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lessons learned from: éarlier versions.
The Wind Power Book |s the end result

—— —ofall thiseffort. -
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____of Michael Riordan, the artistic-taleats-of - —
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" The wind power field has witnessed

tremendous growth in the.decade’ since | .
“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 U‘lrlch Hutter. My most.

heTpfuI frlends and associates have been

Bifl Goddard, “W.C. Strumpell, Ken’

. Jehnson, and (the Tate) Richard Dehr. All

that | have learned in these years has

been distilled m;{o The Wind Power Bo@k
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

o

* production effort, Certainly the most

important of these contributions has

‘come from Helen Ann Park, my wife, who -

typed the three versions of the

_manuscript necessary to produce thls
" book. ~

Irf writing this book, | have tried to
reduce complex mathematncs o0 simple
graphs and arithmetic p 6Xems that will
allow innovative people/t use the
fundamenjals an e /gmeer has available.
Simple examples iltUstrate each step in -
the wind-machifie design process. The .

Npproach used is nbt one of exact “
science, but rather one of approxmatlon%

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

necessary accuracy. Some peopte will

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

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

-

energy. Brownsville is one such place.

= My annual average wmdspeed falls
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

tanks full. The various windchargers |

 have installed, dismantled, reinstalled

and redismantled have mostly stoqd as
idle monuments to the wind | wished
were available. | heartily recommend the
field-of wind power to you with one note
of caution: all the engineering know-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 - -

EN
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So you want to design and build a wind

power system? Maybe you're tired of paying
ever-increasing electric bills and worried
about the future availability of electricity as
fossil fuels become depleted. Maybe you've
just bought land far away from the nearest

power line and you'd like to: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
people turning back to one of the oldest
sources of energy and power.

The Egyptians are believed to be the
first to make practical use of wind power.
Around 2800 8C. they began to use sails to
assist the rowing power of slaves. Eventu-

ally. sails assisted their draft animals in such -

tasks as grinding grain and lifting water.-.
The Persians began using wind power a

few centuries before Christ. and by 700 D

they were bullding vertical-shaft windmills,
orpanemones, to power their grain-grinding
stones. Other Mideast ciyilizations, most
notably the Moslems. picked up where thé
~ Persians feft off and built their own p&ne-
mones. Returning Crusaders are thought to
nave broughtwindmill ideas and dgsigns to
Europe. but it was probably the Dutch who
developed the honzontal-shaft. propellor-
type windmilis common to the Dutch and
English dpuntrysides Wind and water power
soon became the prime sources of mechani-
cal energy in medieval England. During this
pernod. the Dutch relied on wind power for

Artist's conception of a vertical-axis Persian windmill. By 700 - .
mMacnines ike s were grinding gran in the Miadle East

water pumping. grain grinding and sawmill
operation

Throughout the Middle Ages. technical
improvements continued to occur In such
areas as blade aerodynamics. gear design
and the qverall design of the windmill. The

oldest European machines were the "post™
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100-kW to 300-kW units. The Germans buill
100-kW wind generators to provide extra
power for their utihity lines. But because of
stiff competition from cheap fossil-fuel gen-
erators. these experimental machines were
eventually decommissioned.

One of the most memorable wind ma-
chines was the Smith-Putnam machine built
near Rutland. Vermont. during the 13940's.
This huge machine“with 175-foot blades
was designed to deliver 1250 kW to the
Vermont power grid. For a short time 1t
delivered 1500 kW. But wartime materal
shortages and lack of money brought an
end 1o this project after high winds broke
one of the two 8-ton blades.

It's easy to talk of significant design
improvements and new uses for wind power,
but very few of the mistakes and disasters
that occurred along the way appear in the
nistorical record. Rather. the lessons learned
from these errors have been incorporated
Into the evolving designs. No doubt there is
a principle of natural selection surreptitiously

~__atworkinthe area of windmill design. Today. -

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

If you want to design and construct a
successful wind power system. you should
be aware of the valuable lessons learned
from pastsuccesses and fallures. The expert-
ence gleaned from scratched knuckles.
proken wrenches. holes drilled in the wrong
place. and toppled towers Is contained In

Rated at 1250 kilowatts, the giant Smith-Putnam Wind Generator
produced electricity for the Vermont power grid during World War |l.
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line or kerosene generators to charge their
batteries. and the addition of wind pawer
helped reduce fuel costs and wear-and-tear
on generators. Out of all this backyard activ-
ity grew the pre-REA windcharger industry.
Some half-million wind systems once existed
in the United States-alone, but it's not clear
from historical records whether this number
includes the water pumpers along with the
windchargers.

Farmers used wind-generated electricity
to power a radio, one or two lights for reaad-
ing. eventually an electric refrigerator.or a
wringer washing machine, and not much
else. Electricirons for pressing clothes, elec-
tric shavers. and other gadgets built to run
“on direct current appeared, but most 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 to thesJoneses,
Pa. They got one of them new power lines.
Maybell says her refrigerator don't defrost
no more!”

Rural electrification put most windcharg-
ers out of business. In the Midwest you can
drive for miles on an empty dirt road. follow-
INg a long electric power line 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 generators came down. Sears catalogs
touted all the marvelous gadgets one could

buy and plug into the newly installed power
line.

Electric stoves, hot curlers electric air
conditioners, two or more TV sets—these
aren'tvery realistic loads 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, dalry
barn hot water, or just about anythmg else
for which heatis used as long as the hé\@t IS
not needed in a carefully controlled amot{nt
This wind heating concept is called, the
wind furnace, and it's one of our most useful

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

duce the heat, or they can convert mechani-
cal power into heat directly.

Energy Budgets

Wind machine design must begin with a
realistic assessment of energy needs and
available wind resources. When confronted
by inexperienced people observing my wind
machine, I'm most often asked, "Will it power
my house?" Taking this question to its most
outrageous extreme, I'm often 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?”

A windcharger of the 1930's. Hundreds of thou-
sands of midwestern Amencan farm homes were
powered by the wind before uthty lines were in-
stafled by the REA ‘
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" A clear distinction must be made between
energy and powér—two different byt closely

«{@J@ed quantmes :Brietly, pqwer is thg rate at

~“which energy is extracted, harnes%ed con--
verted or consumed:tt-equals jhe'f:emoum of

energy per unit time, or ® R
v
' Energy.
. Power = /Y.
Time

An equivalent relation between these three
entities Is:

Energy = Power X Time .

The amount of energy exrrac(ed or'con- -

sumed is therefore proportional to the e/apsedf i

time. For example, a typical light bulb draws
100 watts of electrical power. One watt (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 watts times 2 hours equals 200 walt-
hours, or 200 Wh). Leave it on for ten hours ™
and it consumes 1,000 watt-hours, &r one
" kilowatt-hour (1 KWh), the more fam/l/ar me!r/c
unit of energy.. o
. In the English system energy is measurod
+in“foat-pounds, British Thermal Upits, and.a

‘host of other units that don't concern us - %

_here. One foot-pound (1 ft-Ib) is the amount
of mechanical energy needed to raise one
pound one foot high. One British Thermal
Unit (1 Btu) is the amount of thermal energy
needed to heat one pound of water 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
weight one fool in one second:

foot- poundq
snt"ond

I horsepower = 55

;nergy and Power ;

¥

Note that the units of power are expressed in
units of energy per fime, as one would expect.
Conversions between metric and English

< units require that you know a few conversion

factors. For exampie, ¥ne horsepower equals
746 waltts, and orfe kawatr hour IS equa/ to
3413 Btu Thus,

100 ,
100 watts = ““7*21“6“ hq = ().134 hp ,

10,000 Btu = kW/ = 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 is constantly chahging. During

~one minute, 300 watts of power may be
generated by a windmill, or 300 watt-minutes

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

machine. The power output rs‘constantly -

changing with the windspeed, and the

*+ accumulatéd wind energy is incréasing wit
“time. The wind enerqy extracted by the |
‘maehing is the summation or total of all the
- minute-by- m/num (or Whatever other time

interval you care to use) energy: contribu-
tions. For example, if there’are 30 miputes
during-a particular hour when the windmill §s
generating 5 Wh and another 30 minutes

when there 1s no energy genérated, then the |

machine generates 150 Wh (5 X 30 = 150)
ol wind energy. If there are 24 such /)ow‘; a .

day, then 3600 Wh or 3.6 kWh are C](-‘Nt‘fd!(‘d _

that day

=

&

Umes |gnoram silence follows. Tﬁen, “Well,
wiill.it power the average house”)‘* '

" off”

Apparently many people would llké to

i .

good old Ed}son ThIS is a fantasy i

‘omight be reasonable to use the wind tg
« power your housetf old Edion is a $30, 000 .

.power line. away frem your new country
‘home, but most end uses for wind power

will be somewnhat 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

n)dst be

lifted and how fast the water must flow to suit
your needs. The force of the wind flowing
through the blades of a windmill acts.on.a-

water pump to lift water. The weight of the“

walter being lifted and the speed at which-
the water flows determine the -power that

must be dehvered t0.the pump system. A

- deeper welf means.a heawer Ioad of water;

* speeding up the flow’ mean$ more water to

be lifted per second They both mean more

" power required to do the job, or a Iarger

load.

This concept of load is crucial to the

understanding of wind power. Imagine that
Instead of usnrag a windmill you are tugging
on a rope o lift a bucket of water from the
well. This lifting creates a load on your body.
Your melabolic process must convert stored
Chemucal energy lo mechanical energy; the

 rate al WhICh your body expends this mechan-

1

//

N
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ical energy is the power you are producing.
The weight {(in-pounds) of the bucket and
the rate (in feet per second) atwhich 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 mechanical 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 #3$%8&,” you
- ask, “is an energy budget?’ | Lets explain it
with an analogy. When you collect your
paycheck, you have a fixed @mount of money

to spend. You probably have a budget that

allocates per’[ionsﬂ 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 léng you! Ml
soon set up an energy budget e
~ Setting up an energy budget mvolves

"estlmatmg cdlculating, or actually measur--

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

many, how long, and at what wattage. If you -

plan-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

EEN

‘Wind Resources

T
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\lqst from your
house when it's windy. Such a system works
oniy when it's needed. Your energy\bud et

nite—_nrahahhy Rrtich

e
will now be in heat units—probably Britisn,

Thermal. Units (Btu), which can easily be -

converted to horsepower-hours (hph) or kilo-
watt hours (kWh)—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 s
~ per month. In short, you really need to get a
_handle on-your-energy ‘needs .before ydu
can proceed to the deSIgn of.a wmd power .

system.

i

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-

<

t

]

A
¢
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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 little 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

Lnergy and power available.

The wind energy available-in a unit velume
(one cubic foot or one cubic meter) of air
depends only upon the air density. p (Greek
“rho”) and the instantaneous windspeed V.

- This "kinetic energy"” of the air in motion is:

given by the formula:
kinetic energy
Lunit volume

To find tl")x,e Kinetic energy in a particular
volume o} air, you just muitiply by that volume.
The vo/ume of air that passes through an
/maglnary surface—say the disk swept out by
a horizontal-axis windmill—oriented at right
angles to the wind direction is equal to:

=% X p:X Ve .

vO/umé = AX VXL,

~where t is the elapsed t:me (In segonds) and -

~ Ais the area (in square feet or square

meters} of the surface in question. Thus, the
wind energy that flows through the surface
during time t is4ust:

Available Energy =L XpXVXAXL.

S

# Wind power is the amount of energy which

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

i

- Wind Energy and Wlnd Power

FEESTNEER

is-given bythe formu/a
Available Power = % X p X V2 X A .

Both energy and power are 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 Yirectly to calculate the power extracted.
But getting such’'an output 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, which-,

would otherwise pile up. Under ideal condi- N\

tions, the maximum power that can be
extracted from the wind is only 59.3 percent
of the power available, or

J

0.593

,
> Xp XV XA.

Maximum Power =

In practice, a wind machine extracts sub-
Stantially less power than this maximum. For
examp/e the windmill rotor itself may capture
only 70 percent of maximum power. Bearings
will lose d@nother few percent to friction;
generators, gears, and other rotatmg machin-
ery can lose half of whatever power remains.
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: '

Efticienc _ Power Delivered
Y Available Power '

SIS

T AT IRt

Thus, the power extracted by a particular
wind machine with system efficiency E is
given by the formu/a

Extracted Power = % X o X VIX A >< E..

- ~~-The final output of a wind machine is greatly

]
-~

N,

N So that the result is expressed in horsepower,

reduced from the power that is really avail-
able in the wind. In practice, values of E
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 used 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,

“watts or kilowatts. The final formula com-
bmes everything se far presented:

Power = %2 X p X V3 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 formula in your

deS/gmprocedure

,,,,,,

Wind Power Conversion(Factors

© . Vaiues of K to get wind power in:
For:" ) Horsepower | Watts | Kilowatts
pnaspessingen | ocosrs | ast | ooy
pandspeed In fy/sec 0697 520 | 0520
Widspesd nnerzee | oooss | 1ae | ocorss
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ing fog the best wind site you can find. The
former approach is more direct. You-own
some property, there is only one clear spot,
and that's where the tower will 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 needs
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 ability to use a wet index finger
and predict the windspeed with greataccu-
racy. I've talked-with people who installed.
wind generators back in the days before
rural electrification. Most of these machines

- ‘were 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.
Thelrs 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. If ~
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, if
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

4wo0 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 ataround 15 mph. A factor of two.

Folks who have lived insan area for a

long time can usually tell you what seasons

are windy and the direction -of the wind
during those seasons. But they're 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 youhave 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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An American Farm Windmill and water stordge
tank. Systems ke this pumped water for 'the first
ratroads 10 cross the United States; farmers still use
them: throughout 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
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

- the best wind machines on today's market

have been designed this way, but it's very
important to realize that most manufacturers
of mass-produced wind machin&s have left
the tasks of energy budget and site analysis
up to 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 curlerd,
coffee pot, TV set, toaster, stove, hot water
‘heater and room heaters probably become
activét all at once. An enormous surge in

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

installations. Cogeneration allows you to

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-

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

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

'small hydroelectric turbine will produce

electricity use occurs—the same problem-— electricity as youneed it. Tn fact, you might

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

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

ur site were strongest when the loads on

".‘T,Qe system were the greatest. Chances are
.’ver‘y great, however, that your loads don't
e rczvmcude with the wind. Hence, you can

sink two telephone poles out in the yard -
and use a wind-powered motor to power a

hoist, lifting 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

‘burn the toast! There are as many possibili-




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
availability. Besides picking a good site and

~buyingor building the right wind machine,

you have to select a suitable 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 follow
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. . ...

g

“entire systent 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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Wind pbwer has a surprisingly wide range
of applications. Dairies, apple growers, vhog
farms, schools, electronic telemetry users,

and many rural home owners are examining ,

their resources and needs and trying to

. bal,ance them in their wind system designs.
_But few, if any, of these. systems will ever
\ 1 _supply-100 percent of user energy needs. ..

Harnessing the wind to supply anywhere
from 25‘t0“7~5pem~e&)f designated energy

needs is a more reasonable expectation. - -

Different applications require different

wind system geometries (including design,
G
mgtenals and lmplementatlon) For example,

.to pump water or compress air you'll need
lots of torque produced by a rotor with high
total blade surface area operating at low
- rpm. lfydu want to generate electricity, how-

““ever; you'll need just the opposite—a low-

torque system with Iow blade surface area
that spins very fast. . N

Remember thata “mix” ofenergysources
is available to the modern wind-energy user.

. Prior to rural electrification, farmers charged

their dead batteries with-a gas or kerosene

—generator. Or they.carted them to town tobe -
recharged at a repalr shop while an after -
‘noon was spent “out on the town.” Today’s

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

T ~auto-will boost-a-t2=volt battery bank. A

gasoline,-kerosene, or d|esel generator or
even the iutility lines are typlca| back-up

_ energy sources for today’s wind systems.

As‘you study and use the information in

this book; you'll discover the'} many waygkr;v/_/ o .
which the desired appllcatlon determine [ | B

the system design.Nn this chaptér various
wind systems are mtrodue_‘ed along with
some cogent experiences. First we'll look at
a wind-powered water pump that uses fabric
sails—not unlike thousands of Cretan wind
machines that have pumped water for
centuries. :

ASail-Wing Water-Pumper |

- John Welles | IS an inventive tinkerer who
has installed a number of wind-powered
water-pumping systems* -around Northern
California. In 1977, John loaded a “sall-
wing” wind machine into the back of his
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 ralsedfrom 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 atthe ranch.
Much of this water pressure oc¢urs 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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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 components 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 electrical conduit tubing. And
the “tower” is a redwood fence post.with
clothesline-cable guy wires. o

Orig’l’r?élly 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 stat
turning under wind power agajinst 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'of 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, it

doesn't 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
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: added by sewing wider sails or by adding
more sails similarto those already installed.
More blade area, however, means greater
loads on the guy wires or cables that sup-
DOFI Iﬂe IOWGF Decause there is more surface

area for the wind'to push against.
Sail shape also:plays an |mportan‘ role

| in determining the ability of the wind r’nac‘hlne
to pump water. These sails billow and flap’

. “Taboutin the wind a bittoo much. It's probably
" impossible to achieve perfection in sail
*  design, but governmentand private research
- programs are exploring windmili salldeSIgns .
" to improve performance. -

The sails on thesig at my ranch are sewn
from sailboat-quality dacron cloth; although
canvas_or other materials could be used:
Dacron is lightweight and very strong. It's
also one of the few fabrics that can lasta few
years in gn’ extreme O{Jtdoor climate. Freezing

weather and strong sunlight combine to
‘destroy ‘the fabric eventually, but it lasts
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
_ luft)” 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
4 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
*blade motion into the up-down stroke needed

3
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&

The sail-wing machine in action, pumplng water from an artesian

well close to ground level.

s




Sucker rod and water pump used with the sail-
wing. The sucker rod pushes down on leather pump
seals. drniving 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

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-

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

~pump. By installing a surge chamber (a~

Performance has been adequate. The

“'storage tank requires about 400 gallons of-

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 enough

v

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
torgue. 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. '

' ‘i’h,e Old Farm Water-Pumper

A giant step up froma simple, homemade
water-pumper is the old multiblade pumper
still 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 machme is often called
“Ole Reliable.” It Just keeps on pumping
even though the ownér may not perform any
maintenance for several years One farmer |
talked with hadnt 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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of thought in the wind industry. In the first,

you assemble the tower on the ground and-

tower from the ground up. Both wa"y“s‘WDrk’
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 gb If not, you
can erect the tower stralght Ap, but itll be
more difficult because of having to handle

~=" ynsupported tower parts/atop a partially
‘assembled tower. Eltherway,thetowermust
be absolutely vertieal. Otherwise, the wind-
mill, which rotates about a /olly, or yaw, axis
(the vertical shaft that allows the windmill to
change lts dxrectlon) will not aim properly

block-and-tackle at the top of the tower. You

u&ﬁf—aﬂ'y—ﬁ'Uﬁ ptece by piece—not much--
—fun, blt a lot of exercise. Or you can lift |t up
with a-targe crane or hoist. , .
Next you I need%mnstall the suoker rod,
. whieh’ dnves the well pumpﬁn its_up-down .
motion. Traditionally sucker rods have been
made of steel or wood. Wind blows against
th’ se1ohg slender rods and causes them to
bend When the cyclic, tension- compreSSIon
loads 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
a one-way “foot valve” and pushing it through
a pipe to the surface. Usually pumps are
installed deep in the ground. Mine is 60 feet

machine aloft/ You can do ltﬂﬁf\usmg—a‘\k

The reconditioned,water-pumper at the Park rameh
was carried aloft piece by piece and reassembled
at the top of the tower. £l
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~With a diameter of 8 feet, this wind machine can lift about 500 gaIIons of
water per hour in a 15 mph wind.

44&

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 fairmer 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-pumper at my ranch

is 8 feetin diameter. Ina 15 mph wind, it can
lift about 500 gallons per hour (gph) from 60
feet below ground level The well tested at
600 gph when it was bored so this’water-
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
blowrng

This installation illustrates aH}»f the ele-

ments of a complete wind system. It has a

wind energy converter—the “windwheel,” or
~ rotor—that converts the kinetic- energy, or

force, of the wind.into rotary torque in a
powershatft. A crankshaft converts that rotary
motion into up -down, or reciprocating, pump
motion. A sucker rod transfers this up-down
motlon down the tower and into the ground

to the pump. Pipes carrythepumped water
from the well to two storage tanks. And a-

back-up gasoline-powered pump provides

power when water needs exceed the capa- )

brlrtresgf’the wind resource

Wind-EIectric Systems

Aparﬁrom water-pumping ‘vr/indmills,(and
European grain-grinders), windchargers were

e,
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the only other large-scale application of wind ,
power. A typical windcharger/battery system o / ~
ofsthe 1930’s consisted of a three-bladed <
wind generator—mounted atop a 50-foot P
steel tower—that charged a bank of nickel- 7
iron or lead-acid batteries. Often the batjerfas

were also charged by a back-up generator

powered by gasoline oroigogene.

_ Early loads included radio sets and

lights—loads operating at 32 volts. Just
before the onset of rural electrification, 110-
volt wind systems became plentiful. As -_
-demand for convenience items rose, farmers
added more batteries to their storage banks
and occasionally upgraded to larger wind
“generators. They added 32-volt direct current
(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

1 -

- . \ ) .
‘an extent that farmers were “ready” for rural VCv'ogeﬂp d"ie‘g’l Odf an Oéd JaCObs wind" generator.
P , . ' . ith wooden blades and a rotor diameter of 14 feet,
electrlflcatlon when it came along offering - this mode! generated up to 3,000 watts of electnc
all the power you want.” . I power.
Perhaps the most successful wind gen- -
__erator built during this era was the Jacobs. .

During the late 1930's“this machine, and  rotor diameter of about 14 feet. The three-
‘company, became the sole proprietorship bladed rotor and airfoil blade design pro-
of thé now famous Marcellus Jacobs, a  vided the low solidity and high rpm required
creative salesman who was able to market - to generate electrisity. lts maximum output

the work of his mventlve brother. Indeed,  power occurred at a windspeed of 27 mph.
many owners of other wind- machmes even- These machines were installed along the

“ " tually switched to a Jacobs. East Coast of the United States and in large
' Several Jacobs models were available, numbers in the American Midwest—the . “ o Mo v -
ranging from about 1:800 watts to 3,000  Dakotas, Montana, Wyoming, and south- =~ A recycled Jacobs in action at Windworks in

. watts output. A typical 3,000-watt (3 kW)  ward. After REA penetratidn, many of them hMa‘tzwgggr?oregfgﬁgﬁ'e% ';/‘r?gya?g ngfve Qgg;‘g:;

-> machine had three-wooden blades and a  were transplanted to parts of southern - electricity at remote sites.

2
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Canada'nof”yet served by power lines. Some

late as 1959. Rebuilt versions of this machine
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
iout 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

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

Evolution of a Wind-Electric System

My own ventures intowind 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

Fiberglass-bladed rotor being tested on the back of a pickup truck. Wind ood windmill
machines are usually tested, often to complete destruction, before final designs . g _ ' , .
are ready. , : , My first blades were constructed with a

. 2-inch aluminum tube as the main load-

Montana-installations were still in use as

“modern, glamorous creations that served™
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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  FEg )
- 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—even with a speed-wp transmission—
to kick in and start.charging the batteries.
The blade design had too much twist (spiral
turn). In a twisted blade, the airfoil atthe 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 rootend of each blade
was acting like a giant air brake and prevent-
ing the rotor from reaching-the necessary
rpm. | , :

The Jessons learned from that first rotor
design caused me to re-evaluate my blade-
design equations. The new equations are
the basis for many of the calculations, dis-
cussed inqthis 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 e
Cor_‘STrUCt'On thateliminated the ”eedt\omx The second in a series of experimental rotors being readied for a test run. To
~resin and laminate fiberglass. Because it lower the air friction, this rotor used sheet aluminium instead of fiberglass for the blade

offers a smoother surface and less air friction, skins. o 4
I chose aluminum for the skin of my next /'
blades. But unfortunately-sheet aluminum -~

°
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than one direction ata time. Thus, the normal
airfoil-shaped curvature of the blade threat-
ened to eliminate blade twist because twisting

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 Ffotor wouldn't
- have taken so long to start spinning.
Electric generators don't produ€e cur-
rentuntil they are spinning ata high rpm. My
first rotor developed strong starting torque

- 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 performance was a directresult of
1‘opt|mrzrng the ‘blade, design and lowering

ezsurface friction!’

igh-sSpeed operation requirés the use

good governor to keep the lade rpmMm

in structural limits. The first governor |

5 Sed was a combination of drag brakes and

“a flexible hub. The drag brakes, or- flaps,

Drag brakes used as a governor on a small, .
fiberglass-bladed rotor. At high rotor rpm, these

flaps extend out from the blade” tips, slowrng thei )
rorauon speed and protecting the rotor. - :

C'

gy
AN

o,

<.

—

were designed to extend fromthe blade lips.

whenever rotor rpm was high enough for
spoilerweight (inertia plus oentnfugaF’foroe)
to overcome the tension of a prestretched
spring inside the blade. And the flexible,

0

e

doesn't like to be shaped or curved in more’

. an already curved skin would demand com-,
poynd curvature—skin curved several ways

could not spin fast enough to pov\@: a gen— '

necessary; flyball weights and springs need

_typical rotor might be designed to spin at

spring-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 don't, severe vibration will setin. Inmy———

system, severe vibration did set in, but the

free-coning hub waegked well and will be

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

(lead weights) that were rigidly attached .to -

each bladejnear the hub in such a way that

they wouldmove into the plane of rotation

when'the rpm 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 being
used today. A certain amount of “tuning” is

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 governor is always neces-
sary to keep the rotor sprnnrng within its
intended operating range.

