"Wind Energy Utiization: A Blbhography,
Aprtl 1975, Technology Appllcatlons
Center Repp‘[t No. TAC-W-75-700, avail-

Street, London WC2E 8HN, Untted
Kingdom. ~

Helion, Inc., "12/16 Construction Plans,” for
a.2000-watt wind generator with 12- or
16-foot diameter blades. Order:from
Helion, inc., PO. Box 445, Brownsville,
California 95919,

. Equipment Directories

"A Guide to Commerbually Avai abte wind
Machines,” Rocky Flats Wind Systems
Program Report No. RFP-2836/3533/
78/3; available from NTIS. Contains
detailed descriptions of 66 wind ma-
chines under 100 kW available im the
United States and Canada; includes -
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filustrations and power curves, plus
- directory of manufacturers and dealers.
Energy Primer, updated and revised edition,

by Richard Merrill and Thomas Gage.
New York: Delta Books, 1978. The Wind
section, pp. 120-148, contains evalua-
tions, dealers and distributors of $mall-

- scale wind machines and related com-

ponents.

| Harnessing the Wind for Home Energy, b-y

Dermot McGuigan. Charlotte, Vermont:

%
i B
%

- Garden Way Publishing Company, 1978.

Contains descriptions and costs of wind
machines and other equipment available
in 1978. ) '

The American Wind Energy Association

publishds a free brochure that contains,
among -other things, a list of commer-

“cially available wind machines and their

U.S. distributors. Write AWEA, 1609 Con-
necticut Avenue, N.W,, Washington DC

- 20009, or call (202) 667-9137.
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GLOSSARY

AC—alternating electric current, which re-
verses its-direction at regular intervals;
see also current.

airfoil—a curved sun‘aoe demgned to create
aerodynamic. iift forces when air flows
around it. -

_ ampere;oramp—a measure of electnc cur-
rent flow, equal to one coulomb of electric .

“charge per second. Also, the current -
_that flows through a resistance of one
ohm when the applied voltage is one
volt. -

_ampere-hour, or amp*—hour—a measure of

electric charge, calculated by multiply-
. ing the current (in amperes) by the num-
ber of hours it flows; see ampere.
anemometer—an mstrument used for meas-
uring the wandSpeed
asynchronous generator—an eleotncal gen-
- erator, designed to produce an alternat-
ing current. that matches an existing
. power source (e.g., utility lines) so the
two sources can be combined to power -
_one load. The generator does not have
to turn at a precise rpm to remain at the
correct. Jfrequeney or phase; see also
: Synchronous generator.
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current—the flow of electric charge through
a wire, see also A€ and DC! )

cut-in speed—the windspeed at which a
wind machine.begins to produce power.

cut-out speed—the windspeed at which a
wind: machine is shut down to prevent
high-wind damage; Also called fur!mg
-speed. .

Darrieus rotor—a verticgl-axis, lift-type rotor,
generally with tweor three blades, that «
has high efficiency and low torque.

; DC—direct electrical current, which flows | in =~

‘. enly one direcfion- -along a wire.
drag—an aerodynamic force ‘that retards
- the nprmal motion.of ift-type rotor blades,
or aotual!y causes vane motion .and
produces power in drag type wmd ma-.
chines. o

e”fﬁciency——a number, usually expressed as

- a percentage, equal to the power out-_ .

--put.ef-a device divided by the input
. :power to that device; see also power
ooeff:ment :
energy—a measure of the work that mlght
. be,orhas been done, usually expressed
in kilowatt-hours (kWh) or horsepower-
hours (hphr); see also WOrK.

fantail—a p\ropellor—type wmd rotor mounted

sideways on a larger wind machine (hoti-
zontal-axis) and used to keep that ma-
chineaimed into the wind.