Rotors,rand generators need 1o be.
matched to. each other. For example, a

300 rpm ina 20 mph wind, but most genera-
tors need to,spin much fasterthan 300 rpm;




hence, a speed-up transmission is usually
needed—unless~ theygenerator is a fow-
speed, very heavy un
old ‘Jacobs machine

rotor.

My early machines u
ternators that needed 2,500 rpm to generate
full output. The first transmigsion was a chain
drive bought at a go-cart shop. Chains,
sprockets and- bearings 'of all sorts are
readily available at such places or at tractor
and agricultural machineryshops. However,
chains tend to be noisy, short-lived, and
require frequent service. ”

The next transmission-1 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 alternator. This transmis-
sion worked well. However, it is complex,
requiring careful alignment and tensioning

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

the steel pulleys) 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

.
.

Automotive alternator and belt transmission used with the second experimental
rotor. Some transmission 1S usually needed to match rotor and generator rpom. -

ettt e




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,

tha hatteriae hnnked 110 or SOmethgng e!se

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 had to wait for 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 pface. At
the time, we mistakenly decided the alterna-
torwas 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 the\/ detect that the battery is
fally charged, they'reduce 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 bahk, fire-
em-up-itis might lead you to suspect your
new wind system is not “putting out what it

should be.” I've heard lots of folks complain

about this.

?

Low-Voltage Technology

Jim Cullen of Laytonville, California, pow-
ers his home almost entirely on 12 volts| of
direct current. Numerous sources of elgc-
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, ;umper cables from his
car add extraienergy (presumably while
warming the car up before a trip to town).

Far from the nearest utility line, Cullen’s
home sits on top of a mountain with a clear
shot at the Pacific Ocean some 30 miles
away. Daily average witdspéeds range from

+11 to 14 miles per hour—tHe minimum wind-

speed average needed for any type Of suc-
cessful wind-powered generatmg system
From the beginning, Cullen’s concefn was
to devise a wind generator where little main-
tenance would be requlred where most
replacement parts could be obtained 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.acon-— e

sulting engineer. Davis designed two wind
systems. One generates 160 watts of direct
current in an 11-12 mph wind; the other

o /
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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 Gullen’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 R _ .
eliminated the need for 110- or 220-volt AC, ‘
electricity by converting his appliances (even
the washing machine!) to operate directly
from T2 volis DC. Table saws, drift presses’
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-

~e.

voltage AC power cannot. Of course, such a - i) - |

system is nd panacea. You have to become Jim Cuflen uses both sun and wind to generate electricity at his Laytonville, ‘ :
aware of the energy you use and.plan California, home. A panel of solar cells atop the house and the 500-watt wind o
accordinglﬁ/. Things like heating, cooling generator behind charge a bank of 12-vplt batteries. ' , !

{ . | ’ [— - -
. 2 - 4 E
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, ~and cooking are accomplished by appropri-
s == ——— - ! ate alternatives that do 'not require electricity
Pump power at all.

- required ’
T —Wind power A Unique Darrieus Water-Pumper
3 - - At the other end of the spectrum from
=l the sail-wing or farm water-pumpers is the
Bushland, Texas, installation of a Darrieus

- “eggbeater” rotor tied mechanically to an
- electric 60-horsepower irrigation pump. This
- US. Department of Agrlnulture 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 are available at this

§0  Windspeed—>>

. Power curves for the Bushland system. Utility lines
- supply whatever power cannot be provxded by the
wind.

IIEUIERE———— , ] o ' A Dameus rotor has two or more curved
e | : | 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 wind) and sharp
trailing edge. The Darrieus rotor is linked 1o
the pump powershaft by a clutch thatallows
the electric pump to turm 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 cogenerat/on
~ system that operates in paraflel 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-
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system becomes one of the many intercon- .
nected generators the grid uses for its power

supply. At a certain windspeed, when more
shaft power than the pump needs is avail-
able from the Darrieus rotor, the rotor over-

powers the electric motor, trying to turn it

fasterthan it was designed to turn. The
~ motor then becomes an AC generator syn-
_chronized with the grid power. Should the

electric power available actually exceed the

DARRIEUS "€GGBEATER!
ROTOR :

-

- demands at the site, the excess efectrical —

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
occasionally by the grid power lines that -~

“store” electricity sent backwardg through
he-meler :

MOTOR ~*’ POWER SHAFT

The unique advantage of the Bushland
installation is that the electric motor actually
serves three purposes—almest at once. First,

. the mdtor is the prime mover driving the well
pump. Second, the motor is the governor for
the wind rotor; itwants to turn only atan rpm
determined by the AC frequency ;fe‘d to it

from the grid. By careful design, the rotor

will never overpower the motor or causeitto
overspeed by more than a few rpm. Finally,

- 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

pumps will permit the-addition of wind power,

T . ; ‘ ,
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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 fo the utility lines.
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thereby reducing the amountof fuel needed
to drive irrigation systems.

The Tvund System

Wlth Denmark S vigorous history of wind
power, it's not surprising that a significant
wind system with’cogeneration capabhilities
has been built by students and faculty atthe
Tvind School on the Jutland peninsula. This
is the Tvind machine, rated at 2:million watts
(2 megawatts) in a.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
~ timeofthis writing. Before the Tvind machine, -
. the largest was th%Smlth Putnam machine
mentioned in Chapter1 That machine was
rated-at 125 megawatts. Each blade of the
~ three-bladed Tvind machine weighs about
- 5 tons; the two stainless steel blades of the
Smith-Putnam each weighed about'8 tons.
» The Tvind machine was designed to
supp!y the school w1th 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 reconvertéed
to grid-synchronized AC and fed to the
school's electric system. The synchronous
inverter is rated at 500 kW, while the school
demands up. to 1 SO}Q kW. The balance
‘ beth/een 500F kW of*inverted power and
The 2000-kW wind machine at the Tvind School in Denmark Thls . 2,000 kW. available from-high winds will be
. ~ machine supplies both heat and electricity to the school. '. used to heat water. The excess electncﬁy is




fed go coils lmmersed in @ hot-water storage
tanK=This feature makes the Tvind machine
the world's largest wind furnace!

i

University of Massachusettsg
Wmd Furnace

The wind furnace is an apphcatlon of
wind power that is finding WiC espread ac-
ceptance. Heat energy is needed to raise
the temperature of water for agricultural and

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 furnacee, wind energy is con-

verted into mechanical power in the rotor. -

powershaft. This rotary power may then be
' used to make heat from friction (e.g;, splash—
ing water with paddles drivep-by the rotor
power shaft) or from the generation of elec-
tricity that can power electnca! resistance
heaters.» =
Under the direction of Professor William
Heronemous, students at the\tjmversny 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

\

Tvind School with the 2000-kW machine_in the background. Q
. “ S \

all this hot water. L . ——

The fiberglass blades are eapable of
producing 50 horsepower (37 kilowalls) 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 tQat 4
senses windspeed and rotor rpm and. ap-

plies appropriate current to the field windings S

i

«
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Above: Close-up vie;{v of the UKass wind generator. H ;
- Right: Thé University of Massachusétts wind furnace and test home. Both the

wind generator and the south-wall solar callectors warm water stered in'a concrete
tank inside 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
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

e
industry with a detailed history of one type
ofiwind furnace.. ' o

‘| have included several types of wind
machines here, but certainly not all of them.
A Savonius totor, 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 assess-
ment of your energy needs and the wind
resources available.

LS
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The wind can be a fickliservant. It may not
be available when youfieed it, and you can
be overwhelmed by its abundance, when
you don't. To harness-the wind you must
become familiar with its moods and be ables
to select a site suitable for a wind machine
— a site where strong, steady breezes blow
most of the year. After choosing a favorable
site, you'll want to know how much wind
energy is actually available'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 tesource directly.

Global Wind Circulation

‘ Wind energy is 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-

ward. By the time the northward-moving air

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 climates 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 world/over. 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 easte‘rhes exists in the Southern*
Hemisphere. g

Not all of the earth’'s surfaces respond
to solar heat in the same way. For example,




S &
’ O
£
{_ )
53
1
B 7
O det sueam - |,
~ Surface winds
7 Horse.latitudes = 30°
mid- tatrtudes
b
S
=
P Je

&

fhe Wind Power Book

o DN

POLAR EASTERLIES
SUBPOLAR LOWS

WESTERLIES

HORSE LATITUDES
" NE TRADEWINDS
EQUATORIAL DOLDRUMS |
SE TRADEWI

* HORSELATITUDES'

' WESTERLIES,

. SUBPOLAR LOWS: —
POLAR EASTERLIES

NS Y

Global wind circulation patterns. Prevamng wrnds blow from the east in the tropics and from the west in the

an ocean will heat up-more slowly than the
adjacent land because water has a high

heat capacity, or ability to store heat. Srrrtl-
larly, an ocean will cool down more- slowly

than the nearby land. These different heat-
ing and cooling rates create enermous air
masses with the: temperature and moisture

‘characteristics of the underlying ocean or

land mass. These air masses float. along
over the earth's surface, guided by the global

Py

wind-circulation patterns. When a warm air
mass collides with a cold air mass, the re-
sultant frontal activity generates most of the
large-scale winds that drive the local winds
at your windmill site. Imagine a globe cov-
ered by large bubbles that drift about bump-
ing into each other. Whenever they’ bump,
Cairis squeezed along—producing your Iocal
winds.

High and low pressure systems are asso-
ciated with these air masses. In general, as
air temperature increases, the density drops;
and so does the barometric pressure. The
high' pressure systems push their coolerair
toward the warmer low pressure systems,
trying to alleviate the pressure difference
between the two. .But the earth’s rotation

___ ' deflects these winds so that the air flows

fromrhigh pressure to low along a curved
path. In the Northern Hemisphere, the wihd
blows clockwise around a high pressure
system.and counterclockwise around a low.
Together with the global circulation patterns
mentroned before, the large-Bcale winds
“drive these samie pressure systems around
the earth’s surface, bringing sunshine, clouds. -
iness, rain, and more wind to the areas over -

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

has weather regularities that can be ex-
‘pressed as monthly and yearly averages.
Some of these averages can prove very
useful in descrlbmg the expected wind be-
havior at the site. r |
Large-scale winds generally dominate.
But local winds often enhance or modify

<

RS |
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Air Temperature and Pressure

Wi

‘What we call atmospheric pressure is caused
by the we/ght of the air above us. Travel to-a
mountaintop and lower atmosphenc pres-
sure occurs because you are nearer the top
of the giant ocean of air surrounding the
earth.

A barometer is commanly used to meas-
ure, atmospheric pressure. A “falling barom-
eter” or declining barometric pressure, has
always been associated with an impending
_storm because a low pressure system is
P moving into the vicinity. A"’ 'rising barometer”
heralds the approach of a high pressure
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 sguare inch.(psi), all three values .
. are-equal to a “standard” atmospheric -

. pressure. Inches of mercury gre common/y
used to measure pressure in the United
States, and millibars is the métric unit of . .,

T pressure used by scientists and a/rp/ane S
pilots.

The lower map shows a.verage January

. temperature distributed over the globe. Note

_the correlation between temperature and
. pfessure Air femperature affects air density,
which is related to weight.or pressure of the
, atmosphere, Higher temperature air weighs -
i less; air density therefore dgcreases with
-increasing temperature. Alighter air mass
. exerts less pressure at the bottom of the
’ atmosphericiocean. So, as air temperature
increases, its pressure decreases.

~
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how much of it can fit in a givén volume. We
usually want to know how much air, or how
many mo/ecu/es interacts with a rotor as the’
wind passes thfough it: Kinetic energy in the
wind is a function of the air mass and
wrndspeed Thefefore we need to know the

“'mass density of air, p,” to calculate wind

energy and power his densrry Is baseq*on,

“the air temperaturé ar‘rd a/t/tude usua//y ref-

-

ﬁaan average day that

. Scientists and'emg 1eers use for purposes of

design. On a stantrd day, certain sfandard
values can be used for temperature, pressure

Naturally, performance calculations on wind

“machines will vary somewhat from this stan-

dard, because a standard day is actually very

T rare. Summer days are generally hotter and
wrnter days cooler. Standard conditions for

air at sea levetare, in Enghsh units:

Temperature =599 F
Pressure = 14.7 psi--= |
- Density = 0.002378.slug/ft3.

 Here, the "slug” is the English unit of -
mMass, not a sfimy animal resembling a snail.-
One slug weighs 32.2 pounds at sea level. To

-, AirDensity

" The density of any substance is a measure of

~and density of the air (depending on altitude). .

"The altitude correction factor C andl'the -
Temperature correction factor CT are taken "
fromn the two accompany/ng tables. For
examp/e Suppose'that the average tempera-
ture at your site is 80°F, and the altitude is
2500 feet-above sea levet Then Cp = 0.912

-and Cp= _0.96_3 from these tables, and /

" p=00912 X 0.963 X 0.002378 slug/fts
— 0.002088 slug/ft3

or about 88 percent of the standard air
density. More frequently, you will have to
know these two correction”factors at a/trtudes
and air temperatures not listed directly in the
tables. In such cases, just interpolate be-

tween the values given. -

b

- x

Altitude Correction Factor B
Altitude (feet) Ca
: 0 : 1.000
. 2,500 0912
5,000 0.832
7,500 . 0756
10,000 0.687

calculate the air density p at a specific wind- Temperature Correction Factor
mill site, you need to correct for altitude and : :
temperature differences from the standard Temperature (°F) -G
case. Use the following formula: 0 © 1130
p=Cj % Cr X 0002378 slug/it>. 20 ;1083
, ‘ (Eq. 2) 40 . 1040
‘ 60 1000
N 80 ' 0.963 /
. 100 0929 /
F /

¢

the large- scaie wrhds and Gorrtrrbute some

energy when none is avarlable from Iarge—
“scale winds. High pressure zones push air
toward low pressure zones,"and wind is -
Created The size and distribution of eagh
pressure zone ‘&hanges 'under the |hﬂuehce
of the winds they create. Fast- moving air
. descends into valley$, blows’ through can-

yons, and saits over mountain peaks—redls—, ’
trfbutlhg warm and cold ait masses. Because
pressures and temperatures caUSe winds
and are chariged by those winds,'it's impos- . -
sible to predict the available Wmd power
accurately by studying avratron wea’rherfore— .
cast charts.

Because of its lbwer heat ’oapaC‘rty, the, ‘
falls,,_,

temperature of a land mass rrses an
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. Crrculatory 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 theé 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 énough to be a-
source of wind energy; txprca ly, they range
Jfrom 8o 16 mph. Nrﬁ’hmme breezes are
" slower, typrcaliy lesso",; .
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_ morning sun and by the rising température
- of the ground below. As this'high mountain
alr warms’up, itrises;<cooler air from the val-
e -——ley belowis drawn-upward- along the'slope..”
Central valley air, ﬂows toward the, base of
the mountaln and up the slope+A “mountaln-
, valley wrnd” ls{lus created by the tempera-
- ture difference~Atnight, the process reverses |
ltself ‘cooled by rapidradiation of heatto-the;
dark night sky, high mountain air desoends
“linto the valley,gaining speed as itbecomes
“heavier. Mountain-valley winds are gener-
ally thougtit to be too weak to be a source
of wind energy. In some areas, ‘however

thrs mlght not be the case. .

; Sea-tand winds occur beCause adjacent” land and" ocean masses have drfferent Tates. of heatlng and -
Mountain breezes desoendlng into a coollng On-shore breezes occur during the day and off—shore breezes at night.
valley can be warmer or cooler than the ‘ .

_—~ OCEAN

Mrnfluence of grawty and tend to occur r at
night. Wargner 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- Mountarn-valley winds. These gentle breezes occur because the air over high mountain slopes warms up faster

rlbly des’[ructlve speeds. R | by day gnd cools down more rapldly at night.

y \! ¢ © N rsw

Windspeed gCharaoteristics | - given site, there will be a lenglh/of time o ) o )
‘ - . when there is absolutely no wind. For some
-Winds at virtually all sites have some  otherlength of time, the wmd will blow at an

remarkably uniform characteristics. At any  average speed, and f6r another length of

#
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Time (percent)
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Wmdspeed rdrstrlbutron for: a typlcal S|te wrth
12-mph &verage winds. This graph Jdndicates’ fhe
percentage of fime, overa penod ot one year that the_

s

e
. g m
-, % c o W|ndspeeﬂ' (mph)

.30

PN U Avallable wmd power as a functron of wmdspeed
: " An ided efficiency of 59 3 percent has beén assumed
for a rotor with frontal agea of 100 square feet

“ow
N A . o. .4

. ~

"“ time—perhaps only a few minutes over

. speed.The top left graph shows a typical wing-
e, speeddistribution that will help you visualize
- ».. these characteristics. If you measured the
<+ °  windspeed at your site.for an entire year
| and then.added all of the minutes the wind
» .. . = Dblew at each of the different speeds, from.

X ; - ® - y:
PR - ., 1

*... " an entire year—it will blow at its maximum-

' \mnr‘lcnnod ara made an avarama ~f

v

»~ e .

: .,O mph to its maxmum you could easHy plot

' a graph like this one. Thé vertical axrs can

-
N .

be expressed ‘either as the total time or as
the perceritage of tlme the wind oceurs at’

., each spged..The - shape of the curve will

‘probab y’d’ﬁﬁer for youy site, but the message
will beplmllar T

Whengver many measurements of the
Liw iy, u!r CAVU[GHU Ui IhO

‘measuremenfs 'should be calculated Sin

AL INAT

[€2]
3 9]

" ply add up all of the measurements and

. divide that total by the number of measure--

.- Ments, taken. At thlS hypothetlcal site, the

average wmdspeed (or,- equrvalently, the
mean wrndspeed) is about 12 mph—a few

mlles per hour greater than-the. most fre-_,

quently occurring wmdepeed about 9'mph
for this site. - : >

Why -should you measure the windspeed |
" in such detail? Why not just measure a

‘simple averdge wmdspeed instead?- The
answer to these questlons depends-on how
“much reliance you expect to place on your

+ windsystem and how much time and money

you have td spend Let's look.at wmdspeed
characteristics more elosely,to see how the

illustrated. curve—or acsimilar curve for your

S|te—~re|ates to wind energy productlon
“Remember that thé available wrnd power
m,creases as the cube of -the wmdspqu

maX|mum wmd power that mlght be ex-
tracted at each of the speeds shown on the
‘windspeed distribution curveFor example,
the top right graph indicates the maximum

. wind power could be extracted by a rotor

*
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(assurmng an efflmency of 59.3 peroent) with

an area of 100’ square feet, when-the W|nd—
';,speed varies-from 0 to 30 mpp.

- 7 =Zhis graph illustrates’ how%dramatlcally

A wm"dﬁpowerjncreases with iricieasing speed.

:  A{10 mph only,300 watts'can be-extracted,

“but-at 30 mph more than 8,000 watts, or 8.‘ |
" kilowatts, could theoretically bé harnessed.

Thnoe twn Aaranhe Aacrribn

VoW eatoilale
@ tNose two graphs describe two IIIO.JUI

’ = wihd ¢haracteristics: statistical and pdwer,
The statistical characfgnstlc is" the amaunt-

of time you can expect edch’ w1ndspeed to

occeur, dnd the pdwer characteristic is the

~amount of power you can expect L,o,ybea avail-
. --able at eagh windspeed. Now rermember

that energy is calculated by rnumplylng‘

power by time. A 100-watt light bulb left on
for ten holrs consumes 1,000 watt-hours, qr

energy “available at your wind site is cal-

_culated in much the same way—by multi- .

. plying ¢he power curve by the time curve.
The resui ;;‘IQS an energy d/§tf/bdt/on curve,

is the ( Jreally want to know. -

At the ‘hyg fetical wind site, a wind- |

speed G:#mphl occurs frequently. You
might think that thls speed will be of. g;eat

lmportance in energy ‘production. B{t the; -
energy curve shaws’ that it's much fess im-
" . portanfthan windspeed in the 15 to 20 mph-

‘range. That's‘where most of the energy is
.;avaxlable In fact, there is very little energy

'

lisAypothetical Sfte The curves.atany real

1 kilowatt- hour, of energy. The maximum o

@ of whichis presented here.This °

~or gusts. On an hourly basis, the winds ata- :
~ site-have typical daily patterns—called the '

ilable below 8 mph or abelve 30 mph at

- r;i gvg :D‘-, »“
f o O :’, ";
!- ‘ .
, B Lo~ e R SN
I N e
’% 1000_ _ // - \ ‘ . " L k\"YFTTOOO %
qf‘ R / - \"/Ene“rgy di‘stributidn ' : ‘;g
8. 800 - , . ‘ . 809 §”
o /,. o~ \ . =
3 | | :
§' 600 e 9 _Time \ a 600 %’
o -, distribution \ ‘ 5
= r o a0 2
2000~ - / N — 200:
o/ \ X
0 / | ;a | \\LL . O‘ )

0 5 100 15 20° 2% 30 3 40

J Wlndspeed (m‘ph)
Wlndspeed and wind &nergy dlstnbutlons for.a typlcal wmd site.

- *\_ 5] Rl . '
||Iustratlon but the conclusxons and the o !

Charactenstlcs will be fargely the same. - L P

What other wind characteristics -deter- .
mine the shape af .such curves? On a "
second by second. baSlS the wind is actu- o
ally a succession of weak and strong pulses ' -

diurnal variation of the wmdspeed 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 separate curves are shown for two differ-

‘\
(¥
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The drurnal variation of windspeed at a hypotheti- .
cal sité. May winds blow harder than January winds
at tnrs srte
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Sy
y i

Average windspeed (mph)

£ Mar Lpr May Jun Ju Aug Sep Fcr Nav Bec

Monthty varlatron of wrndspeed at a hypothetlcal
site.
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‘to-month variatio

onths—— anuary d May—torndrcate

_ that the diurngl varigtion may be different
. from month t mom]h Note that May is the

wrndrermonth n tn’s location, a fact that is
also reflected i other plot of the month-
tiodof the average windspeed.
These nypo}heti | curves indicate that

windspeed vapes on an hour-by-hour, day-‘
Bv-dav and month-bv-month basis. From a

MyTuQy, Abid it u] i

" statistical vigwpoint, the lwinds at any site

can be desctribed by a windspeed distribu-
tionecurve, wWhich tells you to expect a cer-
tain windspeed for a certain percentage of

_the time. tdoes not tell you when to exfieqt

that windspeed.or how long it will persist.

~ You can get a fair idea of when to expect o
~ .certain windspeeds from a daily and monthly

study of the winds at your site—if you choose

to analyze~them that closely.

By analyzing your site in terms of this

T ‘darlyand monthly variation, you will have an
‘ opportumty to compare energy needs with

the wind energy available. At our hypothet-

ical site, mpst of the wind energy.is avail-

- able in the even‘ing ‘But suppose that the

' need for energy occurs in the morning. Some

. form of energy storage i5 required to retain-
thergvening's production for the next morn-

- frng}use ‘This might prove expensive. Sup-
-~ pose that the energy need occurs when the

wind power is avaﬂable Little or no energy

_ storage would ‘be required, and the wind -

power system 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 -

| How do you 'go about

rielated to the energy availa jle and to how
well that resource corncrd

needs. - \
eterrﬁin\ing the
wrndspeed distribution for your S|te7\There

| are four basic options:

I

{
1
i

| N\
1.lgnore wrndspeed dlffrrbutlon entlre\y

‘and base your design/calculations on AN
N

annual average wrndmneed anda cor:
rection factor.

2. Using the annual avérage windspeed

at your site and a mathematical equa-

tion that describes the windspeed dis- -

tribution fairly accurately, calculate the
duration of each windspeed.

for a shorter period— perhaps three
months—and 'try tofestablish a cor
relation with wind data from a.nearby
weather station or airport. r
The annual windspeed distribution is,

. from the overall planni’ng viewpoint, the most -
important fagtor to ‘understand. Daily and

monthly wrndspeed variations are, perhaps,
the easiest to determine, but wind researchers
increasingly favor an assumed annual wrnd-
speed distribution. You then make design
calculations based on such an assump-
tion, rather than actually measurirng tne
windspeed for more than a year.

The Rayleigh distribution provides a rea- N

sonable description of windspeed charac-
teristics in some locations. National Weather
Service (NWS) wind data for several hundred

s. with energy -

\ 3. Actually measure and record the wind- =0
. speed at your site for at least one year‘
“4. Measure and record the wrndspeed'
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‘Jocations have been compared with resuits
om an assumed ﬁayleigh distribution. The

cemparisions have been promisjng, but

there are a few pr lems of interpretation.
Mokt of the NWS anemometers have been
"~ sited\for monitoring ajrport winds, for mak-
ing foxest fire pcedlctlons and for a host of
‘other Uges unrelated to windpower produc-
tion. Although the Raylelg’h distribution
doesn't work for all sites, it.has been reputed
an error Iessthan 10 percent. In
the.absen of befter data it can be used
for reasonably good energy estimation.

The two graphs here show typical Ray-

 leigh windspeed distribution curves for two
sites with different—annual average 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 distributfon curves

f,simitar to thes'e wiII be used later to design.

,,,,,

‘formance at wmdspeeds 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 curve.

praws

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 peds out and a filling pattern will
begin to gke place that reflects the likeli-
hood of that bin receiving a flying pea. The
Rayl&igh curves give a possible Iike)ihood
of any partlcular windspeed occyring.

U teek-at a windspeed- meter once
each minute and add a “1""to 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 tontain 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 at a particular
windspeed. A bin, then, contains the num-
ber of days, hours, or minutes that thé wind-
speed 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 equipment, 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-
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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 |
distribution. Here the single parameter is
.mean wmo’speed At windspeeds below ¢ /
10 mph, the Rayleigh distribution has loy
reliability; it should’not be used at all af sites
with mean windspeeds below 8 mph. |

The Rayleigh distribution takes the/
fo/low;ng form:

Vv

Hours = 8760X ‘2‘ X sz e—k

) where V ='windspeed 7

7

; -V =mean windspeed :
" 7=2371416 7 o

EQ@

e=2718 , B

_r (Y)Y S
k=Tx (V)

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 is+Y at that site.

" A graph-of this complex equation is pre-

sented at right, with-percent tifne as the verti--

cal scale. To get thé 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 expéct wind to blow at 23 mph for about
2.2 percent of the time, or 194 hours per

T oyear

-

-

The Rayleigh Distribution

The other graph here shows the agree-
ment between a measured windspeed
distribution ard 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 charactgristics,
but they can serve as a reasonable approxi-
mation when all you have is the. annua/
-average windspeed.

10

i

h \"\;Rawe‘lgﬁ distibation
for. 16.2 mph

Time {hours)

0 10 20 30 40 50 60
o i Windspeed (mph) )

Comparison of Rayleigh and measured wind- |
speed distributions for St. Ann's Head, England.
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cause they represent the entire windspeed
distribution.”

In another approach, you measure wind-
speed periodically during the course of a
day. and average all the readings during
that day to get the daily average windspeed.
To arrive at an annual average windspeed,
do this for a whole year, and average all
daily readings. For maximum reliability, the
readings should be taken at regularly sched-

uled intervals. As you might guess, this

‘process becomes burdensome over an
~entire year. 7 ‘ /

A simpler alternative is to use a special
device called-a wind energy monitor. It adds
up the total miles of wind that have passed

“fhe anemometer's sensor. Divide the total
-miles by the number of hours between read-
ings on a daily, monthly, or annual basis,
and you get daily, monthly, or annual aver-
age windspeed—simply and directly.

_In addition” a wind energy monitor re-
cords the total wind energy available at a
site. Each windspeed reading is converted
directly into an energy valu€ that is accu-
mulated minute by minute. Suchan approach
eliminates the errors that might occur if you
measured an average windspeed and later

_ calculated the available wind energy using

the Rayleigh distribution.

Wind Direction

Local winds are influenced by pressure

and temperature differences across a few

miles of land. These local atmosphericrinflu-
ences in combination with those of hills,
trees, and other topographical features, cause
wind to shift directions frequently—much
as a flag waves about in the breeze. At any
particular site, however, one general wind
direction will prevail. This direction is called
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

[a]

~ 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. This 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 a 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
mostly from the south and west at this site.

~ But the energy distribution curve shows that

the greatest amount of energy results from

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

Energy available

Directional wind energy distributiofis 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 hasis of once per
minute, a windspeed bin. Awind vane, which
senses wind direction, determines which of
" eight bins of the same windspeed will be

o

WIND

] -

-"_”llllllklﬂ]'“ I

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, 5625600 counts
will be scattered among the biné. 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 layer. 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 several heights simul-
taneously. Even wind flowing over a smooth:

surface will develop a boundary layer. The
further the wind travels, . the thicker the
boundary layer. Minimum thickness occurs
over a large, calm lake, or an ocean that

////// /////// / ,W//, zr////// //////,V

iy }I;/////’/'.//

Wind shear above an orchard WWhen the wind blows over a rough surface, the boundary layer of slower-moving
arr thickens above | e

P
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~isn't subject to winds fapping 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 wmd machine installed
deep within the resultnng boundary layer,
say near tree-top 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 along the curves
- represent percentageg of maximum unre-
stricted windspeed ofcurring at each alti-
tude. Over urban argas, the boundary layer
is 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 help you estl-r

mate the windspeed to expect at one height
if your anemometer is mounted at another.
Suppose, using the “suburbs” curve, that

your anemometer is mounted- at the same

height as the 60 percent mark (about 200
feet in the air) but you want to know what to
expect at the 50 percent mark (about 100
feet up). The annual average windspeed

- measured by the anémomefer will be 60

percent of the unrestricted aﬁnual average,

windspeed at 100-tfoot level, simply muitiply

_ 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 difference lowers the windspeed-

by 16 percent and the available wind energy

‘by 43 percent. Thus, the wind energy avail-

able to your machine is very sensitive to the
tower height.

The va%e of-a (Greek “alpha”) listed wnh'?

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 formulat& cal-

HEIGHT
(FEET)

2,000
WINDSFEED

URBAN AREA
x~0 40

=~ =and the windspeed at the lower height will

be another 10 percent lower. To. get the

Windspeed profiles over different terrain. Rougher terrain has a hlgher surface fnctnon,coefﬂCIent it therefore

develops a thicker boundary layer above.

"

N IR I
SUBURBS
—— =028
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s T culate the effects of wind shear. This formula
~is presented'in Appendix 2.2, along with mose :
: , ~ quantitative mformatlon about-windspeed
profiles. :
o ~\" Gust amplitude Turbulence o
. 5 | N © An understanding of atmospheric tur-
£ ',k \ — = pulenceis important for the structural design ‘
; , Average of a safe wind machine. Wind machines
windspeed average the short- term pulses associated
e - : with gusts, so power out@utappears smooth,
, ' N even though the actualiwindspeed is not. ;
o ' | L A very strong. wmd gus\t may destroy the ‘
0 o 2 3  machine. . \ 4
N . What does a wind glﬁ\st or short-term
; Time (seconds) turbulent variation, look like? A typical gust
Graph of a typical wind gust. In this case, the departure speed is just the average is shown in the accompanying graph. The ,
windspeed. . increase in windspeed ca& es a theoret-
‘ ical increase in wind power, g\ut usually this
o . e ‘increase lasts for less than'a second. A
d e T o p | typical windmill cannot respond that quickly,
NUMBER OF GUSTS PER YEAR TO and such short gusts have |Itﬂe effect on
TWICE THE DEPARTURE SPEED the power output.
Mean Windspeed ‘For structural design, it's |mportant to
o - o , have some means of predicting ‘the num-
Departure @=02 @ =03) : ber of gusts you'can expect at you}\srte that
| Speed, | 10| 121416} 10 | 12 | 14 | 16 e large amplitude. Usually it's enough to
10, |25]22 |18 |15{/ 2269|2004 +701 | 1430 di‘f\% s for several annual averaga wind-
20 | 5| 8 |11 |12 430 | 780 | 1022 1140 speeds and for two general classes oj sur-
30 |01 |2]|4]) 13| 77 | 207 '369 face friction. The table here gives the,esti-
- T T olofol1| o | 2| 17 | 57 mated frequency of gusts with twicel the
- . 50 0]0|01]0O0 0| O 1 5 departure speed (the windspeed just prror
*a = Surface Friction Coefficiént 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. Notice also that you can expectup

to 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 for the structural design of the
‘windmill blades and tower.

&

Site Survey

In a site Survey, 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 systém for that site. Not too
many years wilk pass before wind prospec-
- lors, 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 “wildcat” 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 justity 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 substitute for a

good site sdrvey using accurale, reliable
instruments,-although they do provide you

~ with™fair first-order estimates of the wind-

behaviot atyour site.

What 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
s Windspeed distribution "
* Wind direction
* Wind shear
* Surface roughness .
¢ Site altitude. -




A pressure-plate anemometer. Wind pres-

sure forces the plate to swing up along a

graduated scale, providing a rough meas-
" wre of the windspeed.

COLORED
WATER

In. an early pressure-tube anemometer,

" wind pressure induces a height djffer-
ence between the fluid levels in a U-
shaped tube.
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Some site characteristics fall in both cate-
gories:

e Gale or tornado expectatlon

e Ice, sleet, hail, snow, and freezihg rain

e Blowing dust

e Blowing heavy objects.
Other nonwind factors that can affect wrnd
machine design are:

e Migratory birds

* Television interference -

e Soil conditions

* Seismic stability

e Local social, legal, and environmental

restrictions.
How do you conduct a site survey? What

" instruments are used? Site-survey questions

concerning the wind resource are covered

" in the rest of this chapter.. Siting factors

unrelated to wind resources are discussed
later.

Anemometers and Recorders

&

The simplest techniques for measuring

~include holding a wet finger up in the wind

or tossing a fistful of fine sand above your
head. Though these methods are not very

-accurate, one can hardly imagine 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 forfqubbles.You are trying to obtain a

“three-dimensional image of the local wind.

R

More sophisticated instruments for measuls

ing windspeed at a srte fall into three marn‘x

classes. These are: .

+ e Pressure-plate anemometers
e Pressure-tube anemometers
e Rotation anemometers.

Pressure-plate anemometers seem to’have

been introduced around 1450 AD.'Wind
force on a plate swmgs it up agamst its

- weight. More wind, moré sway. This: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 diagram here showe
an early ' ‘manometer tube,” or pressure-
tube anemometer. Wind blowing againstthe
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 chartis used to convert this

difference to windspeed. At, least one low-
cost pressure-tube anemometer, the Dwyer
Wind Speed Indicator, is available today
with the fluid drsplacement calrbrated 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-
spherical cups were attached to radial arms,
allowing the cups to spir-about a vertical
shaft. The cup-type, as well as the propeller-
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= |
type, anemometgrs are read by measuring
their instantaneous revolutions per minute

" (rpm) or by counting the total number of

revolutions. By measuring the rpm, a direct
read-out of windspeed is obtained:. By count-
ing total 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 ;ob Recording the wind data for future
anaiys;s is the other half. A low- technology

approach to recording windspeed and direc-  _

tion, illustrated at far left, was first used around
1837. A flexible 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 the resulting
p:ies of sand indicate both the ma%mtude
and direction of the wind. Of course, this
crude apparatus can only give qualita-
tive estimates of average wmdepeed ey\
direction.
Weather bureau measuremeh’ts have
been made on a read onip?«hour once-

—___every-three- hours,' or other’similar basis.

!hese‘read*egs are tak by a person read-
ing various mstrin%eots and recording the
values in a log~If reading is done on a

-v —~eneeoer/f/¥3851s fiting many bins with
ou

a great a nt of data is an easy task—as
long as a site is staffed ful!—hme as in an
airport control tower.

If no‘m l-time staft is avanabie such In-
struments a&a strip-chart recorder will be
required. This devuce can produce endless
miles of paper rharked by an ink line or

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

ments.
e

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 ™,
average windspeed, energy content curve '

and other desrgn mformatson is a tediousﬂ_
- tagk: -

Recehtly solnd state technology has led
to the development of wind analyzers that
fill bins electronically. An—eXample is the
Helion E-400 Energy Source Analyzer shown

" in the bottom photograph on page 62. Even

more recently, microprocessor technology has
allowed significant cost reduction and per-

s

A “sandpile"anemometer, first used
in the 1830's. This simple but crude
method of recording windspeed pro-
vided only qualitative estimates.
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formance improvement in site recording in-_
-.strumentation. Such data-loggers record
dozens of ¢channels of information and store -
this data gn magnetic tape to be read by a
s computer fhatanalyzes and summarizes the
wind resource factors you need 1o 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-

S E s ‘ | - tionyou choose, certain instrument charac-
Strip-chart recorders are often used to log windspeed data when no teristics are of great importance and must
-staff is available to read monitors. . be con5|deredf thoroughly The Ilnearlty of

the anemometer over the windspeed range
you are studying is a critical factor. A non-
linear anemondgfer might read 15-mph when —*"~
the wind is blowing at 15 mph, but read . .
31 mph at 30 mph fora 9’ percent errorm,’ T
wind, energy Such maccuraeles must bes
-understood or avoided. In steady wmds a
g pd anemometer should be-accurate to
(g 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-

B,

A modern electronic windspeed recorder. Soljd-stateiglectronics vastly eters have reduced the ¢verestimation prob-
= feduces he labor inyolved i collecting and analyzing. wind-energy data. fem to a minor nuisance.

4

I
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Any recording or measuring device yields
, ithe‘\average windspeed over a time interval
~called its averaging period. 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
an averaging period equal to the frequency
“at which dots are made—typically two sec-
onds. An averaging period for a solid-state
wind analyzer 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 betterthe 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 usually averaged out over an interval of
15 minutes or more.
,g -Other site instrumentation characteris-
. tics.that should be considered include port-
ab|hty remote battery life, immiunity, to

e extreme weatheFand lightning, and surviva- .
bility from attack by wayward hunters. His-

tarically, the last item is thé mostimportant!

Slte Ana1y315

| 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 guestions regarding trees, build-
ings. turbulence, and such. Over the years,

The Helion Micro-logger.L(Recenmadvances IN MICTOProcessor technology —- -
permit one to log dozens of channels of information for later computer analysis

~'rules of thumb have evol-ved to help gu1de
"your first selectlon ot a wind SIte It pos- -
sible you shou!d select a- site at least 20

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
stories like: “The rain winds always come

from the south,” or “Clearing winds come -
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ills. Smoother land forms_generate less

through, that pass over, there.” But what

. about other winds?-“Oh, they don’t amount
~ to much.” Local airport data may tell about .
- “wind: directions. In‘fact, the main .runway - -
[ ‘usually faces into the prevailing 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 eriergy
-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

probably be of little value anyway.

A more detailed site analysis usually
begins in the comfort of an office or home.
Maps and weather data allow you to begin

to examine your site—a circle or x on the,

“map=and-its wind fefth terrain. Available

data may be’from a source (an airport or
weather station, etc.) exposed.io the same
winds and directly usable in Qy%luating your

~site. If so, the next phase of site analysis will

verify it.

An anemometer should be installed at
the site and data recorded over one to three
months. These data should be compared with
data from the same time period taken at the
source near your site. If that source is much
more than 50 miles away, correlation of
data may not be possible. If a correlation

~ does exist (for example; your windspeed is
always 10 percent higher than theirs), you

can use their long-term.data directly, with

your own correction factor applied to it. |,
In the absence of correlated long-term

‘data, you must record your own. Six months

L

is the minimurm long-term measurement, and
a_year is advisable. The goal is to obtain

acceptable values for the annual average

windspeed, windspeed distribution; site~

roughness estimates, 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 ydur site

_‘are very complex. A qualitative assessment

is possible using the accompanying illustra-
tions of turbulent airflow. The purpose of the
site analysis is to quabtify wind flows in a

~general form usable for wind system plan-

ning and design. The rest of the book draws
on this information as the deS|gn process
unfolds.

The final result of a site anaIyS|s is infor-

“matiqg_for,windmjll design (maximum and

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-
terference and the like). Overlook any factor
and you risk an unsuccessful installation.

Substantial turbulence occurs on the downwind side of bu1|
sharp edges. v

7x HEIGHT

dings. This turbulenice is greater for buildings with
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A wind machine is any device that converts

wind energy into other, useful energy forms. -

To remove kinetic energy from thg air, its
mass must be removed {l'vegmnot f|gured out
how, bat I'm sure it's |Ile§al) or its*speed’

) \reduced Many things c@n-reduce wind-
. Speed and extract energy. ‘T’rees for example

are better than solid fences because trees
flex and dissipate wind energy within the
trunk and branches. People have harnessed
wind-driven tree ?notion to power water
pumps by means of r@pes pulleys and
springs.

~ Solid fences oruy create ans -Qbstacle
around which air must pass, thereby Ieing

only a small amount of energy to friction.;~ from turning, no energy will be extracted

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

air molecules into a fence and they pile up )
-~ infrontto form a ramp that allows the rest of

the air to pass the fence virtually 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 something 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 lift. A
familiar cenfiguration for a drag-type wind
machine is shown here, In this simple ma-
chineg, kinetic energy in the wind is converted
into mechanical energy in a vertical rotating
shaft. Onevane'is pushed along by the wind

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 rotating shaft.

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 movmg quite as fast as the wind.
Thus, the windwill pUSrrharder onthis vane.

lf the shaft is held t|ghtly and prevented

#rom the wind, because the moving air will
snmp4yﬂow around the device and surrender
only a small amount of its energy as heat. If
the shaft is completély free, with no load
impeding rotation, the machine will extract
‘only the amount of energy requifed to push
its vanes through the air—a small amount

compared to that available. The vanes will

spin very fast, and the machine wrll"'do very
little useful work.

Lift-type machines use- aerodynamlc
forces generated by wind flowing over rotor

surfaces shaped much like an airplane.

wing. Lift force is generated perpendicular
to the wind whilesa small drag penalty results
that is parallel to the wind. Fortunately, the
lift force is usually 10 to 50 times as strong
as drag on the airfoil. The ratio of lift force to
drag force galled the lift-to-drag ratio L/Dis
an important design parameter. How does

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

S WNDMILL BLADE

4
Ly

The f|ow of wind about a windmill blade. Lift
forces act perpendicular to the local wind direc-
tion, while drag forces act parallel to ',tx )

: ! s
4
4
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Drag-Type Machines

A drag-type wrnd machine harnesses the
component of wind force perpendicular to
the surfaces of its vanes. Such a machine
might be a Savonius rotor or, even more
simply, a flat board nailed to the end of a
swinging arm. In this case, the drag force on
the vane is given by the formula:

Drag Force =% X p X (V—uP X A, X Cp ,
where

p = the air density in slugs/ft®,
'V = the windspeed in ft/sec,
© u = the vane speed in ft/sec,

A, the area of the vane in ft?

. a value between zerp and one.

If the rotor is at rest, the vane speed (u in
the above equation) is zero, and maximum
force occurs when the vane is perpendicular
to the wind. If you multiply this maximum
drag force by the radiug to the center of
rotation, you get the starting torque supplied

by the vane. Of coursa, the net torque of the -
- entire -machine will be less because the wind  +*

.S 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 drad force mult/p//ed by
the vane speed:

Power—’/zxpg(v~u) ><u><A X Cp .

As the vane speed increases, the drag forces_k__,,

drop sharply (see graph), but the power
extracted from the windincreases. When’ the
vane speed equ one-third the free- -stream
. t,;;;“wrndspeed V'maximum pewer extraction

“woccurs. Of course, you still have to subtract
the power wasted in driving other vanes

Genera//y, the drag coefﬁcrentofa vane. hasw

68 | f
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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 numbers you carr/easr'/y calculate
the difference in drag force between the two -

sides and estimate: the net, torque on the
device. But be caréful NQte that you should
use V + u instead’'of V —/u on the upwind .
vane. By a srm//ar‘@rg‘gdure you.can also
estimate the net power developed by
a Savonius.

o Maxmmuns powes

- Bocurs at we Vo33

force, Latitiary uris)
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lift produce the thrust which pushes the

b\{ade agdainst its load? Note that the airfoil

illystrated on page 67 is moving atan angle

of gttack off the relative wind. Lift is pointed
~ slightly in the forward direction and, because:. | -
the airfoil has a high lift-to-drag ratio, a net -
forward thrust results. This thrust tugs the .

blade along its Fotary path.

Wind Mac,,hi/r/te (f;haracteristics

~ Allwindmills ti“tave centain characteristics
related to wi peed At somé low value of
wmdspee;d usually from 6 to 12. mph, a

‘windmilean begin to prodgcepower This

is the cut-in winfispeed, where the force of

the wind on thejvanes begins to overcome .

friction and the,rotor accelerates enough for
the generatorzor crankshaft to begin pro-
ducing power. Above this speed, the wind-
mill should generate power proportional to
the: windspeed cubed, according to Equa-
tion™. Atsome 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 called the
rated windspeed, will have been reached. It
may also be the governing windspeed, at
which some form of governor begins to hold
power output constant, or even reduce power
output at-higher windspeeds. At some very
high windspeed, say 60 to 100 mph, one
might expect complete destruction of the
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Forces onan Airfoil....

- All airfoils, even flat boards tilted into the
~ wind and used as lifting surfaces, have pre-

dictable lift and drag characteristics. Lift is
the force produced on the airfoil in a direc-
tion perpendicular to the “relative wind”
approach{mg the airfoil. This relative wind is
the wind“that an observer sitting on the a/rfO/l
would face. The aerodynamlc lift can be cal- -

. culated from the formula!

Lift="%XpX VXA, XCL, »

where TN

p = the air density in slugs/ft®,
V, = the speed of the relative wind
approaching the airfoil, in ft/sec,
Ap = the surface area of the a/rfO/l or
blade, in ft,
C, = the lift coefficient of the airfoil.

The drag force on the airfoil occurs in a

direction parallel to the relative wind; it acts
to retard the forward motion of the airfoil. Its
value is calculated by replacing the lift
coefficient in the above equation by the
airfoil drag coefficient, Cp.

To understand a/n‘OI/s in morg detail, you
need to grasp a few other definitions. The
“chord line” of an airfoil is a line extending
from its leading edge to the trailing edge.

The “angle of attack™ is the angle between

the: ch%d line and the relative wind approach-

ding edge. The "pitching moment”
y of an airfoil's tendency to pitch
dge up or down in the face of

the wind=ft is important to the structural
-design of the blades and feathering mecha-

m. Certain airfoils are neutral; they have
0 pitching moment.
- The. graph presented here gives values of

‘the fif'and drag coefficients for a particular
. standard airfoil shape—the FX60-126. Similar
o curves areayai/ab/a for every airfoil tested.

16 16
Fx60-126
D - 12
“ o
S ©
508 08 =
ERN X —04
| -
0 L Ly | |
G40 x)ms\vm / 0 a 8 12 i
Drag coethicent, Cp Angle of antack degrees:
. -04 e
The curves shown here give the lift coeffi- LD = 79 _ 98
cient C versus angle of attack and include a .0.081 '

“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, Correspond/ng to
a‘lift 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,

L/ft—OS X 0.00238 X (58.8)* ><20><096
.. = 7.9 pounds .

From the graph, Cp = 5.0598 when CL =
0.96, so the drag force on the airfoil under-
the same conditions is:

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

= 0.081 pounds .

By taking the ratio of the lift force to the drag .

rce, you can calculate the lift-to-drag
ratio, L/D:

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-
lute maximum possible lift, On the FX60-126

. airfoil, note that minimum drag occurs when

C, = 0.2—a low vglue compared to the
maximum possible (C, = 1.6). To find the
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

tangent to this curve. The point of tangency
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, and you get C, = 1.08 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
angle of attack for maximum L/D is 5.2°. Set:
ting the blade edge- at this angle of attack to
the relative wind will allow the airfoil to f/y at

. its opt/mum performance.
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Variation of power output with rpm for a typical
rotor. At each windspeed, there is a point of
opttmum performance (heavy ling). *
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machine if it were. permitted to continue
generating power. Wind loads on the blades
or structural members will have surpassed

" their material strength, and catastrophé is

the only possible result. The machine is
usually shut down entirely before that, at a
speed called the furling windspeed.

The characteristics for two hypothetiCal e
wind machines are illustrated in the accom-

panying graph. Machine Aisa 2-kKW machine

with a rrated wmdspeed 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 60-mph; as
compared with 70 mph for machme A.
These characteristics are very |mportant
You have complete control of mast of them
during the design process. You first select

desngnm for a given structural strength,

you can c¢alculate when furling must occur.

“how wind power and rotor |oading‘

around the machine—causing efficiency

and power output to drop. Or, the generator s

might not extract enough power, and the
rotor will spin too fast—causing extra drag

_on the upwind vane, lower efficiency, and
- added power loss. Somewhere between

overioad -and underioad is the optimum

load. This optimum load is the extracted..

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 dlS-

cussed in more detail inthe boxonpage72. ~

~ Suppose you want to study more closely

rqtor rprn for several wund_sp_eegsjoieiam; R

Hy cannot calcutatethe 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 frnct|on and the- phase of
the moon..
Let's use the drag type Savonius rotor to
illustrate how rotors can be overloaded,
rloaded, 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 Jpm to the, extent
that most of the wind just pilés up and flows

ple, the curve for-a windspeed of 5 mph

shows how power output at optimum loading

_is'much greater than for overload or under-

" load conditions (which allgw the rotor to

underspeed or overspeed, respectlvely) For
the 10 mph and 15 mph curves, the effect is

~ the same but stronger. Connect the peaks
. of the power output curves and you get the

optimum load power curve for that rotor.
What causes the shapes of the peaked
curves’> Each curve gets its shape from th

~ the ratediwindspeed and power output. B¥~~~tra{es these factors:For a hypoth tical wind ™ -
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“rotors are insensitive to non-optimum loadings
orwind gusts. Alarge change in rpom means
only a small 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

mean a large change in power output for
constant windspeed.
In our discussion of rotor performance

_»__used instead..of rotorerpm. The TSR is-the
speed.of the rotor tip (as-it races around:its

‘peaked shape. A small change in rpm can

the term tip-speed ratio (TSR) will-often'be

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

tip-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
__dwindling effrcrency on either side of the
peak The graph here shows how eﬁ‘lcrency—
- also called the power coeffrérent Cpfre!ates
‘to the tip-speed ratio for several types of

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-S eedR tio TSR =
p=op ato S Windspeed

If you know the windspeed, the rotor diameter
or radius and its operating rom, you can
calculate the-tip-speed ratio, or speed ratio
SR at any fixed radius Detween the center of
-rotatfon and the tip: .

‘—crrcur’ar“paTthWTded’py’Wmdspeed For

any given windspeed, higher rpm means
“higher TSR. If the tip is travelling at 100 mph
in a 20 mph wind, the TSR = 5. Typical
—values of the TSR range from about 1 for

wind machines. Notice that the American

farm multibladed machine and the Savonius |

rotor are both low-TSR machines, operating

ataTSR closeto 1. The high-speed two- and :

_ drag-type machines to between 5 and-15-for

- speed ratio we can ignore the rotor rpm and
. dlameter and consider rotor performance
f ' i hzeddrseﬁssrorﬁ*'

~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
ata TSR close to 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,

‘high=speed fift-type rotors. By using the trp-f:-~~'~*

Rolor efficiency (percent)

3

(S5
&}

- L ‘ E B
| i , {
N Amerrcan multr blade

Dameus rotor -

Ino
D

D u’tch “four-arm- - -

Tip-speed ratio

Typical performance curves for several wind ma-
chines. Rotor efficiency is the percent of available
wind power extracted by ‘the rotor.