- fetch area—the terrain over which the wind
’ usually blows before reaching a wind

e

machme or turbme

wind: machine must be shut down to

prevont high-wind damage; also calted - -

cut-out speed o

gear ratlo-—a ratio of the rotational speeds
(in rpm) between the rotor powershaft
and the pump, generator, or other device
powershaft; the term applies both to
speed-increasing and speed- deoreasmg
transmissions.

gin pole—a pipe, board or tower used for \

improved: Ieverage m ralsmg a tower :
; %

head——the total helg ht a pump must lift water.
horsepower (hp)—the standard English sys-

tem measure of power, equal 4o 550
foot—pounds per secend; see also power.
horsepower-hour (hphr)w—a measure of en-

energy and horsepower

inverter—a device that oonverts direct cur-
rent to alternating current; see also AC
DC and synchronous inverter. ¥

B | ¥

kilowatt (kW)—a measure of power in the

metric:system, equal to 1,000 watts; see -

also watt and power.
kilowatt-hour (kWh)—a measu re of electrical
energy in the metric systergl equal to
1,000 watt-hours, caloulatedm muitiply-
ing kilowatts times the number of hours;
- see also k:lowatt horsepower and watt

! i 5

- ergy in the English system; see also

. furling speed--the-windspeed- at-which ’the
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lift—the aerodynamic force that “pulls” a
rotor blgde along its rotary path. .

megawaftt—a measure of power in the metric

system, equal to onre million watts or
1,000 k|lowatts see also watt and kilo-
watt T ;

-
o

panemone—a drag type vertlcal aws wind
machlne the term could descnbe a Dar-
rieus rotor, but is generally used only for
drag-type machines. . !

power—the: rate at which work is oertormed
or energy is consumed:; mechamcal
power is equal to force times ve!omty,
while electric power is equal to the volt-
age times the amperes, dsf current fiow

power coefficient—the ratio of power output
to power input, usually for a wind machine

rr\t‘nr nffon rc;farra.rl to as ’rhe eff;c;ar\p\f

see also efficiency, rotor efficiency. |

&

poewer éutput oran butput atsome wmd—

c:nnnr{ Ioc:c: than the mnvamum qpnoﬂ

VICA LY

betore govemmg controls start to reduce
the power. . . & |

puwer‘. ]
resistance—the tendency of alrhost any

——— il
electrical (.,unersw

electrical device fto |mpede the flow of | |

return time—the time elapsed before the
windspeed returns to ahigher, specified
value, such as the cutin speed of a
windmill or rotor, . :

rotor—the rotating structure of a wmd;ma—
chine, also called the wind-wheel that

includes blades and powershaft and -
converts wind power into rotary mechan- -

ical power,

‘rotor efficiency—the efficiency of the rotor

alone; it does not include any losses in

transmissions, pumps, generators, or line

or head losses. Also called rotor power
coefficient; see also efficiency.

Savonius rotor—a vertical axis, ‘d[ég-type'

rotor that generally has Io‘w efficiency
but high starting torque.

sine wava—the h:ho nf nlfcrn::\hnn
'u' [~ CAIMAAT T InARIL Is

AC generators.

|ﬁ a rotor to the total frontal area (or
swept area)-ef the entire rotor.

square wave—the type of alternating current
output from low-cost, solid-state inverters,
which is usable for many appliances but

may affect sterebs and TV sets Qd\,mrcal\f_

AT [ AW R e L)

synchronous generator—an alternating-

current generator which operates togeth-
er with another AC power czmlrcn ::tnr'\i

_________ |~ -LI.-.H

must turn at-a plb‘ube rEIn lU IIUIU e -

frequency andphase of its output current
equa! to those of the AC source; see

d150 .HL: uu IHVt;‘!Lb'!
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synchronous inverter—an electrQHic deyice
that converts DC to AC but must have

another AC source (e.g. the utility lines).

forvoltage and frequency reference; the
AC output of the device is in phase and
atthe same frequency as the outside AC
source; see also-AC, DC, inverter.

r _

torque—the moment of force produced by
‘the rotor blades that causes a power-
“shaftto turn. .,

jterbul.ence—,raprd windspeed fluctuations: |

.- ,gusts are maximum values of wind
“turbulence.,

-

. voltage—the electrical potential, or pressure,

that.causes current to flow through a
wire; it is measured in volts. =~ 7

‘\

- watt—a measure of electric power in the

metric system, équal o one ampere flow-

- ing through a potentrat drtferenee of one

volf.