High speed -
odern.| b 1gn Sp
blade™ 7<\f \mvg;blage,,,

3 4 5 6 7 8

2 X 'r">< N -
Speed Ratio = 60 >< KX V ek
Or T
A FXN
o =SR=0.105 X
it /005 vy .
where /

N = rotor rpom,

r = radius at which SR is be/ng
calculated,

V = free-stream windspeed, in ft/sec

k = a constant to-adjust V:
k = 1.47 if 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 rom in a
15 mph wind. If its diameter is 72 feet at the
tip, calculate the TSR

“Solution: B
. E _ .
r=R= 5 —6ftk,
. 6 X300
TSR = 0.105 X 747 % 15 =86

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 thatwind is actually
a series of individual gusts. With this in mind,
suppose that a Dutchfour-arm windmill is

LY
Maximum Rotor Efficiency ‘x,,

The analysis of maximum POSHS/bée efff’ ey — | — spinning in a continuous 10-mph wind and
fgr/gg;yp:errztiﬁe“r/g?o%glt?:cé pOOn\A?e[)f/fone'] <. —_— —_— a generator is loading the rotor to its optimum &
™y ) J— ) - . . R

the airstream by slowing down the free=stream ™. ————rr>" \gl e power output. The tip-speed ratio equals 2.5
windspeed V to a lesser speed V. far down-d ‘—\v in this steady wind; thatis, the tipofavane is
stream of the rotor blades. The power extracte R : ‘
is just the difference in wind energy upstream T moving at 2.5 X 10 mph, or 25 mph. Now
and downstream of the rotor, or | - Airflow through lift-type rotor. - add the gusts. Suppose the flrst.gust passes

| Power = % X M X (V2 — v;Z;) , - . the rotor and doubles the windspeed to

R e “ “ mph. For ' men w tip-
1 “where M is the mass ofair that ffoWs through™ 20 mph ) O. % br'lefz momfz é’ t:ehr'\e P

‘the rotor per second. If V, equals.zero in the - - , speed ratio is 5+ 0,or 1.25. Atthis same
above equation, you nght expect t that power instant, rotor efficiency drops to about half
would be maximized. But no air would flow its original peak value, but the doubling of
through the rotor in this case, and the power M bower oceurs, it asm—éﬁ’/
is zero. The mass flow through the rotoris - - Maximum power_occurs at— —windspeed-meansthaterghttimes u
just the air density times the rotor area times v,/Vv-033 windpower is available to the rotor. The actual

the average wind velocity at the rotor, or:
N M—pXAXEQQ—V2
Substituting this formula into the power
equation yields:

Powef—’/4><p><A><(V+V)><(V2—V2)

_A graph of the relative p@wer genefated e
versus the ratio of V, to V is presented here.
Note that maximum power occurs when V, -
equals one-third of V. Under such condmons,

16

27"

Thus, maximum possible (thyepfe”t/,ca/) effi-

power output only quadruples (2 X 8 = 4).
Because the rotor doesn't speed up
instantly, it is actually averaging the effects
of gust-induced variations in the tip-speed -
ratio. Over a long time period, a rotor whose -
efficiency curve drops-off steeply on-either
side of the peak is Tess apt to convert as
much wind energy-as one whose efficiency
curve is relatively flat. A rotor with a flat
efficiency curve is insensitive to gusts. An
important point to consider with efficiency
‘CféﬂCS/;37/5777?-;);55rolftlﬂ'ism?6/(fj27, or 59(.13 : curves is the change in performance that
ercent. In r { Wiri in wnwin : 5 i
girstream an‘?m;’;esr /neff}c/efiC/‘gs e T can be expected from halvm%or douﬁlmg
‘practical efficiency even more. Vv the tip SPQGd ratio. Both h?'g tand s ape
‘ : of the efficieney curves are important design
' . Power output of lift-type rotor. ‘ considerations.
" In Chapter 3, the energy content in the
wind was shown to be a peaked curve. As

%

Relatve power larbitrary units)

" “Maximum Power = % X p X AX V3

Oyl
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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-
cide exactly, because a different wind

to- make the rotor

like, and peak at
about the same windspeed as, your site’s
wind energy distribution curve. This visual-
ization is the first step in selecting appropriate
~ operating charaét‘erlstlcs for’ your wind
.~ machine. P

t

The accompanymg dlagram shows how

curves mlght comcnde -The energy distribu-

from the windspeed
distribution curve. Note that most of the
‘wind energy is available at windspeed “A”, -
while the rotor efﬂc:ency peaks at TSR “B”,

correspondlng closély with windspeed_A.
As the TSR is a ratio of tip-speed to wind-

~ ...speed for fixed rotor. dlameter this rélation-

o  ship determinesthe optimum rotor size for
____—thisthypotheticalsite.

o -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
that can rob the wind machine of power. .
Often the bearings-and transmission have
losses that carrbé considered constant, but
. - therotor,génerator-and otherloads suchas—
pumps$ have efficiencies thatvary with wind-

/sp’éed rpom, and TSR. These all combine to
//igive the performance curve its final shape.

amachme cannot be designed fortevery.,,.“,,;;,.,.ﬁ.
- first rotor disclissed in this chapter uses
direct impact of the wind against a vane to -

T wind energy distribution and rotor efficiency —

Wpeé of wind[machines is the, method of -

rotor propulsn Jn;therotoris’ propeiled either
by-drag 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 difference in

drag forces. But for power production, the

-vane tip-speed cannot be much faster than
the windspeed. Otherwise, the vane 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 diréction.

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 am‘onls don't have

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

are got restricted by gy I|m|tatron§‘ on the

io-ln-general, the highetthe tip-

speed ratio, the highes the rotor efficiency.

There are four ggneric types of wind

mechme/s/dtscussed here the Savonius
- .

e

™
\\‘\
b Windspeed (mph) ,"D:'
5 0 15 20.a-2-"30" 3%
<0 I R 1T T T
50—

. Windspeed ‘
_ dIStrlbuthr/ﬂ _Efficiency
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s |, \
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Tip-speed ratio, TSR
Matching a rotor to the wind charactenstlcs of a

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

~ the wind energy. distribution.




A low-technology Savonius rotor. Easily fabricated
from surplus oil drums, this drag-type machine offers
only limited power.
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‘rotor, Darrieus rotor multlbladed 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 mechamcal tasks such as lifting water.
The Parrieus and propellor-type rotors spin

much faster and have little or no.starting

torque at all. Their higher rom make them

. A . L
well-suited for driving electric generators.

The range of actual design types is vast,

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 machine’to
move in a direction perpendicular to the
wind. Spin @M a baseball causes it to curve
because o;}e Magnus Effect. An S-rotor
can easily ekperience lift forces equal to two
or three times the drag load placed on its
Supporting tower. Many owner-built S-rotors
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

and even includes wind generators with no most likely be less than 25 percent. If you
moving parts. Before you can make a thor-4 add Water—pump losses and other equip-

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

. 1920's, although itawas probably built by

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

~addition to drag on the vanes producing

rotary shaft power, fHat drag produces down-
wind forces (also Called drag Ioads) on the
tower.

ment inefficiencies in calculating overall
efficiency, that's a maximum system effi-

‘ciency of 15 percent for pu“mping water with

a Savoniys. Tip-speed ratios aré about 0.8 to
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- bwlders
& High starting torque for startmg under
heavy load. S
Undesirable features mclude )
» Difficult to control—other than a brake

mechanism, controls to limit rpm in . #

high winds are not readily devised
* Poor materials usage—presents a small
frontal area for a fixed amount of con-
struction materials
Often clalmed but not particularly impor-
tant, is that the Savomus can convertenergy
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ffom 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 pumpmg water, driving com-
pressors or pond aglta: anes, and even
powering washing maeg es, if that's your

‘.'J,

fancy. The number of vanes is not limited to
two as shown here; three, four and more
blades are common. . : 7

We saw earlier that a dlﬁerence in drag
force on the downwmd moving vanes to the
upwind-moving vanes’is needed to produce
a netforque on the power shaft of a Savonius.

By increasind 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 dlfference,m drag coef
cients between upwmd and downwin
vanes, or,

2. Minimize the wind force against the
upwind-moving vane. ‘

Shapes that maximize this difference in

drag coefficients have evolved mainly to thé

familiar Savonius rotdér shape.. Minor varig-
tions on this shape are possnble with cones,
wedges, or flat vanes that flop over edgewise
as they advance into the wind. To minimize

wind force against the upwind-moving vanes;

E—
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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. 4 : N

« Darrieus_Rotor

Not long after Savonius patented his S-
rotor, a French engineer named G.J.M.
Darrieus invented anothervertical-axis rotor.
His patents anticipated virtually all 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-

, blade: versions, sometlmes called cyclo-
. turbines or cyclo-gyros by various devel-
opers of this design.
Both the Savonius and Darrieus rotors
'are crosswind-axis machines in which the
power shafts are mounted eithef vertically
or horizontally, 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 liftfforces
onthe blades actin a direction ahead 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 actually moving at a
- Eggbeater- style Darneus rotor being tested:at Sandia Laboratories in_. speed several times faster than the wind.

o ~ Albuquergue, New Mexico. This high-performance machine Uses extruded ~ Thus, even when the airfoil appears to’ be
: * aluminum blades. | - . . movmg downwind, it is not. Lift is produced

e

i
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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 Darrieus
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 58.3 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 efﬂmency 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-
rom_side of the curve indicates that this _ land, Texas, was described. The.rotor adds

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. Wrthout such controls a rotor
stall is almost guaranteed
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 hlgh power
output
¢ Adaptability to sail and other appro-

priate technologies h

¢ Possible high wind-energy conversion
—-efficiencies.
Undesrrable features mclude
* High-performance machines need
complex controls to preventrotor 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-

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 powerthan 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. The pitch angle of
the blades is changed automatically.
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Low-speed aerodynamics of a Dar-
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‘towards position B, however, the bladeisat

vTV , ..
- tip-speed ratio is the key to successful
" operation of a Darrieus rotor. At a low TSR,

pointed in opposite directions. No-thrust
occurs at this position. As the blade advances
an increasingly steep angle to the wind. The
lift force is directed ahead, along the direc-
tion of blade motion, and thrustis developed.
Notice that blade speed is much greater
than windspeed. So the tip-speed ratio is
much higher than 1—maybe 5 or 6. A high-

Aerodynamics of a Darrieus rotor. Under normal operating condntlons lift 1s produced along the
~ entire carouserl path, tugging the blades forward. .

but because. of-the" carousel path of the

~pblades, its. operation appears complex. It

really isn't that difficult. Recall that airfoils’
generate lift perpendicular to a wind ap-
proaching the leading edge. In the Darrieus,
that “relative wind changes its angle from

7pendlcular 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 wmd dlrectlorware parallel although

“undesirable condition. Compare the angle

" the angle of attack in normal, high-TSR~

" additional power from. a starter motor to

thar the length of the wmdspeed vector as

~illustrated in the next diagram. In this case, - -

“the angle of attack between the relative
wind and the airfoil motlon is too large, and
stall can.occur. Turbulent anrflow loss of ift,
and high drag result.in stall—obvnously an .

of attack that results from low TSR- with

operation. At really low tip- speed ratios, stall
“is so-prevalent that the rotor may require

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 78-Atinitiatstart=—" .7
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.

——Undercertainwind oondmons a Darrieus

~ rotor can start without help. Peculiar, butnot

uncommon, wind gusts will accelerate a

stationary rotor to operating speed. Often

such a self-start occurs when the crew is off °
_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 expect a Darneus rotor

““e'f"fvtold you I'( wont

What are some of the alternatives for

starting a Darrieus rotor? Electric starter N
motors are common. Such starter motors

use a wind-sensing switch and a small
electronic logic circuit to decide when it's
appropriate to 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 increasingly common startmg 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 feor articulated blades; its curved.
blades cannot éasily be hinged. The straight-
bladed Darrleus can easuly be hinged, and -

~tangent to the circul
Tesults in a hngh angle of attack.

40

=
T

N
(@]

Qo

Rotor efficiency (percent)

Tip-speed ' ratio, TSR

A typical Darrieus power curve. The rotor must be

accelerated through a region of stall before it attains
rl)‘ormal 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.
agpatn. Atiow TSR, this

Now, supposethat 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 tift. Optimum articulation lowers the
blade angle to an angle of attack that pro-
duceé 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.

IRRRSRIERIEE R E  E
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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

is attached to the blade with a hinge pin that
allows the blade to pivot through the pitch
angle illustrated. The blade is held at its
pitch angle by a control link connected to
any one of several control systems. The

simplest control is a central wind vane that
holds a cam in a position corresponding to
the wind direction. The cam tells the control
approximating the optimum blade angle.
Other methods of blade control usually
involve electric or hydraulic servomechan-
isms driven by a:small electronic circuit er
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 severely on both

types of Darrieus rotors. "

Multiblade 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
hat 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

conversion efficiency of the rotor.

\ 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 ?t low rpm requires a

#
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large lifting surface area, so the total blade
surface almost equals the windmill frontal

area on these machines. An extra bonus of

placing many blades close together is the

‘so-called “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 cascade 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 the multiblade
rotor are as follows:

e High starting torque

» Simple design and construction

* Simple control requirements

~» Durability.

Its undesirable features include:

e Not readily adaptable to end uses

requiring high rpm
e Exerts high rotor drag loads on the
tower. i

‘A farm water-pumperderives shaftpower

from the wind in a fashion remarkably similar

14

L—""

Components of an American Farm windmill. Gears and crankshaft convert rotary

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

to the high-speéd 'a"ﬁerodynamic 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

: .
/ - TA/L VANE ﬁ[
POWER SHAFT
GEARS
\ CRANK SHAFT ,
“\
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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

arelatively high ratary speed, or swirl, added’

to the airstream downwind of the blades.
Much less swirl occurs behind a high-speed

_ rotor. Slightly lower efficiencies result because

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 commaon in practice.

U

_ High-Spé"ea Rotors -

“High-speed, propéllerstype rotors have a

’?%éjch 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 pperating at tip-speed
ratios up to 5 andhave been testgd to about
20. Most factory-builtwind ger gl
ate in the 5-10 range, alth

Algaier 100-kW machirie
operated at 16. Th¥se rQtor?
for electrical generation b
rpm lowers the gear ratie needed for driving
a generator. 7

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

&

nthe 1950’s
1 welt suited

use theirshigh'

" with IGSE attention to aerodynamic details.

POWER SHAFT

| o s
design|will improve the performance of a
rotor bylabout 5 percent over one designed

Rotor efficiencies close fo 45 percent are
possible, and 40 percent is a common value
in this range. At a tip-speed ratio of.8 or 10,
close at%ntion to aer'edynamicdetails yields
an efficiency of 45 percent, with a strong

chance bf lower transmission loss. The
\ .

|
- I
- ‘\

TRANSMISSION *
| GENERATOR. -

LOLLY BEARING L
| AND'TOWER ADAPTOR

Cow\ponents of a typical propeller-type wind generator.

¢
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The 6 kW Hutter-Algaier machine. The small, high-solidity rotor on this propellor-
type machine uses crosswinds to face the main rotor directly into the wind.

-

wpe

1 -

Hltter machine attained overall efficiencies
(including transmission ard generator losses)
of 40-50 percent attip- speed ratios between
--13_and 16. b
Thé desirable features of high- speed
propellor-type fotors are as follows?
* Slender blades usé less material for
- the same power output
e Higher rpm reduces transmission-re-
guirements
* Lower tower loads oceur with slender
blades
! o Large diameters and high power levels
are more easily attained.
Their undesirablle features include: -
 Lower starting torque C-
* Biades require very careful attention
to aerodynamic design
e Possible flutter and vibration problems.
-The high-speed rotor provides an excel-
lent illustration of the aerodynamic 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 wind; should-help yo e
IS 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-is rotary path, causing thrust.
As{ong as the angle of attack is appropriate
all along the entire blade, it will develop
thrust at its maximum capacity. This thrust
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4generates the shaft torque that splns agen---

o eratortor drives a pump.

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

v speed (i.e., the windspeed measured by a

* nearby,_uncbstructed anemometer). In-an
‘ideal rotor with maximum power extraction
{59.3 percent efficiency), the windspeed far
‘downstream 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 swxrl—s;rmm to— —
- that behind a maultiblade farm windmill—

occurs in the downstream airflow because

the air is carried along with the blades as -

'they travel their circular 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 to estimate relative wind
by triangulation. You will be off slightly—with
greater errors atlow rom than at high rpm. In
Appendix 3.3 there are graphs that help you
to calculate all important angles for blade
design. The higher values ¢f the blade speed

L

" BLADE MOTION=u

M —

=V

"WINDSPEED
WIND B‘LO\/VS THtS DIRECTION
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CHORD L

INE_ ¢ 7
b

BUADE ANGLE. 2

PLANE OF ROTATION

SPEED RATIO=u/V

Vector diagram of the airflow at a single rotor blade. The lift force tugs. the blade along its

rotary path. : -

nearthe tip require some twist in a well-
designed btade. Twist changes the btade
angle 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
increasingly important.

Ygom
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You have probably seen b{hotos or dia-

grams of strange-looking ducted rotors,
vortex creators, and. other odd machines.
The general idea of these machines is to

One approach is to deflect more air into the

rotor—perhaps with large vanes upwind of -
an S-rotor. A canyon or a plfe of dirt in 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 rator,
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
{

H

~

the extra cost is 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

are headed in the direction of enhanced-
performance machines. There's still a lot of

Choosing a Suita_ble Wind Machine

room for new inventions and fresh thinking.

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—’i

namic sophistication such as a Savonius
rotor or one of the other drag-type derivatives.
The choice will depend on the type of load
you select. A water pump is 6ne type of load,
a generator is completely different. Keep in
mind that rotor efficiency is almost directly
_proportlonal (with few_exceptionsg) to the
level of gerodynamic sophistication. Thus,
your selection of rotor type W|H determme its
efficiency. : ®

Should you choose a sophisticated rotor
(e.g., a three-bladed propelior-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

~_enhance the performance of the rotor by . —innovative improvements to wind systems —
speeding up the wind flowing through it.
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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 airfoil blades made of metal
or fibergiass will bring performance up to
nearly optimum values.

To choose a suitable windmill, then, you
must answer such fundamental questions
as:

¢ Do | wanta really cheap wind system?

#» Am | willing to sacrifice efficiency for

~ cost? B
- 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},_f‘a‘ncy, 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 equipment 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-

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 eiec-

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:-pe
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
Darrieus rotor. A
One overlapping design is 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

4
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Power Factor F |

. want;calétlate the pow
- stop there:.Or-youtan first determine your

v F
6| .07
7 1.76
9| 374
10 5.13
/11| 882
12 8.86.
13 | 11.28
14 | 1407
15 | 17.30
16 | 21.00
17 | 25.19
18 | 29.90
19 | 85.17
20 | 4102
21 | '47.48
- 221 5459
23/ 6238
24.] 70.88°
25 | 80.11
26% 90.12
27 | 100.92
28 | 112,55
29 | 125.05 »
.30 [ 13843 |

Sizing a Wind Rotor

There are two principal ways to determine
the frontal area of a wind machine.rotor.-You
can merely gue: s.how.large-a-machif e you

er it proddces, and

average power needs and the wind resources
at your site, and then equate the two to "
determine the rotor area. The first method is
the one most often used. The second is more
complex but results in a much closer match
between your powerneeds and the wind
power available. ’

Suppose you- know in advance your aver-
age power needs—denoted here by the letter
P. Equation 1 tells you that this power, if

" supplied by a wind machine, depends on the
windspeed V, the rotor area A, the air density -

p, and the systern efficiency E:
P=%hXpXVXAXE.

'Th/s formula can be rewritten to express the -

rotor area A in terms of five factors: -
P
AT EXFxCaxcy (B4 9
where F is a factor that dep&nds on wind-
speed and is presented in the: first table

density that are given in the tables on'page
48 of Chapter 3. Equation 4 gives you the
area in-square feet-when-the-power-P-is-
expressed in watts, jf-Pis in horsepower,
multiply A by O. 737

- If you are purchasing a factory-built
machine and kbow its system efficiency, this
formula can tell you whether its frontal area
is suited to your power needs. If you intend
to desrgn and'build your own machine, you

‘temperature correct/on factors to the a/r ‘ \

- need-an estimate of the efficiency before you

can begin. Use the second table here to get

Rapid Efficiency Estimator
~Etficiency,
Simpie | Optimum
o Construction Design
‘Multibladed farm water pumper 10 30
. Sailwing water pumpér 10 25
Darrieus water pumper 15 71 30
Savaonius windcharger . 10 * | 20
Small-prop-type wan&eﬁMr .20 30
(up 1o 2 kW) N7
Medium prop-type windchar -, 20 30
(21610 kW) rgﬁ\ "
Large prop-type wind generator | - 30 to 45
{over 10 kW) ) N -
Darrieus wind generator - 15 35

a rapid but rough estimate. Then get values
of F, C4 and Cr for your site from the
apprapriate tables. The rest is calculation.

Example: You have chosen a three-bladed

propellor-type machine to produce 1000 watts.

A site survey shows that the energy content

of the winds at your site, which is atyeea
level, peaks at 15 mph. What size rotor is
needed?

Solution: Begrn by est/rr#aﬁrng the system
efficiency. For small propellor-type systems,

- you can expect an efficiency from 15 to 30

percent. You elect to use 25 percent (E =
0.25) for a carefully designed machine..From
the first table F = 17.30 at 15 mph; and C4 =

Cy =1 at sea level, fgr standard temperature g

(60°F). So,
e 1000

025X 1730 X 1 X 1
=231 ft2 .

You usually need to know the diameter of the
rotor that can do the job. In this case, a
diameter of 17.3 feet is needed. Refer to
Appendix 3.1 for more detailed information
needed to convert rotor frontal area into

linear dimensions of the rotor vanes or blades.
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choosmg an appropriate deSIgn are based
on real oalculatxons of your power needs
and systém power output. 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 3elect aerodynamic
and structural componeénts for your wind

s}

i ' ' 89
machine.- In general several methods are
areview of some ofthe more complex mathe-

matical SOIUUOHS When combined with a

careful anaLyS|s of your resource and needs,
these methods allow you to deS|gn an

“appropriate wind system. . :

ot

L™

presented—frem the simplified approach to :
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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 }n 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 first try, 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 ldentlfymg the load that the rotor
- must pow;er If the load is a mechanical
de\/!cg—eg a water pump—high starting

- torque from the rotor will be needed. This

’ wnll,usuallybetrueforaCompressorasweH.
if the load is an electrical generator, low
starting torque but high rpm will be required.

The starting torque required tells 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 rotorsohdzty accordmg

to the type of load. i
The solidity tells you how much suﬁace

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
alsartells you something about the rpm and
the tip-speed ratia at which the blades will
operate. High solidity means low rpm and
low TSR, while low solidity means the rotor

must travel 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.

—_

Ae&rfodyhnamicv 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. Small 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 sail-wing machines and start to get,
serious about rotor design.

In -the low tip-speed rangé (less than
@

y

Evaluate
©wind resources

Evaluate
energy needs

[ J ]

f

Select
windmit type

Y

Estimate overall
system etficiency

!

- Calculate
rotor size
Y
Develop - Airflow, airtoll, bladé
= derodynamic design |- wist, performance
irotor shape! coetficients
| =
Mo Develop Rotor and
Aochty
) ~ structural design (- tower loads,
desgn ®
o tstrength, durability) blade construction
Rewvise Evaluate

design © %

A

perarmance

1

Legal, environmentai

. Evaluate t
~—1 COS1S, Conservation
. other factors COsts

» oplions

BUHT‘WG -1es! T
wind systém_ T

The wind machine design process.
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TSR = 8) ptor design is governed less by
aerodyna"mrc considerations than one might
expect. A fully optimized rotor bladewill per-
form perhaps 5 percent better than a care-
fully designed 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.
Throughout the 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 requirements
of the load |
e Torque and power characteristics of
~the‘rotor _
* Response of the rotor to gustiness in

the wind. , BT

Justhow concerned you must be with these

factors depends agam on the machme 5|ze B

vpower to, the ut|l|ty grid will be large and

expenswe A very detailed understandmg of

this machine's response to gusts, or its
‘match with the load, ; grucial to the final
Jcha system. Asmall

windcharger, on the herrhand m|ght not
have a well- matchéd rotor and™load, but
could be an,aoceptable machine because

~of its lower cbst. Still, it's a good idea to pay

attention to such-factors in any prolect
regardless of size.

Fora specific rotorrﬂyou can calculate a
power curve that shows rotor power output

- 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

alternator is beginning to demanq higher
‘power input from the rotor than is available

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 rpom
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
pawer curve with the alternator curve super-
imposed, after including the step-up in rpm
from the transmission. The transmission, /
which could be a beltand pulleys,oragear ™
box, increases rotor rpm to the much h’igher
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
very little wind power is available here. But
by 8 mph (in the case of a 6:1 gear ratio) the

at the design TSR. A 6:1 gear ratio mildly
overloads the rotor up to about 16 mph.
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Above that windspeed the rotor is under-
loaded—more power is available than the
“alternator can use. A highly overloaded rotor
- may stall 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 | |Q|ng available automotive

YY1l i1\i U\Jll\.ﬂluku LA

alternators.

In small design projects, the process of

load 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 Ioad mlsmatch :
will occur. s

How the rotor performs when the wmdl
speed changes abruptly is another |mpor-
‘tant design consideration. The diagram
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 to 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.

s

{

Heavy rotors tend to awerage the wmd—

el

rotors also average, but they expenence

‘more fluctuations in rom. The significance

of this averaging effect is that a rotor cannot
always operate at its optnmum tip-speed
ratio. It will operate atan average TSR, yield-
ing less than maximum efficiency.

The shape of the curye depicting the
relationship of rotor efﬂmencyto TSRis 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

2
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from oil drums cut in half; an occasional
rotor is built from sheet metal. Either the
dr@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. Optionsstart with

- the intervane gap. In the diagram, option A
is an improvemqent 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-
ing torque and power. The number of vanes

‘ o R | N 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. Thére iS not an enormous
difference in performance between the vari-
ous options, but.better performance is pos-
- sible when you €an use the best options.
The next design variable is the vane
aspect ratio+1n this case, the ratio of vane
, . » height to diameter. There is probably no * r
, ~Savonius rotor design options include the intervane gap, number of vanes, aspect ratio, and tip plates. - bestdesign 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 rOtQHr”S__A_YV_,_i_Al_I_JH nat .
! - low rpm. o ' : higher rpm and lower torque than those with
| a low aspect ratio. Tip plates improve S-
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Wind Machine Design

rotor performance slightly, especially atvery
low start-up rpm.

What kind of performance can you expect
from an S-rotor? The graph here presents
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-rotor 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 torqueand power requirements. See

Appendix 3.2 for a sample design calcula-

- tion that uses the Savonius performance

curves presented here.

Propellor-Type Rotor Design .-

If you wish to use a wind machine to
drive an electrical generator, the high rpm
needed by the generator will require a high-

and Darrigus rotors can develop the high

" rpm needed. In both cases, careful aero-

dynamic design of the rotor blades is impor-

P ~ tant if maximum rotor efficiency is desired.

Earlier, you saw how tip-speed ratio and
rotor efficiency are closely related. Generally,

~ machines that operate at higher TSR have

higher rotor efficiveht:'i'e-s—as long as they
are not overspeeding. The tip-spged ratio
for a specific rotor is not derived by guess-

b
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Performance curves for two S-rotors. Use these
curves to estimate rotor torque and power.
r

work; it is governed instead by the blade
size. Wide, large-area blades like those in a

speed rotor. In-general, only propellor-type __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 fronfal 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.

t
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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
S - 6-20
2 - 4-12
3 3-8
4 = 3-5
5-8. 2-4
8-15 1-2
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Lty Uee TSR 5 to calculate blade size with the

. sojzdrty dragram The 12-foot diameter rotor

puts this smalt but Useful machine in the
2- kW@lass Such a low- powerwrndcharger

W"needs two to four airfoil ‘blades, which can

be tarved *wood, molded composite, or.

. metal. Notice’ that the lift-to-drag ratio_for

55

these blades canfpe anywhere from 20 to

,100 Theblade L/D is bound to be less than
-the |de§ airfoil L/D because of imperfec-

tions in manutaoturrng aerodynamic pres-
sure |osses at the blade tips, and other
similar faotors But a rotor operating at TSR

. =5 needs a blade with an L/D of 50 ormore

" for optimum performance.
Another way to visualize the blade L/D

" r@quirement is illustrated in the diagram-at

s

. ooling engineers design assembly fixtures:

* 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

build a set of high-performance blades.

20. In an aerospace factory environment,

that permlt extremely accurate reproduction
of computer-generated blade designs; high

ﬁ-to drag ratros are thus attarnable there

— ¢<" faw

PP T T wigks

iNng and no computer simulation will probably

have lower lift-to-drag ratios. To lower the

sensitivity of rotor performance to blade L/D,
select a lower design TSR. Then assess the
blade wergnt and cost that result from the
hrgher Sotldty

. Thereis no sense in selecting a TSR of 10 if |
. the bladé you fabricate has an L/D of only

To take the analysis one step further, the. -~
nature of the wind machine must be exam- |

ined. Basically, there- are two Classes of
high-speed rotofs: .

1. Rotors desrgned to operate at a con-
stant, optimum TSR; the rpm will vary
with windspeed. These rotors are typi-
cally found on small machrnes 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 desrgned
for large, synchronous alternating cur-
rent generators whose constant out-
put frequency depends-on the rom
remaining constant.

For Class 1 rotors, a design TSR can be

selected inthe range of TSRs appropriateto”

each wifld 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 ratlo and

~the range of windspeeds that provrde most

: generators and the oorrespondrng lrft to— '

U-U

“of the energy at 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

manufacture.

sewlvlaamE el lsLeL:

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.

Rotor efficiency (percent)

i . .
A .

_~Ideal* rotor

0 . \ 10
Tip-speed ratio, TSR

Blade lift-to-drag ratios L/D versus rotor efﬁoienoy.
High L/D’s are needed at high TSR. ‘




Rotor elliciency {percent)

601~ / \. _Ernergy &
e / X' distribution
50 - / \-
Rotor A, / \
| poorly matched o \
B \
-\
20 ) \
/ _ well-matched AN :
]O [ / ’ \ N
t , | ‘
0 7| r i L I L

|
Windspeed (mph)

Matching rotor performance to wind character-
istics of a site. A well-m¥tched rotor follows local
energy patterns closely. t\
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Such a mismatch wrll slightly distort the
ro{or etflcrency curve which_ will peak at

| aboutthe same windspeed as thegenerator
j _outputif the generator and rotor are matched
g with no overload or underload. An optimum

j windspeed actually exists for such a wind-
~ charger, and such a wmdspeed should

match the peak of the energy curve for

winds ata given site. Such matchrng’rnvolves ‘

.changing transmission gear ra{|os and
voltage-regulator characteristics.; f

In a productian situation, it is far cheaper
as much as possiblg by careful selection of

product for most wind sites. Changlng gear

ratios for site optimization does not pay off
in' small wind machines—as long as care is  {

taken with initial rotor-to-load matching.

‘In the example discussed, the tip- speed.
ratlo IS predetermrned the rotor has already .

been desngneld‘“ But suppose you want to
select a diffefent TSR based on(other.rea—
- sons, such gs: ‘
* Higher TSR means a lower gear ratio
is reqwred =

L. Flutter and vibration problems (with

very llarge, slender. blades) limit the
rotor to a certain maximum FPm.
f the pro ject rs small and the rotor is stiff

,,,_v,.Ag - L2 a AL £ T ) S0 T Tt _a q

T W 3 - -
S O i 1 ' ' G \"

expenence vnbraﬂon problems then a h|gher
TSR might be'considered. But for wind rotors
with diameters larger than 30 feet, vibration,
flutter, and oth"‘er problems associated with
blade flexing ‘become important design

4

."blades will help determine blade desrgn
" thefsame: profife from root to'tip.-the tip

to reduce the overload/underload condition
pladg radius.
a single gear ratio and to produce that ' *

considerations. They are dlscussed Iater n
thrs chapter.  » ’

Oncz/an approprlate solidity and TSR~
“have beenh selected, whatshould the blades

look like? Should they be tapered, straight,
fat orthrn’? How you plan to manufacture the

For example extruded airfoils cannat be
tatpered along their lendth; they must have

chérd length (the, distance from leading
edge to trailing edge of the airfoil) has to
equal the airfoil chord atall pornts along the_

i

, Hew is-blade chord length calculated% -
The graphrcal method. of blade design in= -
Appen&jlx@ 3 will all@w you to calculate the
blade ehord lengths needed along the'blade .
Aspan and the alh‘orl angles at each step.

Using thrs blade desrgn method will grve, :

you a: blade both tapered and tW|sted The
chord will be much shorter at the tip than at
e roof, where the airfoil will have a much

ste‘eper angle than at the tip. This twist Will

not\be linear, there will be gentle twist at the
tip and lots of, twist near the root: 3

ut this érmprﬁfed analysis does not -
allow:! you to evaluate the rotor efficiency, gr

Cp. How'is an accurate rotor.efficiency curye *

genera d’? Appendlx 3.3 also references a )
e pE———

(wAmavan iy a..".‘ > 00 f

presented in a. report by Peter Lissaman
and RobertWilson. Their report contains a

computer program that calculates virtually .

all the pertormahce curves you need.

Certain srmplﬁrcatlons in blade design -

BT
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are possrbie on-small wmd machmes 1f you
o f‘* are wnhng to sacrifice.a little performance
Gl The graphloat desng\w method presented in-
~_ Appendix 3 was useb to design the blades -
Ton the Kedco vy;nd enerator A’decision 1o
15 srmpltty the Blade constructien required that
' — nonlinear-twist and taper be changed. o=
¢ linear twist and linéar taper. That way, the
‘ leadmg ‘and trailing edges are straight lines
~ connecting tlp and root. The’ actual tW|st of
“the blade was determined by the amou nt of
tWIst possuble in sheet alummum skln Wlth-
\ out wrinkling that skin. L |
-~ These sumphflcatlons resultedln an. easy- .
to bu1|d blade/with a maximum’ rotor effi- \&
ciency of 42 percent. Under ideal conditions, ;
you wouldinot expéct an efflolency much
h!gher than 45 percent ‘for this size blade
- So the penatty paidfor ease of construction
;‘ was just a few percent. But remember that
.7 the operatlng TSR of this Kedco wind gen’er—
L‘F%or is 4 to 5. If you design for hlghervalues

e pen‘ormance penatty w1|| mcrease

fthe Dameus let you use;
lelty versus TSR to deS|gn

7 - table in Chapter 4. From the output power ,
Lo required, windspeed, and this efficiency
estlmatfyou calculate frontal drea required.
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"Extruded metal blades for a Darrieus rotor. Symmetrical blade profiles are
needed because lift must be produced on both sides of the blade.

.

‘Next, the Tin’ear dimensions needed to give

that frontal area"are calculated by referring

“to Appendrx 3.1. For both the eggbeater

Darrieus and the straight-blade design,
assume that height equals diameter.
The operating tip-speed ratio for a Darri-

eus lies between 4 and 6. This design TSR~

s 8 4

then determines the solrdrty, as well as gear
ratios, generator speeds, and structuraﬁ
design of the rotor. Using thrs TSR and the
graph on page 95, selecta value ot the solid-
ity. As with the prop type rotor,’ the solidity
allows calculation ofiblade area: solrdlty times
the rotor frontal area equals total blade area.
Divide the total blade area by the number of

-blades (usually 2 or 3) and you get the

individual blade area. Divide this individual
blade area by the rcytor 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. -

Airfoil ‘selection for a Darrreus 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 along
this path. A

Structural Design
'~ 3

Now that the rotor size and shape has
been determined, will it stay together? If it -
spins too fast, can it withstand the centri-
fugal forces on it? 1f asudden gust of wind
slams into the machine when it is not spin-
ning, will the blades bend and break off?
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Theee and other queshons must be answered
during the structural design process. Irp
addlfuon t6 meeting its performance goals;,
the machine;must stay together.

Structural design is a two-step process: .

1 Start by examining the various forces
and loads on the rotor and its support
tower. Determine which forces gahg
up or act together on each structural
member (blade powershaft etc.).

2. Design each structural member to with- .
stand the applied load, In a wind
machine, this means deS|gn|ng the
member to withstand static loads with-
out bendmg or breaking and to take
repeated applications of those loads
withoyt failing from fatigue. '

Furthermore, blades also need to be stiff
enough to prevent flutter—resonant flexing
oscilldtions 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 ciianging direc-
tion with respect to the tower axis. Most
small wind machines are free to yaw, for

them, this torque load does not exist. Very -

large wind machines with servomotors to
. condrol the yaw of the rotor will apply torques

loads to the tower. A major load seen from
ther ground s applied when the rotor is
unbalianced.This load is similar to the gravity
load (weight) but is oscillatory (up and down) -
or ‘torsional, or hoth. It is not “static,” or
continuously applied, but dynamic—and
often catastrophic.

The tower might be free-standing, or
cantHevered or it may be braced with struts
or guy wires. It may even be the roof of a

: 'house in which case one should be awfully

Careful about these occaSIonaI 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 torque load in each of the power shafts.

One power 'shaft—the main shaft—takes

rotor power into the tr nsmissicn. 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. 2
. Qepending on how the machinery is
desd, 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 torque, shaft‘ be‘nding
deflection in tHe shaft would show up as a
nasty whirl in the rotor. Bending can also
show up in the support frame—often called
a.bed-plate, or carriage. If rotor loads are
taken thréugh the rotor bearing into the
carriage instead of the power shaft, few if
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GENERATOR .
GEARBOX

POWER SHAFT ‘
/ MAIN BEARING ,
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Various bending loads on a wind machine. Wind and gravity cause static

loads; dynamic loads are caused.by variations in wmdspeed

.
any problems will beset the power shatft
The carriage must bear all of the static
weight of the components (generator, trans-
~ mission, rotor), and any dynamic or shaking
R loads from the rotor. In maghines that use
servomotors to aim the rotdr into the wind,
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 free-yaw machines;

“ [l

&

Ry W

~ rotor (in the case of a dowfiwind rotor), ora

+add about 200 pounds to” the"generator

. iron'80'feet in the air is ho simple. task,«
- affectnng the rotor itself. Start with the rotorkat

theblade weight. For small maohlnes don't
© worry about it, unless you’ re installing the

t,hgi mertia of a|| the machmery at’ one end of
the carriage strains agarns( the yaw driver at

the other.end. The: yaw driver might be the..-

rudder ar tail vane (if the rotor is mounted .
upwind of. the tower). Miscetlaneous loads
onthe carrnagea{e associated with mechan- . -
ics gitting on top of the. gemerator(always

weight to compensatel), orMr, Goodwrench ~ « "
droppmg the transmission’ ‘into place. Keep -
in' mind that hefting: 100 pounds or more of -

The final loads to examine are tfoge

rest, or ' parked " No wind. The fir§t load is™

rotor atop an erecttower. For large machines,
blade-bending loads under static conditions
can approach the de.sign load. Long blades

“are enormously*he ..Such a load can
easily buckle a thin, streamhned blade. Add
some wind, and’ aerodynamic drag.com-

bines with weight—the static duo and a
nasty set of loads to contend with. Pdrk the
blades vertically, and the gravity.load loses
its nmportance 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 r

force along the blade span, and the blade

had better be able to take it. The worst case

f,{’f: -




s

J-

‘"*,Wmd Machme I]esmn

. of blade bendlng occurs because ef the
goVernor This Ioag can be difficult to analyze.
f the governor: ‘changes ther blade angle’
owly, the. bf‘ades and other rotating ma-
gl nery will srow down together, gently. If:

""‘ptly, the rotating machinery, will, because
its-inertia, try to keep the rotor turning ata
‘time_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 occursithe v
reverse dwechon—gontrubutmg to blade#

fatigue problems.

- Some rotors are controlled or stopped.
by a brake mechanism that.can &xert a load
like a governar. Thls load must be carefully

controlled to,avoid severe bendlng 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 small generator load applied

when the voltage regulator suddenly kicks

in a full load. Depending on the strength of

~ the generator, the result will range from

-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 anythin‘g froma buckled
- suckerrodtoa pretzel shaped rotor.

Another rotor load is the centrifugal 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

‘, overnor changes the blade angle*@certaln conditions, Centnfugal tension can be
~used to reduce blade bendnng—-centnfugal :
strffemng as it's cailed. Centnfugal tension,

g wise. Also, airfoilsother than the symmetrical
variety have a pifching moment that applies

blade has parted company from the rest: o.f

the rotor. The result is always.holocaust
~ anger, and dead batteries. " The centrifugal
tension Ioad results from the mass of the
blade sprnnlng abqut the powershat. Undér

" then, can be useful and is not the worst load,
except in the case of-a, runaway rotor. Thig
load Eas

1.a8 its maximum governed rpm, causing

‘tension in the:blade. Take heed. Broken
blades can fly a long way. In the case of
Darrieus rators and other vertical-axis ma-
chines, blade bending is also caused Py

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 ds

the use of cable supports that extend from

the blades to the axis of rotation. .
The final rotor toad to worry about is
torsion within the blade itself, a twist along
the blade axis. The “tennis-racket effect”
says‘that a spinning. blade should lie flat in
its plane of rotation, but twist and other
desrgn considerations set the blade other-

atorsional 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

Ses  much faster than the rpm,
‘ and a runaway rotor can easrly spin twice as -’

¥r or more times the maximum centrifugal -

t
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host of environmental considerations send

designers up the wall. Hail, dust, rain, and

sleet work to erode or destroy a rotor. 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 i's possible to get angry enough to
imagine laser-targeted firing mechanisms
that permit the wind mfachine to shoot back.

Lightning or simple electrostatic build-up
and discharge ought to 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-
tural design data and endgineering expertise.
To pass some building department inspec-
tions, you may need the services of alicensed
engineer. The rest of this chapter'contains 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 a machine off the shelf is that most
structural considerations have already been

erfgineered into it. The customer pays only ”

part of the engineering fees, not all.

in view of the safety aspects of a wind

4

machine installation, you should realize that

this chapter 'is no substitufe for sound,

rigorous engmeering design.The discussion
and methods are simplified so that a large

‘segment of readers can appreciate the

natura ‘of the design reqmrements

~ Estimation is the first step in determlmng
the various loads. For example; to estimate
the weight of your machine, find out what
similar machines weigh. Generally, small
machines weigh from 100 to 300 pounds
per kilowatt of rated power. You must guess
where yours will fall within a known range.
Once the machine is tully designed, you
can calculate 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 -

a

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 calculate
maximum rpm. Knowing blade weight and
rpm. you Can now calculate centrlfl,igal ten-
sion in the blade under normal Oaperatmg
conditions. You can also calculafe blade-
bending loads. Using these, you cén design
the btade to withstand these loads and cal-
culate its weight as designed.-Compare

estimated weights to calculated weights

and correct the calculated loads dccordingly.
The idea is to converge the loads and
weights to their final design values.

The first blade load to consider is centri-
fugal force—the result of heavy objects
moving rapidly in a circular path. If given the
chance. such objects would rather travel in
a straight line. Tie a rock to a long string and
swing the rock around while holding on to
the string. Centrifugal force keeps the string
straight and tight. Swing it around fast
enough and the string breaks. The strength
of the blade spar or other support that holds
a windmill blade in its circular path had
beller be grealer than the maximum centrif-
ugal force.

?’qe in ‘omat'on you need in order to

ing around in a cArc e is the speed of the

obiect s weight. and the radius of rotation
measured from the rotating object's center
f gravity. If the object happens to be a
Win blade, its center of gravity can be
efermined by bala

Q
5

eter ncing the blade over the
edge ‘of athin boar d or by estimating its-
positon durng design The method presented

Centrifuga! Force

£
The centrifugal force pulling a blade away
from the rotor hub is given by the formula:

Centrifug@ Force _ 0067 % V;';é( (SR X V) |

where °

W = the weight of the blade in pounds,
SR the speed ratio at the blade center
of gravity, .
VY= the windspeed in-mph,
RC/= distance in feet from the center of
rotation to the blade center of -
gravity.

otice that this force is proportional to the
sSquare 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 to 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 is the centr/fuga/ force on this
blade in a 10 mph.wind?

Solution: First you need the speed rat/o

at the blade center of gravity, which is haltway -

out from the centér of rotation to the blade
lip. 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 -
isn'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 |
" pounds, respeactively. For a rotor that operates
at constant TSR, centrifugal force increases
as the square of the windspeed.

There are two operating conditions you
should consider when calculating centrifugal
force. First is the normal operating condition
that occurs in maximum design windspeed
just before the governor begins to limit the
rotor rpm. 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 in runaway condition. -
As a matter of fact, it might go even higher if
it held together long enough. Jo estimate the
centrlfugal 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
force on a rotor blade. This centrifugal force
calculation gives you the information you
need to select blade attachment bolts and
cther hardware. Also, gentrifugal force is
one of the loads you will use to design the
structural members of each blade.
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” " Rotor Drag and Blade Bending Moment ~

An approximate formula for the drag force on

a windmill rotating in windspeed V is:
. Rotor Drag 00026 X A X V?,

where A is the rotor frontal area in square
feet and V is the windspeed in mph.
:Problem: A three-bldded, propellor-type
rotor 12 feet in diameter is generating its
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 ft2. 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.i$ 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 rotatlon trymg to

>

]

had a solidity of 0.1, for examp/e the stat/c
drag on each blade /s ,

. Stat/c Drag= 2 X 0.1 X 39.2 o
Co= 78 pounds, »

"anhd the static drag on the entire rotor is
23.5 pounds.

_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 Dlag is calculated for either the static
or rotating conditions, as above, and RC is
the distance in feet from the cefriter of rota-
tion to the blade center of gravity. This

_formuta 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 dﬁg of

——Slow- tionof-each-bfade———————

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

—the 12-foot diameter rotor a/ready calculated,
the blade bending moment is 1410 inch-
pounds in the operating mode and 282 inch-

_pounds in the parked mode, if the center 6f
gravity lies halfway between the tip and the
hub of each blade. The point of maximum,
stress occurs right where the blade attaches
to the hub—at the root of each bladp

]

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: bendmg along
< .

the d:recthm ‘of rotation and downwmd

- bending. The blade structure must be capa-

ble of wuthstandlng the total bending load.
Rotordrag causes support towers to topple,
guy wires to break, and rotor blades to bend.

- Consider the high-solidity, multiblade water-

pumping windmills. Stand in front of such a
machine, and it will resemble a solid disk,
with no place for wind to flow through. The
higher the sohdlty, the higher the rotor drag.
In the case of a rotating windmil, drag is
determined by approximately how much

Conditions you should cbnsnder in this

" power you extract from the wind. A simplified .
formula for calculatmgtheaﬁproxnmate rotor -
drag is presented here. .

calculatlon are the fotatmg (operating) and - .

staﬁc (parked) loalis for normalWwinds, and

for the highest winds expected at the site. In

_normal winds, you can expect that, because

of governor mischief, your rotor will occasion-

afty 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 tesign 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 twa.
talculations—parkedversus 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 tewer bending moment, or guy-
wire loads, as discussed later.
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While rotofr drag is used to calculate
blade bending in the downwind direction,
powershaft torque 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 torqe that
~ turns 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-
lated, each blade can be considered to

contribute to it. In a three-bladed-design, for_

example, one third of the torque represents
ihe blade-bending load on each blade. Also
use the total torque- value to design the
powershaft. This shaft must transmit torque
loads between the rotor and its load without
twisting along its length and failing.

The powershaft torque, in inch-pounds, on a
wind machine can be estimated from the
formula:

D X HP
Torque = 2245 X V% TSR

where ' .

D = the rotor diameter in feet,
- TSR = the tip-speed ratio,
V = the 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 horsepower, 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 TSR = 6
in a 25 mph wind. What'is the torque on the

powershaft?
Solution: From the equation above,
12 X3
Tc = 2245 X ———=
orque = 2245 55 %X 6

= 539 inch- -pounds.

It 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:

Blade Construc_tion '

With—a good 1ate of the zmportant

btade loads, you next determine the blade

fength—its ability to withstand those loads

 without breaking. The structural designofa
—pladeand-the maternals with which it is

made determine blade strength. The blade
must be designed to withstand centrifugal
tension, blade bending, and torsion. It must
retain the airfoil shape and twist,and remain
firmly attached to the hub. There are several
ways to accomplish all of these design tasks.

1.Solid wooden blade, or partially solid
~ carved wooden blade with bolted steel
~oraluminum 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, sie
stainless steel. |
3. Tube spar, with metal ribs and skin.
The metal skin assumes both the air-
foil curvalure and the blade twist. Rivets
and epoxy bonding will keep the skin,

honeycomb, or othér filler, covered
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FIBERGLASS SKIN . LAMINATED WOOD \ BALSA WOOD OR FOAM n
. FIBERGLASS SKIN

LAMINATED WOOD

’ Wooden blade construction with a fiberglass skin.

/ \ > \ . TUBE SPAR \ N\ L
TUBE SPAR RIVET BALSA WOPD OR FOAM = HONEYCOMB FIBERGLASS SKIN
; ‘ BONDED TO .
TUBE SPAR

FIBERGLASS SKIN

Tube-spar blade constnjction with a fiberglass skin.
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fibs, and spar tagether. Rivets may be
aircraft aluminum, or steel pop-rivets.

4. Tube spar, with molded fiberglass skin. .

The fiberglass skin wilkbe-four to eight

. laminations thick and must be strong
enough to avoid flexing in strong
winds. A few foam ribs may be bonded
inside the faberglass

- 5. Sail-wing blade. These blades are made )

with a.tube spar, a stretched-cable

© trailing edge, and a plasticized tabric

“membrane (the fabric porés are sealed
against air leakage).

“ ?Qe sail-wing membrane changes curvature
in response.to changing airflow, ‘and can .

generate high lift very Efficiently. The mem-

- 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“requirgs con-
struction skills familiar -to most people.

Carving wood is easy, fun, and very reward-
ing. Wood, however, may not be the best
materialwith 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
from happening. If one blade absorbs more
water-than another, an out-of-balange condi-
tion will result. You can seetheresult of this
imbalance by changmg 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
cé

AFT RIB RIVETS , S
TUBE SPAR SHEETMETAL SKIN

Tube -spar blade constmctuon with a sheet metal skin. Similar
construction is- used for the skin of modern Ilght aiplanes.

ﬂ,l

/

< STRUCTURAL CANVAS  © .
- LEADING EDGE . CABLE TRAILING EDgE

Typlcal sail-wing construction. A cable stretches canvas or Dacron
fabrnc from a tube-spar Ieadlng edge

Ly

" @@




A rivetted aluminum blade used |n a strarght-
‘bladed Darrieus rotor: '

with Method 2-—a tub

‘method is an easy wa#
“blades. The skills required to woOrk with-

Flutter and Fatigue

L
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But if you keep the woc
they are a great way @
Lots of people a

honeycomb filler, ski

Although honeyco is, ex\bensrve this

honeycomb and-fiberglass are easily lee}r}gd,
and the results of your efforts will be strong,
high-performance blades. The rivetted alu-
minum stracture also ylerds a blade that is
strong, lightweight, and durable And thie
skills of rivetting, drilling, metalform—rqg,and

bending are easy to master.