~ watt-hour—a measure of glectrical energy[

'in the metrrc system equal to one watt

times one hour see also watt kr!owatt—

‘hour. - o

wirid furnace—a wind system that conve,;ts:"

available wind power into useful heat
see also wind machme

wind generator—a wind machine that pro-
~duces electrical power; see also wind  *

machrne

=

| windspe

wind machine—a device that extracts useful
power fromi the wind, but mainly one that
produces a mechanical or electrical out-
put; a!so called wind- system or wind
turbi

windmi

~ that is stilkuseg to refer to high-solidity .
rotors in water-pumpers and older me-
chanical-output machines.

wind power—the power actually contained
in the wind, or the fraction of that power
extracted by a wind machine; see also
pOWEr. _

wind rose—a two- dimensronal graph shew— 5

- ing the monthly or yearly average wind-

speed from each of usually 16 directions
and the percentage of time the wind
blows from each direction. ~ -

windspeed distribution—a two-dimensional

.~graph that shows the total time or the

percentage of time that the wind Blows
at. ea§h windspeed, for a given site’

d profile—a two-dimensional graph
indicating how the windspeed changes
with height above the ground or water

wrndwheel——see rotor

_work—a form ot mechanrcal energy equal

"to a force multiplied by the distance
moved along the force direction.

yaw axis—the, vertical axis about which an
entire propellor-type wind machine ro-
tates to align itself with’the wind and its

.. rotor. perpendicular to the wind; also
,called lolly axrs

—an archaic term tor wind system
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. - Ducted rotors, 86 ' Farm windmillg} Water-pumpers
. & : _ _ Dunlite wind generator, 115 Fatigue, 110-11° ' |
. .. ‘ = . g Dutch water-pumpers, 121 Fetch area, 55
o | Dwyer Wind Speed Indicator, 60 Fire-em-up-itis, 36, 1477
i ) : o Flow rate, 125-26
- ; L Flutter; 101, 110-11
_ E * Flyball governor, 173
T o Fly weight, 112, 173
* £asements, 153 Flywheels, 129
* 'Economics, of wind power 19, 87 135 Friction head, 25-26
" 149-51, 151 Furling windspeed, 70
[Efficiency;2@; 71, 72,73, 77 88, 93, 122 ' ’ :
- + 137.See also Powertcdefficient.
Electricity, wind-generated, 16- 17,25, ... G
« 32-36. See also Generators. ' -
Electric-resistance heaters, 142 Gearboxes, 35 ™
Electrrfrcatron rural, 14,17, 31, 32 Gear ratios, 98
Energy Gemini synchronous inverter, 732
budgets, 17-19, 37 38 Generators .
5 S distribution curve, 57 . = back-up, 136-37, 137
- - .~ and power, calculating, 18 wind, 83, 86, 87, 97,99, 127-28, 138,
. o - requirements, 132-37,733 145 i
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Multiblade farm windmills, 14, 80-83, 80,

81, 82, 87, 88. See also-American
~ Farm windmill, -

N

National Weather Service NWS 52 53
New Alchemy Institute, 16-

0
OQutput power, 70

-

P ,‘ ‘ ' 3
Palmdale, California, 55-56, 55

- Panemones, 13743, 114

Performance cuwes for S rotors, 95
Piston
compressors 87
- water-pumps, 87

e

Pitching moment, 69

Popular Science, 16 -

 Post wmdeI% 13- 14 e

Power
coefficients, 71, 95
rated. 68
- requirements fgr electncal apphances
©132-37,133
requirements for watermumpmg
123-26, 125
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Propelior-type rotors, ?4 83-85, 83, 86,
87,985-99
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Rayleigh distribution, 52-55, 53, 54, 59
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Refrigeration, 142 .
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155 .

Ropes, 147

Rotor :

coning, 112, 113

~drag, 106

efficiency, 98

S

power coefficient, 71, 95

solidity, 91
Rotors )
- design of, 32-34, 88
high speed, 83-85,97
~ performance curves for, 93
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