Your first pass at structural design wrll-'

be based on a guess of tie blade werght
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. Contmuethrs
iterative process until final blade weight
equals estimated b’,l"ade{ weight.

Your wind machme must be able to
withstand the various tension, torsion, and
bending loads. But how’ many times can

those loads be applied and withdrawn? -
Continued flexing might result in a crack.in-

the structure and a subsequent farlure

d

;lth'frbergjass -

to build e%perlmental :

™

ma fatigue faijure.

It was a fatigue failare that brought
down a blade from the Smith- Putnam wind.
turbine in 1945, Wartrme shortages of mate- ,
rials had-forced the' ‘matchine to remain
parked for several years waiting for a re-
placement bearing. During that time; he
parked’ blades were subjected to vibrations
induced’ by strong winds. These r‘epeated

~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 desrgn curves—called.
S-N curves—which give the stress level that

,;_»can e sustained for a given number of
cycles. Depending on the type of material

used, fatigue-failure conditions often begin

. when the material I1s 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 cyclic loads, you many not design

for more than 4,000 pounds or so ef maxi-

.mum cyclic load. Check the S-N curve for

the material being considered to determme
where fatrgue failure begins.

Flutter can be thought of as a large-
scale, catastrophic oscillation. Take a yard-
stick or: plastic ruler and prn It erh your
palm to the top of the table so that half of its
length is sticking over the edge. With the

. other hand, twang the end of the ruler. I{ will

-]

5

)
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oscﬂiate and “dampen out” the!engﬁv@# the
free end. Make the free end longer, then
shorter. The shorter length oscillates much.
faster.than the longer. Notice that longer
lengths usually have more deflection, which

‘implies either more bending moment or .

less stiffness. In this case, the longer the
free arm the greater the bending moment. If
you change to a différent matenal (e.g., from

wood 1o plastic) less stifiness will cause -

more bending deflection.

Blade stiffness is crucial to prevention
. of flutter.‘When you twang the yardstick, its
Mnseaﬂanons dampern oui—-they converge. In

a flutter situation, a wmdmsﬂ blade will not

dampen its oscillations. It oscillates more
- each cycle until the structure fails.
- Flutter starts with a bending oscillation

(or a torsional. twisting osci ltation) that oc*

curs at the natural frequency of the blade.
You found the naturalfrequency fér each of
the different lengths of yardstick by twanging
it on-tife table. You could find the.natural
?requeﬂcy of your Dl ade by twanging it, but

the blade experiences ome{ forces besides
the bending moment. These other forces— -

especially centrifugal stiffening—complicate:
matters by altering the natural frequency.
Calculating the natural frequency of spinning
~blades is a complexmathematical problem.

Anoctherdifference between the yardstick
and a rotor blade in operation is that the
wind forces ac ‘ng on the rotor blade are
continually excit g the blade (o oscillale.
The wind zmr nd W ‘blage flexing gang
up 1o driv e.the osciliations beyond the

@

strength of the blade. To prevent such flutter,
the blade must be stiffenough that it will not
break when its.natural 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 controls. These features are crucial
to the proper operation of yd‘urwnmnachme
and to. Its safety and longevity.

1

Governor Design

A governor is crucial to the structural life
of a windmachire: no governor, no.machine.
A governor can be a human operator sta-
tioned at the machine and trained to take

y;appropria_’re’ corrective action in the event of
high 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 simple, spring-loaded
widgets to complex, computer-controlled

© servomechanisms. Here are some of the

proven mechanical concepts for governing

your wingFmachine;

- 1. Aiming the windmill out of the wind. -

Either turn it sideways of tilt it up— -

N
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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 cause itto
= | pivot sideways.
/ 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 fo hold them
[ out for starting. Centrifugal force will
: holdthem out during normal rotation,
but tempest winds willincrease blade -
drag and cause coning. |
' 3.Aerodynargic €ontrol. This method of
o d / control eceived: the most design
T / attentiort. YéU"can accomplish power
control by blade pitch control—rotatmg
the blades to change their angles and' ¥
- reduce power. For blades made with
. tube 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. "~ A
The most common method of controlling
b|ade angle in small installations is to mount

;fi

to swmg mto the plane of blade rotanon

, against a return spring. This action rotates™
A tilt-up governor. A few modegrwind generalors use this method. the blade out of its optimum power con-
figurations and reduces the extracted power.
Another approach involves allowing the

+

-
-
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coning.

blade loads

3

15 and ot

A high winds.

ner

flexible-nub governors reduce

A flyball governor. At hi
feathering the blades.

> -~

~ @*

gh fotor rom. the flyballs swing into the plane of rotatigd,
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~ tube spar to slide in and out of the hub. A
strong ¢pring holds th€ blade in against
“normal centrifugal force, but excessive rotary
speed overcomes the spring tension. The
blade slidgs outward but is forced to rotate
by means of a spiral groove or slot.

One further method of aerodynamic con-
trol wuses blade drag to cause the whole
blade hub assembly to slide downwind on
the power shaft. A spring holds the hub
against its stop during normal operation.
But when drag is high‘enough the hub

compresses the spring and slides. The
blades are linked to a non-sliding portion of

Yaw Control

The yaw axis is the directional axis of a
wind machine; it is a vertical axis. Vertical-
axis wind. machines, like the Darrieus and
Savonius rotors, need no yaw control. Hence,
they are often called panemones—for winds
of any direction. For horizontal-axis machines,
however, the problem of yaw control is
important. The solutions are usually simple.
In the windmill shown on page 115, the tail-

mounted fin acts like an airplane’s rudderto -~

keep the windmill aimed into the wind.

_Common- types-of tail-vanes-used-are — -

Three different tailvane designs. Vane
C is the most sensitive to shifts in wind

the power shaftsothatas the hub slides, the
blades are forced to rotate as the linkages
extend.

" Drag brakes at the blade tlps are one

more way to harness aerodynamic drag for : -

use in adgovernor. By mounting small plates
there that extend as ‘centrifugal force jn-
creases, excess ‘wind power can be dis-
sipated into the airstream— protectmg the
blades. Spring tens:on and activation geom-
. etry must be carefully 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 linked'
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
.balance problems will set in-immediately.

Usually this is catastrophic. Link all blades

and controls together.

A Jllustrated in the diagram. Design A is a bit."

nostafgic, but it warks; design B is a great
improvement, and C is the best. The reason
is simple. You want the tail vane that is most
sensitive and responsnve to changes in wind
direction. Design C has: the highest ratio of
vane span (distance from top to bottom of

the vane) to chord (distance from leading * -

edge to trailing edge)- -Such a design is like

a glider wing designed to make the most of
~ light updrafts tossupport the craft aloft with-

out benefit of a motor. Practical ratios of
vane span o chord are between two and
ten. A typlcal vane might be five times as tall
as it'is wide.

Mounting the blades downwind of the

~ directional pivot is another practical method

of yaw control. Blade drag keeps the rotor

“aimed correctly. tf 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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blades are required if you plan 1o use free-

blade coning for gale wind protection. But’

there is a small problem with tail-mounted
blades: the turbulent 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-
lining the tower near the blades.

Shut-Off Controls

Shut-off controls aflow you to stop the
machine for maintenance or in anticipation

. otdestructive gale-force winds-The machine

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-
trol into your system. If a blade parts com-
- pany. this control will keep the rest of the
machine from tearing itself away from the
tower. r : » ,

The shut-off control mechanism can be
designed into the yaw control (if a tait vane
s used) or the governor (if a feathering
system s 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
bulld-up or impact with birds, stones or
buckshot. Windspeeds that exceed the
design limits should normally cause the
governor to feather the blades. lock the

A Dunlite wind generator in Willits, California. The tal-mounted fin keeps this

rotor aimed inio the wind.

brakes. or tilt the rotor out of the wind. System
malfunctions 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? sFhe mechanical or electrical signal

4
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that causes a shut—off cgmmand or response
depends on an abnormal condition: being
—sensed. Blade imbalance or y|‘

sprlng release and sw'm'ggf o .
ways, feather the blades, or apply a brake.
Another, more sophisticated solutionis

~ to use an electronic aceeleration sensor

: that sends its signal to an electromechan-
T lcal devxce that stops the machine. A wmd-

) ations: of.}u
any type can be sensed by. Some sort of* "
accelerometer. One machlne uses.an. iron. |
baH resting on top of a plpe- The bai . tied

S
s

speed sensor mlght be an anemOmeter ora
Ssmatl vane that, in. hlgh mnds overcomes a

jspﬁng and- throws a swifth-to actuate the A\‘**;\’}
“ rest of the shut-off system. Other system =

paramete{s may be similarly sensed, and
-off effected accordmgly

By.now,yourmay have realized that each
part of a wind system sho be planned as

g whole durmg not after, the design process.

Each part of the system affects the perfor-
mance of that system.}]A poorly planned
system will perform belop expectations. This

- chapter has concentratkd on the design of _

machinery smmg dtop the tower; the next is
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 therotary mechanical power
into forms.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 wind machine
to the actual 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
maintenance 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 ‘ofa

;% 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 systems already
developed proyrdeus a firm basis for further
work. With new technology and fresh think-
ing, we can design many new systems to
megt current and future energy needs.

The basic elements of a wind paower

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 simplest, have a power source and .a
user. The power source nay be an old

multiblade windmill, and the user a nearby

sprinkler or an irrigation ditch. Rotary shaft

power is converted to reorprocatmg 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?m of
energy storage, just like the chemical energy

stored in fully charged batteries. Most appli- - ¢
cations of wind power require some-form of

storage so that power is availdble when the
wind has died.

Thus, most wind power systems Inolude‘

a wind energy converter (the wind machine),

‘a user (your applrcatron) and some form of

energy storage. ,

A wind power system ks often planned
for applroatrons that require a constaritly
available source of- energy. Suppose, for

: example that wind is used to power a remote

data sensoy and transmitter. Clearly, certain

_applications for remote data collection, such

as forest fire prediction, require an uninter-
ruptable energy source. Systems that must
always provide power,.regardless of wind
conditions, must be provided with a backup

energy source. For-the remote transmitter,

G

Wind power

»| Energy r -
seurce gy storage User

;for generatrng back-up power '

e

Back up
power

Block diagram of a wind power system. A com-
plete system includes energy storage and a provi sron
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“high winds

backup might be a propane-powered gen-
erator; a switch that, when thrown, connects
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-

13 tem. You.cannotattend the wind machine's
“needs at every moment, so it's important to

consider its ability to shut itself off when
sccur, the batteries are fully
charged, or /ust before the water storage _
tank overflows. | ‘
Electronic voltage regulators like those
used with ajitomotive alternators will prevent

overchargjng of batteries by reducing field

_current to’the alternator, thus reducing-the. ..

alternator's output and its load on the power-

shaft. The batteries won't be overcharged,
"but the load on.the wind rotor will be reduced,
thereby ‘increasing the importance of an
adequate governor to protect the rotor under

all conditions. Such governors can be
designed to use (1) mechanical forces gen-
erated by springs and flyweights or (2)
electric or hydraulic servomechanisms con-
trolled from electronic or other sensors. Or,
as in the case of the farm water-pumper,

7 . ; )
o ‘4/4,"7"/‘ 7 il : wind forces acting on the rotor tilt the rotor
= PISTON PUMP: %o 1P V=0~ WA 12807 9 . V
7 5] ./"9"%}/;459‘?.;"1 - 5‘}"""/4’ '< sideways out of high winds.
— FOOT VALVE 7 /h. 4’;;/.@44?,%%:,3‘%”5% The final design and selection*ot-com-
8059, %’.‘f'/m/".' PN, A » ‘

ponents that make up the blocks in a diagram

,’ 7 7 Wy ‘?,,‘/ Y ~le8
! "I, /,\v_/// / - : of your system depend mostly on the appli-
. cation you select for your wind system. Water-
pumpers have different design problems
f and solutions than battery-charging systems.

If water is to be pumped with an electric well

A complete Water-pumping system. Wind power Iiﬁé“waier\_mrwgh the “water head” and overcémes friction
losses in the pipes. ' : ——
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pump you must consider the problems of
both water pumping-and electricity genera-

tion. Let's look at some of the avallable |

solutlons LA A

Water-Pumping Systems

Many kinds of wind machines have been
built to pump water, including the Cretan
sail-wing, 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 sightin rural.
~ America and parts of Australia and Argentina.

Rotary powershaft motion is transmitted,
-sometimes through aspeed- reducer gear-

linear recrprocatlng (up-down) motron of the“"f"

-sucker rod, a vertical shaft extendlng down
,the tower to the pump below. Sucker rods
got their name from the fact thatmany deep-
well piston pumps lrfted the water only on

“thé upward, or sucking, motion of the rod.

Such pumps are called srhgle acting piston

pumps :double-acting pumps lift water on
: both the upward ahd downward strokes

Llftrhg on the upward stroke places tehsron
loads on the sucker rod, while pumping on
the downward stroke applies compressive
loads that can easily buckle a long, 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

rods and pump 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
the well casing at the pump outlgfiand the
tank. Installing a check valve here reduces:
water loss backward through |eak|ng pump

- seals. o
« Among the various other pumprng

schemes are paddles that splash water over
the edge of shallow wells, disks drawn by
a rope throughh tube, and various screws

- and oeﬂtrifugaF ‘water slingers.” Such low-

technology pumps have been built by Dutch
mlllwrlghts for dramrrrg land-behind dikes,
and by Asianfarmers itrigating rice paddies

_and gathering salt from seawater on large
_Solar-heated salt ponds These maohlnes,.;_.,,.,,...

ehergy needs\ partioularly in remote, rural
areas. —-

A recent method of wrnd powered water

sucker rod- desoendrrrg Jhe tower com-

pressed air is pushed’ through ar tube and
-use@ o_ralse water out of the ground A

fit ‘h_al compressor

the rotor spins; arr is compressed: and sentin
hoses to a storage tank. This compressed

air drives then a submerged piston, bladder,

or rotary pump. Such pumps are eithet
adaptable to or specifically designed for
this purpose. Air-driven piston pumps tend
to be elabgrate devices. The air must first

y-paint’compressor. As-

py

////// /

‘“"r‘\

The sprral-screw water pump has~ been used in
~Batch M&Echings to drain large.land areas.

_pumping uses compressed air to transfer ... ..
the power to the point of uge. Rather than a -

TO WINDMILL
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The Wind

A centrifugal pump can lift Water from a shallow
well or a pond.

_drive one way and then the other, each time
being valved on both the intake and release
(exhaust) sides. ‘

A much simpler pump is the bubble

buBble’S“\_‘ﬁpump. You can visit a tropical fish store and

hey rise

v

- see.one 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 wﬁ;alls 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

S ot

PSPPIt

“water about twice the height the pipe extends

below the water surface. ’
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

to easy maintenance. Bubble pumps are
not good-at transporting water horizontally. -
Burping wastes so much power that hori-
zontal pumping is all but impossible. You
cgn, however, pump-waterhigh-ehoughver- ~
tically to allow gravity to carry the water.

along a trough to the tank or user;

.Water Storage

for a while '(Onlgss‘ it s 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 i ¥

''''''''' —Generally; pumped water mustbe stored ™
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Two storage-censiderations are impor- \ . | | '

tant: maintenance of d given quantity of water, ‘ ) '

and maintenance of enough water pressure .
to allow the water to be-used as intended. e

7 Stock-watering-from ponds requires-only a-

: pdnd:?fju;ll of water—no pressure. . But a °

shiower works best if the water tank.is at

g a pressure tank, as most electric well
mps do. Often a flexible bladder expands
nside the tank to accommodate the extra:
~vatume ot water. This arrangement allows
you to have plenty of pressure—for a short
time—when you turn onsthe faucet. A 50
‘gallon accumulator tank might be sufficient
for all your water storage needs, but most .
‘people need a largertank, - . .
From an‘architectural viewpoint, large
~watertanks are less desirable than 50-gallon
“accumulators. Butin the days when
ower was the prime source of pumped
tanks- as large as 10,000 gallons

P
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o Bes%@ihg Water-Pumping Systems—

~Tn arderto size your water pumping sys-
temzyous will have to estimate your power
regeirements. How much water do you need?
' fast,when, and how often do you need ‘ ,
it?ngahs{wering these questions, you arrive A water-pumping windmill of early California. The storage tank

at'ahfénefgy‘budget expressed in gallons of was built into the structure itself C, | -

Pl
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WThe power required to pump water is propor-
tional to the flow rate and to the,pressure
against which the pump is workrng This

pressure is usually expressed in terms of the

."head,” which has two contributions: (1) the
height that the water must be pumped 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
required can be calculated using ‘the formula:

G

Power = 0.00025 X
. Ep

X (WH + FH),

where

G = water flow rate in ga//ons per
minute; ’
E, = mechanica/ eff/crency of the water
pump,
WH = water head—the vertical height in
feet from groundwater /eve/ to tank

This formuJa gi Sunits of
horsepower; to
ply by 746.
This equation is mean to work with the
average flow rate and to give you ‘the average
power required by the pump. ﬁne 'simple way

to establish an average flow rate is to estimate

tts, multi-

,
[N

Power for Water Pumpmg

. you expect the wind to produce usab/e power ;

during the same time per/od Do this.on a .
daily, weekly or monthly baS/s——dependmg on
the results of your wind survey. To get the«

flow rate in Qa//ens per minute, then use Ehe ‘

form ula: 4 B ~

v ‘{: . . “.m. G

Gallons Needed

f
. " g
N '

— -

60 X hours of wind

* 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: #

L X GE !

JFH= Jogox s TR2IXN.

The pipe length L includes all pipes down in
the well, across the pasture, and &p the hill
or into the tank. If pipe diameter changes
along the way, as it usually does, this formula
must be used separately for each different
length 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 ground'level. A
3-inch pipe brings this water to the surface.
The water passes through one elbow 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

L,‘

" passing through a th/rd%/bow and into the

w Cak

P b
fe >}

§

tank: Suppose the farmer reeds 2700 gallons

of water per day and there, are an average of
6 hours of usable wind perday: How many
watts of wing power must be supp//ed toa -
water pump *with, 75 percent effrcrency7

Soluuon The average flow rate needed is

% 2700
T 460 X 6

&

='75 ga//ons/mrn

vafae friction head in the 3- -inch pipe is

100X 7.52
1000  3° +{23 X“”L

[ -

FH ="

2.3 feet.

The friction head in the 1- /ncn p/pe is

214 X 752 -
o5 +23X2

- 16:6 feet

FH =

The total friction head is the sum of tnese

two contributions or FH = 18.9 feet. Then the

pump power required is . .
7.5

Power ¥0.00025 X ——=

675 % (114 + 18.9)

7 = 0.33 hp

To get the answer., you just multiply- by 746,
so'the power requirement is 246 watts.

e

1
v

g
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water, which you can convert to foot-pounds

or kilowatt-hours. Usually there is plenty of

room far water conservation: Do you really
~_expect to take half-hour hot showers, know-
ing there is no wind blowing?

Careful study of your planned water

usage may reveal important conservatidn ,

areas. Drip irrigation combined with soil
moisture sensbrs can tremendously reduce
the perceived water requirements of many
crops. As opposed to large stock troughs,
the automatic stock-watering devices com-

monly avarlable at feed stores reduce evap-

orative {osses and algae growth. Emulsifier

. 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
réquired. The power required to pump the
water is proportional to the flowrate ahd the
~ water head—the height above groundwater
level to which the water must be pumped.
The lower the flow rate or«water head, the

less powey required.
do you measure groundwater level?

A strrng with aweight and float attached will
do, if the well driller isn't aroung to give you
his frndmgs 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

.

2~

through friction. Friction incfeases 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 hose 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 levelin

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 hmlted and wafer 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 will be ignoring a

Horsepower required

G=20

A G5

200 200 600 800 1080
’Qlﬂ head {ft

Pump power needed to Irft water at a ﬂow rate G .
in gallons per minute. To gei the wind power needed *
to drnive the pump. drvrde by the pump eﬁrcrency—
about 70 percent.
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_.tremendeus amount of research that has
gone into improving the efficiency of these

units. Your best option to reduce. flow rate is

to usé the lﬂargest pipe size possible:

Tuning a water pump system often reveals
interesting characterrstrcs Take the case of

uaaﬁv‘zﬂi’"/ ’

AR
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~a piston- type ‘water pump, which operates

off a crankshaft in an- oscrllatory fashion.
The speed atwhich the piston'moves along
in the cylinder changes constantly—from
zero at the instant it changes direction to 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—fastenough, in fact, tHat fluid friction

really becomes important The pump will
not operate efficiently unless the pipes can
handle this surge in flow rate.

-Other than using large- drameteriplpes .
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

yyyyy

in this chamber. Watetf 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

3

discarded by-réfrigeration repairshops. But
a small prgblem remains: aeration of the
water in the Ghamber. Water under pressure.
erl over a period of time, absorb the trapped
air, and the tank will fill up with water. No
surgeMy will result unless the tank is
pério cally burped——approxumately 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 and reducing
the number ofjoints in the pipes—especially -
corners—you minimize.system 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 tumng of the system

B ‘\..._
W|nd Electrlc Systems N '

Because electricity is a Iow—entropy, high-

—gquality form of energy, it gan be reedily

adapted-to many end uses. Hence, there

windcharger as the power source. These
include charging batteries for domestic

power and lighting, driving an electric water-

\
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pufnp, powering a remote electronic sensing
device, and powering wind furnaces for
home and farm heating. The DOSSIbIlltIeS
are virtually limitless. -

The earliest domestic windcharger pow-
ered a radio set and sometimes a light.
Batteries were used for energy storage, and
either a gascline or kerosene generator was
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 appliance and imple-

ment repair shop—usually also a windcharger®

dealer—would recharge the batteries while

the farmer ran his érrands. I'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. A two-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-electric systems. This system
has no provision for alternating current (AC)
loads, such as refrigerators, washing ma-
chines, and the like. The old radio sets used

a mechanical vibrator inverter in their internar

circuitry to convert the usual 32 volts DC to
an AC voltage that the radio power supply
could use.

With the invention of tfransistors and inte-

grated circuits, the need for vibrator inverters

in radios has been eliminated, butthe 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 Mmicrowave ovens, color TV sets,
freezers, refrigerators, and washers are
beceming common. Electrically, these 110-
volt AC loads are very different from their
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 smallest component or subsystem that
willdo the job safely. A wind-electric system
Is completely optimized when no energy

storage is needed—an unlikely situation. -

Energy storage-tradltfonally batteries—
Wastes an enormous amount of energy and

often runs system cost beyond practieal . |

limits. Arriving 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

el

| BaTrERIES |

\ TO OTHER DC LOADS \l/

- Direct-current electrical system used with many
windchargers. The battenies are wired in seres.
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~ AC power.can be generated dirét
wind generator, orAC can be made from DC

be AC or DC but ar alternator generally
produces AC. Most automotive alternators

‘contain AC-to-DC rectifiers that supply DC

current to the automotive electrigal system.
>ty.at the

using an.inverter.
Alternatlng current comes dlrectly trom
wind machines that are designed with either

have been built—the old Jacobs for ex-

generator that could be coupled dlrectly to

. the rotor. Some newer alternators are being
‘tested that can also couple, directly, but

most generators and alternators spinsofast

that a speed-up gear ratio'is needed.
What form does the speed-up mechan-

ism take?-Chains, belts, and gearboxes are

induction generators-or synchronous gen- }\ the devices usually employed for the speed-

erators. Each is really a motor that runsatan .

rom that is governed by the load and the L

60-cycle line frequency. Usually, these mos

unloaded.

Direct current is generated by either a*
- DC generator or an AC alternator with recti-

¢ up task. Gearboxes that are readily avallelble
at local tractor-bearing,-chain, and pulley

... stores are suitable. These gearboxes start ,
tors run at 1,750 to 1,800 rpm,’ with the |

P lugher rom occurring when the motor is fully

out as speed reducers, but windmill desngns
simply run 'them backwards as speed.in-’
creasers. When running a gearbox back-
wards, the horsepower rating—which would
normally equal the maximum rotgr_horse-

fiers. Traction motors used-in-gotfcarts, fork
lifts, and electric-cars are suitable for use in
a wind-generator. Usq«ally these motors have
commutating brushés that carry the full

output current of the generator. Altern/ators
come in-a yariety of sizes and- types, from

small automotive types to hefty industrial
alternators. Automotive alternators are not
very efficient (about 60 percent compared
with over 80 percent for the industrial variety
and DCtraction motors) and must be driven
at high rpom. They are cheap, however, and
find their way into lots of wind projects.
The alternator or generatoris coupled to
the rotor through some form of transmission
that serves to speed up-the-retatively slow-

turning powershaft to the higher rpm re-

quired by the generator. Some machines

- gearbox larger than_needed.

power—should be consemnvative: select a

Chain drives may be cheape than gear-
boxes, but oiling and tensioning require-

‘ments can make them a less desirable
solution. Some designers have successfully

enclosed their chains and sprockets in
sealed -housings with splash oil lubg; a
spring-loaded tensioner coupled with the
oil bath cotild make a chaindrive a reason-
able part of your project, *
Several ‘belt driveg” are available; the.
toothed belt and the V-belt are the most

: cbmmon; Toothed belts and pulleys are

nearly as expensive as gearboxes, and these
belts can be temperamental. If their pulleys
are not properly aligned, the belts slide off. If
the torque is very great at low rpm, they hop

4
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teeth and eventually self-destruct. Cold

weathercan destroythem too.V-belts tend. -
~toward high friction, which means an inef-

ficient power transmission, but they are by far
the cheapest solution, Still, gearboxes are my
favorite, most easily obtained transmission.

Storage Deyvices

Since you are likelyto 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 intot heat by using an
electric-resistance heater probe or, more
directly, by stirring a tub 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 discussed later under

the'sybject of wind furnaces. -
Mechanical energy storage involves
coaxing a heavy object into motion or lifting

it so gravity will later return it. A favorite

analogy of mine is to think of wind-generated
glectricity powering an electric motor mounted
atthe top of a 100-foot pole and busy lifting,
by cable’ and winch, a 1955 Oldsmobilg.
When the car readhes the top of the pole,

- the energy storage device is said to be fully

“charged.” If juice is needed, the Olds is

 alloweéd to drop—spinning the motor in
Teverse 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 famlllar 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 has resulted in the development of super

flywheels These flywheels are not very heavy,
but theyspln incrediply fast—30 000 rom or

- more, compared with ‘about 300 rom for the
- heavy wheel Because energy 'stored ina
flywheel lS directly proportlonal to weight

(double energy for double welght but in-
creases with the square of the rem (quadru-
ple energy for double rpm), an; enormous
amount of energy can be stored in a really
fast-spinning wheel—but not wrthout penal-
ties. At such hlgh speeds, air frlctllon‘“*ls

_ considerable, so super flywheels are typlcally' 'y
installed inside a vacuum chamber. Also,

the bearings must be very precise devices,

carefully designed and built. These problems" - gy
notwithstanding, superflywheels may even- -
_ tually compete with batterles for storage of -

wind-generated energy.’

There are two approaches to chemlcal

energy storage. One takes electrlcal power

and spllts a compound, say, water lnlo ltS"

constifuent .parts— hydrogen and oxygen

These constituents are stored sep_arately




ComfncSnIy used to power golf carts, this recharge-

generated electricty. -

?

able battery can be used for storage of wind-
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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

~ wind energy storage. Metal plates inside

these Dbatteries act as receptors for the
metal atoms that plate out of the electrolyte
(the acid in lead-acid batteries, for example)
as the batteries are being charged. When
the battery subsequently discharges, these

,metals return ta solution in the electrolyte—

releasing electrons and generatmg direct
current at the battery poles.

~ There are'dozens of different batteries—
each named by the type of plates and/or
electrolyte used. The most common are the
lead-acid and the nickel-cadmium batteries.
Lead-acid batteries are uéed in cars, golf

‘carts, and other common applications.

Nickel-cadmium, or nicad batteries as they
are called; are used when higher cost is not
too great a penalty 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 ithas one quirk worth megtion-

ing—a memory. If you discharg nicad

only half-way each time, eventually half-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 solelyby-
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each inverter's circuits. Inverters that turn,

- say, 12 voits DC into 110 volts AC are avail-

+

able in a variety of amperage ranges and -
voltaqe and frequency accuracies. For ex-
ample a really cheap 4-ampere inverter—
that's 110 volts at 4. amps, or about 400

. watts——ls available in the recreatlon vehlcle

market for under $100 (1980). Voltage output

) Hldy chy' from 10510 115 VOIlS and trequency

from 55 to 65 cycles per second. And the
out‘put is not the smoothly oscillating sine
.wave of expensive inverters, but rather/a
sqdare wave, typical of cheap inverters.
Square wave AC is useful for osperatmg
motors lights, and other nonsensitive de-
vices, but stereos and telev;ston getstendto*
sound fuzzy because of the effect square
waves have on their power supply

More expensive inverters are available

with close voltage regulation, a quartz crystal
“to control frequency, and a sine wave-out- -
put. For applications where the AC output
will power electronic devnces this fype of
~inverter may-be necessary.

Where voltage and frequency are not*
|mportant but sine-wave output is, a motor-
generator type of inverter can be used. Here,

- DC powers-an electric motor that in turn

spins an AC generator. AC generators pro-
duce sine waves, but heavier loads slow the
motor down and cause frequency and volt—
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
F™ . \ ’

7

, C , 2]
possible to enh;ayée overdll system efticiehcy

by using smal .inverter/z at each important -

load. This is”the approach used by Jim
Cullen'in his solar- and; wind-powered home

in Laytortville, Califorhia (See Chapter 2)

" These local inverters should be selected to

operdte only at their peak effctclenwcy Be
to pay attentton to their surge ratings. -

su
Most loads, especialiy motors, draw a surge
of.current several times their rated amperage
for a few seconds during statting. This current
surge can destroy an inverter that’s- 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 wired_for direct current.
Synchronous inverters perform a slightly

different task than the stand-aloné \types .
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- EfftCIenCleS of two dtfferent mvertersr A well—
‘. matched inverter operates at more than half lts rated

power Ievet

They still turn DC into AC, but they drrve'an

_existing AC-line. The AC output from a;
chronous inverter is fed directly:inte
line such as your household
current is available from an existidgis
50 this inverter must synchronize
with the AC line and operate in parallel with
_the other source. To be fully synchromzed
the wave forms—sine waveg in the case of
utility power fed inte your household wiring—

-must match- In fact, most synchronous inver-

- ters use the wave form they are working with
to establish interna| voltage and ﬁrequency
regulation. 7

To get AC into your house frrim a wind
-generator, then, you either start
the windmill, or turn DC into AC with an
mverter Elther way, a major safet aspect

C ey

-

ith AC at
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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 péblic utility to link an
AC wind system with your house, the safety
issue will be the primary topic of discussion.

. Designing Wind-Electric Systems .

DC
g AC By now, you're probably considering
O | e TO UTILITY some sort of end use, or goal, for: wmdi
a0 /00 LINES generated electricity, such as powering your
@ : o >£  -house, heating a barn, or whateVer. What
@ / | ELECTRIC sort of wind-electric systenr,plan should be
SYNCHRONOUS - used to reach that goal? |
 INVERTER C s f The first cheice the designer of a wind-
— ' » electric system must make is whether he or
‘- : she wants an AC or a DC system. Then, a
LOAD@ f suitable plan takes account of severalimpor-  ~
C , 3 L tant factors: *?4
The Gemini synchronous inverter. This electronic - ’ ' A ¢ The nature and tlfmng Of the load

...t~ device converts direct current into AC pov\fer syn-

e Rated power of theswindmill
chromzed with utility power

W . e Constraints of cost and availability.

o . . A o ’ | “ Most important is the nature and timing of
5 ' | : " oAb ; the load. Look at a typical domestic load

' , : o E . plan. A small house with a few inhabitants

has the usual array of consumer gadgets.

- . ) “|..  Theenergyand power requirerhents forthis
‘ ‘ X ' -household are summarized in the table.
. . V_,‘ TO OTHER AC LOADS v - Your needs for electrical energy and
' A synchronous inverter couples a DC wind gen- power depend entirely upon the appliances
- . .. erator to both the utility grid and the house wiring you have and how you use them, To deter-
; ' T system. - | | mine these needs, you must examine all. -

[ ‘ . ~your appliances and monitor or estimate

\
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their use patterns. Whenever possible, you

" should determine the power drawn by each

apphance——rts rated power. Thrs will usually
be written, 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 tables of the energy

and power requirements of many electrical,

devices.

- If 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 listed in the example illus-
trated here were used at the same time,

* about 3, 500 watts of electrrcal power would

be required. In a 110-volt AC system hooked

* upto the utility lines, that's only about 32 amps

(watts = volts X amps). But in a 12 -volt
wind-electric system, you'd need to supply
~almost 300 amps! In addition, the motors in
appirances 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 putan 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.
Consult Appendix 3.5 for more detail\about
exact procedures. Once the monthly energy
use has been estimated (about 300 kWh in
our example), compare it to your monthly
e!ectrlc bifl. If they dontcompare something

beal

// 9374

Z /////////// 7 7%

Electrical appliances in a small household. The energy and power eeds of these devices are

summarized in the table below.

Is wrong with your estlmate and you shou|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
equipped, you should use one of the AC
load systems shown on the next page,

’ ' ’ )

1

©

s
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ENERGY AND POWEH REQUIREMENTS FOR A TYPICALHOUSEHOLD

Appliance *

Hours" Used
(hrs/month)

Rated Power
(watts) |

Energy Use
(kWh/month)

Refrigerator
Kitchen light

,-m_,_Bedroom light

PorchT”g?ﬂ\
Living room light
Bathroom light
Television
Microwave oven

| Slow cooker

Misc. kitchen devices
Blow dryer
Misc. bathroom devices

|
|

500
120
=100
100
120
100
120 ¢
15
40
8
8.
20

360
100
100

40
100
75
350
1500
75

. 250

500
50

180
12
10
4
12
8

42
22

3

2
4
1

TOTALS

3500

300
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DOC generator - Batteries - DC loads

v DC 1o'AC .
DC generator  p—a= Batteries AC loads

. N mnverter
o Synchronous v
DC generator  |— inverter AC loads
AC source
//
L e ]
/ N

AC generator AC loads

—

AC source

2

Block diagrams of four basic wind-electric systems.

If your load is off-line, or not conneoted
to a utility grid power line, then you should
‘also select one of the AC systems but 60-
cycle power is not required. Generally, DC

- ——gnergy-storage and an inverter are used

with off-line loads.
If the household'load is on- Ime then the
source of backup power could well be the
. utility lines. By synchronizing frequency of
the wind-generated electricity with the line
frequency, the wind system can operate in
+parallel with the utility power supply. The
power required by the domestic loads canp
be supplied entirely by wind, if available, or
by the utility if not. The two pewer sources
could even operate in tandem:.- R
Remote electronics appllcatfons 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
unavailable from wtility lines. These loads
are almost always off-line and require a DC
wind system.
" 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 sénding some-
one backpacking intd the woods in the

face of a storm is out of the question. Fully S S

'
. 7
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automatic controls 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 t6 complex. Direct

1,
|

: currenttrom the wind generator charges 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 battery is rated at 6 volts, the
two together will generate the same voltage
as asingle 12-volt battery. By linking them in
parallel, as shown in the first figure at right,
the voltage output is limited to 6 volts. If

‘more batteres are needed to store_more -

energy at thaf;ﬁ igher voltage they would,be

linked in serig’s- parallel to each other, as

illustrated in theisecond figure here.

If a good timing match exists between -
‘need and resource, most of the wind- .
~ generated electricity will-directly power the

. load. If there is no nged, the batteries will be .

charged, and some engrgy will be wasted
due to the mefflcreﬁeyet—eeargmg the-
batteries.

An electronic circuit that monitors system
voltage may be'needed tq,prevent wasting
wind-genefated electngty when the batteries
are fully charged. Suﬁpose the battery is
fully charged and wind power s available

~but no electrlolty is being used. The load

monitor senses this condition pbecause, whén

" the battery is fully. charged, voltage in the
~charging circuit will tend to rise above
normal chargingiyoltage—a 12-volt battery

e . o

BATTERY

BATTERY

'LOAD@ )
1B

TO OTHER DC LOADS

v Y

Parallel battery wiring increases the ampere-hours
you. can store but lowers the voltage.

BATTERIES | -}

1 BATTERIES

TO OTHER DC LOADS - \

Series-parallel battery wiring. Use this approach to
store more electrical charge at higher voltages.
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Sizing a Heater Probe

To-determine an appropriate value of the elec-
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 flow
through the probe and the voltage of the
system:

Voltage
Am;seresg

The current passing- through the probe is 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
" heater probe to dissipate half this rated
L current?
Solution: Using Ohm's Law wi&h them X
munm chapgmg voltage, =

Resistance =

=¥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 circuit to this
110-volt system.

%

DC

FBaTTERIES]

: 6
‘ , =13

o ol

LOAD MONITOR

WATER.HEATE}?

Series battery wiring with a load dumper.
When the load monitor senses an overcharged

battery, it dlvens current to an electric water
heater. . - -*

will charge up to about 14.4 volts. At this

voltage and above, overcharging occurs,

, -which can damage thé battery. As long as"

the charging voltage' remains below a set
voltage,say 14.3 volts, the monitor continues
to charge the batteries. Once the voltage
rises above this point, thé monitor switches
orra relay that adds a new load 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. After the new load has been
applied and charging voltage has dropped,

and begin charging the batteries again.
What sort of extra load am | talking about?
It can be an electric-resistance heater or a

‘the load monitor will switch' the relay to off

backup heater probe in a solar storage tank.j,

or hot water tank. That's a convenient place

for extra wind energy to go, with no waste.

If the water gets too hot, mv1te a neighbor *

dver for a shower. You ' can easily size

this heater probe with the procedure glven

here (see box). .

A final, important feature is a backup
electrical generator for extended windless
periods. Folks who travel about in large
motorhomes know all about these gener-
ators. Some are npisy, others are not. They
come with pull-Starters or electric starters.
The example shown here has a- second load
momtor wired. to the” starter. The momtor

ing -a dying 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

3
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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, wiring patterns are neat, electrical
connections are sound, and the wire itself is

f i 1
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 Ioads aﬂmost
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 ::omplete DC wind-electric 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. I'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 on 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
m'atter). This doesn’t mean you will actually
save lenergy in a measurable quantity. If
you unplug the refrigerator while the toaster
is running, the refrigerator will make up for
the loss 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-

f-in‘g; 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 a common practice throughout the world. = -

But, using awindcharger to run water pumps

Lo
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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 consider a DC motor
. with a voltage and power rating-compatible
] = with the generator in the wind machine. An
inverter is not required, but you mightadd a
smalkelectrical circuit (control box) to switch
the pump oft when too little power is available P =z
to pump any water. The AC motor considered | ’ ., Dc pump I WATER TANK
.. earlierisaconstant-power devacethatsp@ns ‘
. at a fixed rotatienal speed-and drives the 1 |
. pump at a fixed rpm so that a virtually con- : . | \ L
* stant pumping ratg is achieved. The DC ;
motor which is |if@ly to be a converted
;;,trac’uon motor from a golf cart, will spin-atan
, rpm governed only by the ‘power available
to it. But. a DC motor is not compatible with
A jet pumps {which many modern small wells
- use) becauee they are designed to spin ata
’ fixed rpm. It is_compatible with a positive
dlsplacement pump, such as a piston pump.
~..You might require a hybrid system that e mAC
combines elements of most of the electncal 2 INVERTER - PUMP
“dpplications diagrammed sp far.'A typical . TO OTHER USES =7

A simple wind-powered electric pumping system. The only storage is a large water tank.

CONTROL BOX\

BATTERIES ]
WATER TANK

. med -electric system is not deélcated entlrely f A complete wind- electrlc water-pumping system. The well pump é just one of several I oads-pawere
»... - towater pumping, although such a system , | windcharger. g
7 % s possible. The lower drawing shows a hybrid \ _ o .
., . or flexible wind-electric system with major ‘ls delivering enough powert to pump water, . .
emphasis on water pumping. Note that the The control box could besset to sense a ' / F

added control box uses the water level in ,(crlsns water level in the tank and draw cur-
the storage tank as one of its inputs. Another _ rentfrom the batteries, or ring a bell to warn
input might be power available from the - 5the owner. The controller could be pro- « . S
windmill. The control box could sense a “‘grammed so that if more wind power was
need for water in the tank, but hold off available:than the batteries needed, the
drawing fromthe batteries until the windmill  pump would bring the Water Ievels up- to a

=

B
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‘ IR
“fult reserve” level—takifflg advantage of the
Qccasional excess power a wind system
might produce. Such programmable intel-
ligence,.when coupled with several wind
energy applications, leads to hrgherove.rall

system efficiency. S
Chapter 2 descrlbed a novel technrque ‘

for generating- electricity and pumping

wagmtaro—thna RiuchlanAdA Tavace avnarimantal

walcl — Ui wualiial i, 1ITAQO, U/\}JUIIIIIGHLGI
system being tested by the U.S. Department
of Agriculture. This particular scheme-uses
the tull oapabrlrtres of the electric well motor,
If no wind power is avartaoe dunng pumping,
~ the motor does the enttreﬁob spinning at
about 1,750 rpm. When the wind increases,
an -electronic’ control circuit releases  thie
" windmill brake, and\a/small starter motor
'spins the wind-turbing up to speed. At that -
point, a clutch engages to couple the torque
from the turbine to the torque supphed by
_ the electric motor. Motor rom increases as
»more wind power becomes available. When

. motorTpm reache; ‘about 1,800, no electricity

is needed from the utility. As the rpm increases '
. above 1,800, the motor turns into a genera-
tor, pumping juice back into the utility lines !

~A typical synchronous application for

“this type of wind-electric water pumplng
~ would be an industrial or-agricultural water -

pump thatdrives a large irrigation system or

an industrial process plant. Such a pump is
probably a 220-volt or 440-volt motor from
ten to several hundred horsepower in srze,
An Idaho potato—farmer uses a400-hp electric
pump to lift water 600 feet out of the ground

into" a holding pond Four 14- hp pumps

. supply water to his center-pivot: irrigation

systems which are used to irrigate potatoes.
The-utility lines .already, wired to the pumps’
now provide all the necessary power, but
-a constant -frequency, synchronous wind
generator could be wired to,operatadpgether
~with, or in parallel with, the utility lines. It i is
unllkely that a 400:hp wrnd system is within

thic fav ryAarla e~

~ this farmer's budget,. but an’y‘ wind. power

supplred will offset the power requrred from.
the u’tmty lines. -Any or all. of these puUMpPSs

" coult@i pe coupled to a wind tarbine in an’

arrangementsrmltarto the Bushland; Texas,
mach|ne . :

Wind Furnaces = 1 -

 Awind-furnace i$ a wind-pbweréd heat-
ing system. Low- -grade heat is needed for .
domestic purposes and for agricultural and

, industrial processes. Hot water can warm a

room in winter, and provide a hot bath or

" sterilize a milking parlor, and wash manu-

factured parts beforé painting. Hotair warms
rooms and barns and can dry parts after
-washing. Solar heat is rapidly replacing gas,
oil, and coal-fired heat sources in many
: domestic applications, and in some indus-
tnal and agricultural processes. One-could
reasonably expect to apply wind.- energy to
heatrng perhaps as a.complementto solar
energy.

"Wind furnaces can be used to supply -
the extra heat required for home climate
controlin regions where itis both windy and
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cold. Many parts of Eastern Ca‘nada, 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 fows

- 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.

_Butlthe overall heat loss can be severely

increased by cold winds. The rate at which
heat leaks outis increased by wind chill and
by higher than mrormal infiltration—the-pro-
cess where cold air sneaks in through cracks
and small openings. Wind increases infiltra-

“~tion byvbuil(‘iiﬁg‘ up air pressure against the

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” loads are

much harder to predict than wind chill heat
loads. o

The beauty’dfk_usi'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

&

Average wind power available, in watts per square meter, d

are good areas for wind furnaces.

concept is not limited to space heating.
However, space heating uses lower temper-
*_atures than most other processes (80-100°F,
compared with 100-150°F for domestic hot
water, and higher far many industrial pro-
cesses). Lower temperatures are easier to
reach and easier to keep. If you carefully
size your storage tank and use.plenty of

insulation, a wind furnace can provide a fair.

- portion of all your heating needs.

4
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i A’Winid fyrhace can be linked tb an,'active sqlq;;_hééting system.
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Wind'energy can be converted to-heatin
several ways. If a windmill drives a paddie
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

L3 ,
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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 develop high torque
at low rpm; so high solidity is negessary.
A windmill can also drive a heat pump
directly. The heat pump can be suitably -
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 can be
readily adapted to or:designed for wind
‘power. , te '
Perhaps the most versatile heat genera-
tion method is to use a windchargerto drive
an electric-resistance heager’Such a system -
(the University of Massachusetts Wind Fur-
nace project) was described in Chapter 2.
Electric baseboarea heaters or heater probes
for- water ;am@ are very common. Wiring
these devices to a windcharger'is a simple
matter, requiring only a load monitor to pre-

_~vent overloading the windcharger in tow
- winds. This versatile system can also-prowide

‘electricity for other purposes when it's not
" needed for heat. Such a wind furnace is
ideally suited to installation in tandem witha
solar heating system, where a small amount
of electricity is needed for solar pumps,
controls, or fans, and the rest can be applied
to heat. ‘

[




th——,
v

Building a Wind Power System —

|

P

Space heating is needed because heat flows
—from the warm, comfortable interiors of a
bwldmg to the cold outdoor-air. THe rate at
~which heat must be added to a building
should equal the rate at which heat leaves
the building, or discomfort ensues. Calcula-
tions for this heat loss are not particularly
complex, but they are tedious. They can be
done with a cheap pocket calculator and an
afternoon of concentration. QOften they must
be done to satisfy building code require-
ments before a new dwelling can be built.
Complete heat:loss calculations are too
__detailed to present here, but several good

methods have been used to prepare a graph

ings. This graph describes the heat loss rate

Q- for: frixp/cal single-family dwellings ranging
from poorly built, yninsulated to well-built,
highly insulated structures. However, this
graph by no means illustrates the best or
worst you.can do.

The hebt loss rate Q is presented in units
of Btu/DD/? or British Thermal Units per
degreeday per square foot of floor area in
the house. To calculate the total heat loss
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 falls
below 65%F. Tables of degree-days are pre-~
sented in; Appendix 2.5. Then the monthly
heat loss of a dwelling can be estimated
using thelomvu/a ‘ s

Heat Loss = () XfDD >< FA ,

where DD is the number of degree-days for
the month in question and FA is the heated
floor area in square feet. The value of Q
should be estimated using the graph here;

__the:

. to help you estimate the heat l0ss. of dwell-_

B
s

Building Heat Loss

!heat {oss will be given in units of Btu. To
get the heat loss in kflowatt-hours, d/wde this
answer by 3414.

Example: A house with 1000 square feet
of heated floor area is located in Las Vegas,
Jevada. If the house has R-11 insulation in..
the walls and R-19 in the ceiling, how large {s_
the heat loss during the month of January? =

Solution: From Appendix 2.5, there are
688 degree-days in Las Vegas during the
month of January. Assuming this to be a
windy month there, you can read Q = 11
along the 1;5 mph wmd //ne /n the graph.

- Then,

Heat Loss = 11 X 688 X 1000

[

— 7.568,000.Btu. 1|
’ N 4 ) ’ \
Dividing this number by 3414, tife heat loss

equals 2,216 kWh—the amaqunt 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 (O = 7)
conditions in the formu/a

-« Heat Loss =4 X 688 X 7000'

P . =12752,000 Btu,
or 806 kWh. This amount of electrical energy
could easily be supplied by a wind generator

during a month with an average wmdspeed
of 15 mph. .

A

Q (Btu/DD/f)

Windspeed
15 mph

~=——=10 mph
no_wind

1

=

Averaqe High ——.

RH m%/hfi()

R 19
Amount of insulation
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Wmd machine mstallatlon using a gin pole. Thns Kedco machme was tilt ed up fully

aésembled with the tower

The Wind Power{ Book

v

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 allinstallations.
Other questions .concern space. Do you
have enough room to complete an lnstalla—
tion and perform the necessary maintenance
and repair operations? o 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 ithad been mstalledjustfor .

that purpose! 3

The major points to conSLder inany mstal—
lation are the following: i

o Safety ’

Efticiency o

¢ Cost | ~

e Environmental impact.

Your own situation will determme the
order of importance for each ofthese points.
The first three are discussed here; environ-
mental impact is discussed in Chapter 7-

The dual consideration of cost and effi-

ciency usually work against you in wind

- machine design—higher efficiency almost

always costs more. Qn the other hand, shorter
wire runs cost less,and are more efficient.
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But larger diameter wires are more efficient—
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 involvéd in supporting
your wind machine aloft and selecting appro-
and foundation designs. Safety
her than that, however. Itis not
k1o erect a giant tower, especially
in a tight space It's even more difficult to
work aloft with a heavy, cumbersome wind
machine. Such a feat is a lot like overhaul'ing
a dlesel -tfractor engme 60 feet in the air.

Plan your installation allowing for enough
room to tilt the fower up. This process’ may
reqguire a wmch a truck, ten friends and@a
gm pote. Agln pole is simply a supportthet
allows. the rope or cable you tse for Ilftmg
the- tower to staft the lifting process, from;,

R ‘above the tower._Gin poles need not be very. -
., " Mall—pefhaps one-third to one-half the height
L ~ofthe tower, As‘the tower rises under tension
© ‘from the rope, passmg overthe gin pole top,
~ the abmty of that: Tope to continue ralsmg'

the tower increases, and the need for the
gin pole decreases Once the tower is about
hatfway up, the gm pole won't be needed

- any more. The rope can finish the job dlreotly
But be careful. Extra bracing may be needed -~

to preventtower collapse during th|s delrcatef

operatlon P
- You have several ogtlonsfor gettlng the

‘wind machine aloft: *
- Tilling it.up with'the tower

W

e Hoisting it aloft fully assembled

* Hoisting it aloft partially assembled

¢ Hoisting individual components for

assembly aloft.

The first option is generally the easxest unless
your machine is very heavy. The lastis time-
consuming but reduces the need for hoisting
gquipment. You should consider this point
carefuljywhen designing your wind system.
An apggroprlate design configuration would
include a lightweight carriage structure with
a built-in hoist that would rise with the tower.
The built-in hoist would then bring up each

_component. For a small machine, the car-
~ riage can be built as a shell, thus doubling

as a protective cowling.

Lightning Protection” ,

A final, very mportant‘safety feature IS
llghtmng protection for your wind machine.
Any wind machine is a prime target for
lightning because it's usual!y the tallest

- 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 anq the southeastern United

States are the two pringipal areas of major

-thunderstorm’ activity. Anywhere from one

‘strike every other year to four strikes per

year might be expected at or near your site..

Justhow big is atypical ||ghtnmg stnke?

”nghmmg current typlcally peak,s/at 20 00Q °

Thunderstorm frequency in the United States and

southern Canada. Contour lines indicate the aver-
age number of days per year with thunderstorm
occurrence.

5
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Property grounded, a lightning rod establis

cone of protection over a wind machine. The slip
nng allows the machine to rotate without getting

tangled.

— HEAVY GAUGE
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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 electricai 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
flowing along a wire. When a lightning ball

no way out, it responds like any irate prisoner—
“by@estroying the contents of its confinement
-~ cell. On a less dramatic level, the very small
_static' discharges associated with “electrical

air’ during a thunderstorm can easily zap.

“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

a path for a lightning strike to reach ground.
Most wind machines act as their own light-

- ning rod. Some farmers” keep their+old

—1.————windchargers aloft for the sole purpose of

- providing protection from lightning strikes
on a nearby home. But this means that the
massive current can flow directly through

_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. .

Whether or not a lightning rod is used,

hes a .

enters an electrical box and discovers it has

suitable protection should*be ‘included in -
the wind machine design and installation.
“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 ought to
be installed according to the building codes
for lightning protection. The real key to suc-
.cess il any installation is a good electrical
connection_to the earth. In dry soils;this
means m@én_y ground rods sunk 8 to 10 feet,

- or even more. In moist soils, you need not

take as much care.

K

Comments From The Real World

Wind machines can be very useful in
generating some of the power you need.
They can also.bé'quite dangerous, if im-
properly installed or maintained. After ten.
years of designing, testing, intalling, and

- owning many, different wind machines, |
“have found that most of these dangers
appear only when peogl“é are around. Ropes
break or knots loosen while tilting up a
tower. Nuts, bolts, and toels 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 the concentration
required. 1 2
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The following tips are derived from my

own experience with dozens of installations:
» 1. An installation takes more than twice

. 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.

2. Wind at the top of a tower is always

stronger than at the bottom. Always

pound elephant 60 feet aloft 6an be a
difficult, if not downrlght dangerous
task.

. Figure that tymg arope knfgtwnl lower

that rope's strength to h alf its adver-
tised value. - :
Try to avoid “fire-em- up itis.” Don't be

in a hurry to let the machine spin,
yunder wind power. Let its first run
occur during a very mild breeze. Save

—make sure thatf blades cannot begin

spinning before. an installation is.

. complete. “
.Really plan the up-tower operations

carefully. Know the pocket in which
each tool is kept, orwho-will pedform
which task, and when. Trying to cho-
reograph the dance routine of a 400-

6

7

the full-power runs until you are certain .

that the rotor spins smoothly and al/

the bolts are tight!
. Always wear d hard hat when working

below somebody else.

. Always wear a climbing belt and attach

it firmly to a strong part of the tower.

8. Try not to;éook down!

? [
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There are mahy faotors other than ehergy!

needs and available technology-that Anf
ence the decision to purchase or build
windpower machine. Legal and social con-
straints on the selection of wind energy -
systems stem from age-old questions.
conoernmg the -rights and’ obligations. of

'_penetrate energy system purchases That

nd.is toward serious consideration of the
-cycle costs of a system, house, applr-
ance or car. The life-cycle cost includes not -
only the initial price of an installation but
also its maintenance, fuel costs, and interest ™

-on money borrowed or spent. In home pur-

citizens. Financial issues seem to be the /eh‘ases passive solar homes usually have a |

QTEHIBSI barrier to wroespreau use of-win d

_power, but as the prroes,er‘ ossil fuels.

/aed”t{ncehtrves are rapidly. te¥tng and -
penetrating these msiu%u’(onal barrlers— |

will become increas-
ive. Federaland state proreots

increase, wind syst
ingly competit;

helpmg to rncrease ‘the use of wind energy

‘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 probabiy understand that alihoogh

‘the wind blows whether you use it or not,

hamessmg the wind is definitely not free.
Then what does wind energy cost? Lots
of folr(s simply add up all the costs involved
i a, oomoiete wind system installation and
stop: right there. Similarly, lots of people
simply ask how much a new house costs
and don't look any further. Butthere's a new

“trerid in cost assessment. It started with

automobile purchases and is spreading to™

appliances. Soon it will reach home buyingy
and at the consumer level it's beginning to

initinl Arira it nrnHHf\Q at |ittle nr'

|IIHIIUI IlllLICll MHILE UUL PJIUUULG, at it

no operatrhg cost, much of their own comfort-
control energy. The monthly cost of owning

‘such a home is usually less than that of a
conventional home purchased at a lower '

mrtral price.
Similarly, two wind generators, each rated

Cat 4kW, might each sell for a different price.
" The more expensive unit has a larger rotor |

diameter $han does the cheaper unit. Some
people would be inclined to buy the cheaper

~unit just to minimize el initial investment

in a wind system. But which- machine is

actually cheaper? To answer that question °

—-yeu must determine several factors.
- First, you need the total sales price of

each completely installed system. You must. .

add up the cost of everything from building -
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 amount 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 Raylergh distribu- -
tion (Chapter 3) for that speed to get the
number of hours the wind blows"at each

=

Y
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“Wind Energy Costs

A complete economic analysis of wind energy
versys other energy options requires an
- estimate 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 cos§t of that energy can then be
compared with the cost of convent/onal
supplies.:
. To perform such a life-cycle estimate of
your wind system costs, you need to know
the following:

. - e-Purchase price of equment in dollars .

» Installation costs, in-dollars

s Annual maintenance costs, in dollars .
* Annual insurance costs, in dollars

¢ Other annual costs, in dollars

» Resale value of equipment, in doliars ~

* Annual interest rate paid, in percent .
« Expected system lifetime, in years
. « Annual energy.yield, in kilowatt-hours
If you don't know all these quantities exactly,
try to estimate them as best as possible.
System lifetime, for example, is anybody's
guess.
Start your analys:s by adding up the
 purchase price and installation costs. Then
multiply the sum of all the annual costs by
the Dxpected 1ifetime of the system, and add
- this product to the totat above. Finally, sub-
tract the estimated resale value of the
equzpment Exclusive of financing costs, this

result is the total cost of ypur system over its e

expected lifetime. To get the average annual
costs, you divide this result by the expected
lifetime and muitiply by a factar that includes
the costs of borrowing money. An example
will-help to ilustrate.

Problem: Suppose a wind system can be
purchased off-the-shelf for $4,000, including
wind generator, tower, batteries, wiring and
controls. Suppose that instalfation of the

system costs another-$1,000. Based upon
discussions with other owners of that mogel
and with the manufacturer, you can expect a
system lifetime of 20 years, with annual costs
~for insurance and maintenance averaging
- $200 per year; You estimate a resale value
for all the equipnient to be only $500 at the
end of this 20-year period. If the system is
projected to yield 3000 kWh per year at your
site,'what are you paying per kWh for the
energy /t produces?

Solution: First add up all the costs and
subtract the resale value:

Purchase price $4,000
Installation cost - 1,000

Maintenance & ingurance 4,000 |
‘ $9,000
Resale value =500
$8,500

To get the average annua/ costs of the
system, you should include interest paig-as
an-added expense. Using simple interest at

10 percent per annum, the average annual

costs of this system are:

$8,500

50 o $467.50 per yea(.

110 X

When divided by the energy préduced per

year, this -number gives you the unit cost of
the wind energy delivered by your system:
$467.50

‘m = $0.16 per kWh.

_ This f/'gurea may:seem high, but wait a minute. .

f you take the Fgderaltax credit on the

- -capital costs ($5,000) of the installation, you

save 40 percent, or $2,000. This credit
reduces your average annual costs to
$357.50 and the unit cost to $0.12 per kWh.
(State tax credits may reduce this cost even
further) i :

wrndspeed Then use the power curve for

"each machine to get the watts available at
each windspeed, and multiply watts times

hours to get the total energy (in watt-hours)
available at that speed. Finally, add up all the:
watt-hours available;-this total is a rough

\estlmate of each wind generators annual

energy vield.

~» Now you have the first cost and an esti- .
~mate of the total energy vield, which is the
" annual yield times the expected lifetime of 5

the system. If you stop rlght there and divide
cost by energy yield, you get a very rough

‘indication of the cost in dollars °per watt-
- hour, aor 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 b'l might be based on a
price of 2 10 15 cents per kWh. But In‘e -cycle
cost analysis goes further:

~ Other costs that need to be included in
your'analysis are the costs_ of maintenance,
“insurance, financing, and taxes. Mainte-

nance costs are difficult to estimate, but
they might be covered 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.




Q‘ c-are the federal,

"“incentives are tax credrts many states and -
*the federal government have programs that | )
e .hetgﬁtmance your wind energy system by
_— redu&egyour income tax liability. Tax credits
V\//LH’ not pay the whole price, but in some -

'Pérspetfﬁ?es | .
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A heLptutfprocedure to perform an annual

° _assessméhiof the total system costs js given
here (see box}. a life-cycle assessment,
you add. upaﬂ -“,vover the entire: hfe 6fthe ”

... machine, subtract thé‘ré.sa!e valfie estimate’
S and compare this total dotartlgutewth the
savings in energy consumptton costs OVer.,

the expected system lifetime.

Among the <many. changing aspects
le-cost

'rnyolved - estrmatmg yoeHﬂ‘ -CY
state, ‘affd perhaps even
lbcal government | lncentwes to help you
decide to buy wind equrpment The primary

states, like California, they reduce the dost
by about 50 percent. You,take this reduction
into account when calculating'the first cost
of your system.. -

- Similat govemment programs are start-
mg to make low or no-intérest loans available
for_conservation and energy. equipment.

v “T‘he electric utifities are beginning to get

intd'the acthere. Other incentives may show

up in the form of property -tax relief, or a

reduced assessment of property value for

" .. people owning wind equipment. Suchincen-
- tives will lower the annual costs'you associ-

ate-with the wing equipment. -
When you ¢ mpare your wind system

"’”e‘nergy cost with the cost of conventional
» energy sources using the life-cycle costs,

you
o ~ \\\}

thust include the effects of inflation. -

Conventional energy costs are rising rapidly

as shown in the graph. Once you install a
"wind system, you begin paying for itin 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,

> \conventronal energy costs should exceed
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, but'the selection

of a good windy site is the most important . |

factor. . -

- Legal Issues

L3

The legal issues mvolved in owning a
wind’ power system cover two +mportant

areas—your rights and yourobhgatlons_. You,

have certain rights, granted by law, that can
be-obtained by agreement or contract or that

- come automatically with~land 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
IegaTquesnons that come wrth purchase of

‘the property should be determined early on.
Atitle search will find any restrictions placed

on that property. If-_previous owner speci-

~ Cost of Electnicity (Dollars per kWh) )

. A comparison

050 :
i
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Wlnd\power at
0.20 + $0.16 iper kWh
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installation fee, "plus insurance and

maintenance gosts of-3200 per year over a twenty-

year lifetime.
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‘The shaded states offer incc'air;ﬁé;iax c;edits or deductions for wind power equipment (1980).

i

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,

determine its archntectural style, or force the

owner to submitto the whims of an architec-

tural review board. It's hard to imagine a

: wmd machine deS|gned in Southern Colomal

style, and if the maximum stracture height is
limited to 20 feet, you'might as-well forget it.

Zoning ordinances gre the next area of
potential legal problems The county may

have certain restrictions that limjt property
to certain well-defined purposes—resndentlal
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

L - usually administered by a zoning commis-
‘sion; planning department; or.building

inspector. 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 avariance if tower henght exceeds

the maximum height restriction.
Building codes are yet another source

~~ofproblems. Before you can begin to lay the

tower foundation, you will probably have to
obtain a bqumg 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
regrstered professronal engineer will have
to ‘check your drawings and calculations
e ' QOften a deeply hidden restriction to-your
| rights crops-up because a wind syste}h

- anenergy producer. In every state a P blrc
, Utilities Commission has licensed one or
. more utility companies to provide the e ergy
,,,,;_,:;,,, needed by homes, farms, and businesses.

Surely whateverwrnd crosses your property
is yours to us€ as you see fit. But what
happens when your ne;ghbor decides to
build a high-rise structure just upwind of
your machine? Zoning ordinances aside,
< you may not be able to stop such an action.

engrneermg Calculatrons that you have

- g P i e

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

—tn-most-cases; this-publicticensé ampurts

_to a virtual monopoly. In some countigs, the

| municipal water company has the fignt to
___install a water meter on ydur wind-gofered
water system—ahd charge you for the water.
The U S Federal Energy R

gUIatOry ,,,,,,,,,,,,,,,,,

simitar legal debate will eventually examine
wind rights. For now, the problem is not

highly critical; it is, however, something to

" think about in-your-site-planning--f-wind-——

rights appear to be a problem, you might try

~to obtain @n easement. You usually obtain |
lieEublrc -—an anaeasement ferethe rlghts teaemethrngf;

I

| systems. This regulation now makes it possi-
ble for you to cogenerate electricity at your
""house or business, with full cooperation of

;fthat utilities must buy this cogenerated
i power at their marginal cost of new power
generatron—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.

question concerns your right to the wind.:

g}the local-electric-utility--Fhe-Act-specifies ™ fetch area.

{ Butthe exact rate they pay will probably be |

_them excess power is clearly set forth in -
= ~PURPA; it virtually eliminates-any restrictions

Perhaps the most fundamental legall

ments are granted or.s0ld for drrveways
power line crossing$, sewage lines, and ather
similar uses. A wind easement would restrict
structure and tree heights on the part of
your neighbor's property thatis in your wrnd

a8

Along with your rights to harness wind

power, you have certain obligations, most of

which are concerned with the protection of

imb—Many-ot-these-satety-obtigas
tions will be satisfied in the course of com-
plying with building codes. For example,
preventing electrical shock is covered by
electrical codes;:while plumbing codes

specify sanitation requirements for a water- - .
pumping windmill that supplies domestrc,

drinking water.
In my opinion the main area of concern

&
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that may not be covered in your building
codes is the attractive-nuisance value of a
wind system. Install'a swimming pool in
your yard, and you will be required to fence
it in. A swimming pool attracts children-and
creates a safety hazard. A wind system
attracts everybody—not just children. And
\the 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-gystem. Check with an
attorney, but expert to install at least a
'safety fence arouad the tower

Your obligdtions extend to the protec- .
“tion_of your ngighbors from falling towers,— —
flying blades/ television interference, and
other enviromentat damage. It may bé that
you install your tower so far from the property
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
. an " technology are reflected in the laws, codes, . ;

anzt;gjﬂsrogg!rozaggsalﬁ;g %réerﬁ;grr:liepotentr‘aj dangers of ‘owrrmg a wind system. Take care to plan for suc " and ordinances just discussed. The experi-

| ence or mood of society, or needs of a

L e | | ” group of people, help to guide the creation

@
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of taws that govern the applications allowed.
If a group of wind energy systems is re-

sponsible for several accidents or injuries, a -

law will very likely be passed that governs
the use of wind machines. .

Social issues abound on a more per-
sonal level, too. Whenever you install 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.
Neighborhood concern for safety will be
first in importance. Next will be concern

about any adverse effects your system will .

have on local television reception—unless
cable television is used by all the neighbors.

One company brought cable TV in with their

wind generator to satisfy 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

just purchase whatever equipment he recom-

mends. Recent approval of the Residential
Conservation Service (RCS) regulations now
means that your utility must offer you an
audit of your potential for conservation
measures, solar energy, and wind energy.
An RCS representative will help 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 soon become
very attractive to a wide group of users. This
rowth in demand for wind equipment will
stimulate new designs, 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 to leave the entire job to a dealer and

mation fhey may have accumulated on wind
energy for your area. Also ask them for the
forms necessary to quality for any tax credits

‘that may be available. Sort.out your options |
~and pursue the project carefully. The results
will be more than satisfying.

o3
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How to Read a Graph

g Graphs have been used throughout this boOk to snmphfy«calcula-
- tions. They also help to compress alotof numerical informationinto

a convenient visual form. Computations which would normally be -

difficult o‘r 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 illustrative
. examples. |

Example 1. The curve inthe fsrstgraph defines the relatlonshlp

© between two quantities, Value Asand Value B. If Value A equals 8,

what.is the corresponding Value B? - .
Solution: Start on the horizontal scale (“x-axis") at 8 and qpove

vertically (or draw a line) up to the curve. From this® point of
intersection, move horizontally (or draw a:line) left to the vertlcal _

scale (‘y-axis”). Thus, Value B=4 in this examp|e T
Example 2: Suppose you know that Value B=2. 5 in the first

graph. What is the corresponding Value A? ’ |
Soluation: From the vertical scale at 2.5 (halfway from 2 to 3)

" move horizontally right to intersect: the curve, then drop down

vertically to the honzontal scale as shown. Thus, Value A= 4 in
this example. - '
Sometimes there is more than one curve on a graph that
applies to your problem. Often, there are a series ohcurves each
corresponding to a specific value of one parameter. Here, yOu have

it

to selest 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 proEIem But you need to know what happens
when Value C = 15. What do you do?

Solution: Value C =15 is halfway between Value C=10anmd

Value C=20. Simply add another curve (dashed curve) rough1y
halfway between the two solid curves, and proceed as in the earlier
examples. :
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Wor ' .
CONVIECRSION FACTORS CONVERSION FACTORS
; Mult{ply: By: To Obtain: -Multiply: By: To Obtain:
Atmospheres (atm) 76 Centimeters of Hg (0°C) Centimeters/sec (cm/sec) 0.0328 Feet/sec ,
1,033.3 Centimeters of H,0(4°C) ., .0.02237 Miles/nr
" .. 33.90 B Feet of H,(39.2°F) Cubic feet (ft3) o 0.0283 Cubic meters
29.92 " Inches of Hg(32°F) o 7.48 Gallons (U.S. liquid) s
, 147 Pounds/inch? 28.32 Liters
British Thermat Units (Btu) 2520 . calories Cubic meters (md) 35.315 Cubic feet - . .
. 77765 *  Foot-pounds 264.2 Gallons (U.S. liquid) d
3.9275x10°*  Horsepower-hours 1,000.00 Liters :
105435 _  Joules | Feet (ft) 30.48 Centimetérs
2.929x 1074 Kilowatt-hours L ' h 12.0. Inches
Btu/hr 4.20 calories/min - ﬂ) ) ) " 1.894 x 1074 Miles.
. 777.65 ' Foot-pounds/hr ﬁ “‘“;‘ Feet/minute (ft/min) 0.508 : Centimeters/sec |
T 3.927x 104 Horsepower 0.01829 Kilometers/hr
- 2.929x10°* »  Kilowatts ’ | 10.01136 Miles/hr
‘ - 0.2929 . Watts Feet/second (ft/sec) 1.0974 Kilometers/hr
Btu/ft2 0.27125 Langleys (cal/crm?) \ no . 0.6818 Miles/hr
Btu/ft2/hr . 3.15x 1077 Kilowatts/meter? ’ Foot-pounds (ft-bs) 0.001285 Btu
n 4,.51 x 1073 Langleys/min (cal/cm2/min) " 0.324 calories
calories (calf 0.003968 Btu 3.766x10-7  Kilowatt-hours
. ) 3.086 Fodtlpound~s" \ Gallons (U.S. liquid) .- "~ 3,785.4 Cubic centimeters
4184 JOUIeS il - " : 0.1337 Cubic feet
e T 62X 106 Kilowatt-hours 231 Cubic inches
Calories, food (Cal) 1,000 calories 0.003785 Cubic meters
calories/cm? (Langleys) 3.69 Btu/fté *% 3785 Liters .
Centimeters (cm) 0.0328 Feet Gallons/minute (gpm) 2.228x 1073 Cubic feet/sec
o . 0.3937 Inches : R 0.06308 Liters/sec

. . &
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‘ v x\\ ' . S ) ’
| 7 \ CONVERSION FACTORS ° _ CONVERSION FACTORS

Multip\ly;\ - - By: To Obtain: ! . Multiply: Bly: - ¢_To Obtain:

Horsepowe;\(hp) - 2,546 Btu/hr ' Meters (m) +3.281 Feet ;
.. . 550 . —— Footpounds/sec — —t ' 3937 . “lnches B

\\ - ,%‘“'h 4]

7457 Watts L Meters/sec (m/sec) 284 | Miles/hour s

L

Hdrsepowerohours 72,546 =  Btu Miles (mi) ) - ' 5280 ! Feet

" . 1.98x10° = . Foot-pounds : ' " 1.61 .. Kilometers Aé
Inches (in)- 2.54 Ce_ant_imeteys ) 7 o St o0 88.0 Feet/min
Joules 9.485x.10¢ . Btu | . AR 1.61 Kilometers/hr
S 0.7376 Foot-pounds | oo . : 0.447 Meters/sec

2.778x 10-+ - Watt-hours S Pounds (lbs) : © 0.4536 Kilograms
Kilograms (kg) 2.205 ‘Pounds - " |~ . Squarefeet (ft?) 00929 Square meters

" 0.7457 - Kilowatt-hours Miles/hour (mph) 44.7 Centimeters/sec

N

Kilometers (km) -1 0.6214 MHGS 7 Square inches (in?) Ag_g‘%.%gz , Square centimeters’ @
Kllometer/hr (km/hr) 091 18 ‘Eeet/S?C _ ,'“ " : y r ﬁ‘666‘6944 Square feet — ' . Agihd

Kilowatts (kW) | 3,414 Btu/hr Squarekilometers (km?) . 1.0764x 107 ¢ Square feet

737.6 Foot-pounds/sec o s o : 03861 Square miles
1341 " Horsepower " | /Square meters (M) 10.764 SR Squgrei’eet P T,

| -Langleys . o  ’1.0 . calories/cm? ‘ '.‘;' ’ T B '0.0’01341'{ Hé’ésépﬁwer " L L
e liters e o 1,000 ' Cubiccentimeters - 1 & 7 'wattsrem2 . *(7311(72;/; T Btu/ﬂ2/hr , . / |
PR 0.0353 Cubic feet . Wattthours '~ 3414 " _ B

e . % 0242 Galons(US.liquia)” S 8604 . calories | ™y
, / ) "
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e, . _ v - The Rayle;gn drstrlbutlon is a one- parameter equation (see Chap-
: T A ter 3)that” Can be used to estimate the number of hours the wind
et f » o ‘ articular wnndspeed The single parameter .in the

*annual average wmdspeed (the mean wmd,speed)

o r'équa’uon ist

the Raylesgh dlsénb_ tion: 'nmean wmdspeeds ranging from 8 to

R , L y ST '194 ”wmch meansthat the wind will blow at23 mph approxmately
’ V - 1‘94 hoursg, per year at this site.

To get the result in terms-of the percent of time each windspeed ™

_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

thesime.

‘atthe site in qu,estnon The accompanymg table presents values of
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Appendix 2.1: Rayleigh Windspeed Distribution . 163
%,
; .
: / / »
RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS RAYLEIGH DISTRIBUTION FOR YARI(;US MEAN WINDSPEEDS

Windspeed | Mean Windspeed, mph Windspeed = Mean Windspeod, mph

mPh T8 9 10 11 12 13 14 15 16 17 ™R 8 9 10 11 12 13 14 15 16 17

784 731 666 601 539° 484 435 391 353 320 27. 8. 4 12 27 48 74 102 130 155 177
716 697 656 605 .553 503 457 415 377 344 28 4 .2, 8 20 37 60 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 18 4 10 21 37 & 79 102 124

12 [441 504 533 536 523 500 473 443 415 386 - 31 o 5 2 7 | 16 29 ‘46 66 87 108

13 |351 429 474 494 494 483 464 441 416 391 32 0 3 1+ 5 11 2237 55 74 94
14 [272 356 413 446 459 458 448 432 412 391 .33 {0 +:5b6 a 8 17 29 45 63" 81 |

5. |204) 288 355 @96 420 420 427 418 404 387 | .| 34, 0§ & 2 6,13 2337, 5 70
TTF16 T 1149 227,.295 345 378, 396 403 400 392 380, | - 73 Jo b .3 ‘1 4 1o 18 § 4460 |

17 - 105 175 242 296 336" 361 375 379 377 369 % |o o .2 9 3 '7 14 24 .36 51 |
718|737 132 194 250 294 325 345 355 356 355 37 |0 0o 1 % 2 5 11 19 30 43

19 49 97 153 207 253 289 314 330 337 339 38 0. 0 0 4 1 4 8 15 24 36
~-20 |32 70 119 470- -216 254 - 283 - 303 ~ 315 - 321 | -39 0 0 0 2 9 3 6 12 20 30 %

21 20. 50 99*‘35—*3‘1‘%26*252 275291 302 =40 —T0 0 0 1 6 2 5 9 16 25

22 12, 34 68 108 150 189 222 248 268 - 281 -4 0 0 0 0 %4 13 7 13 20

23 7 23750 84 123 160 194 222 244 260 - 42 o 0o 0 0 3 9 -3 5 10 17

24 4 15 36 'e5s 99 134 168 197 *200 239 a3 |o o o0 o0 2, 6 2 4 8 13

25 |3 10 25 Y49 79 111 143 173 198 218 44 <20 0 0 0 1 4 1 3 6 1

26 |1 6 18 37 62 91 122 150. 176 197 o | _ | o

~




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 height measurements at tree-top level.

N
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P Windspeed versus Height \
SURFACE FRICTION,COEFFICIENT e N .
Description of Terrain ‘n\ o If you know the surface friction coeff.'rc'u\ent‘aé (Greek "alpha’) ata wind
Srcoth Trard arcund: 1ake of ocean 010" site (see Chapter 3), you can readily estimate the windspeed at a
mooth, har 9'0‘{" » 1aKke 0 ' given height hg from measurements at ‘another he|ght hA ,The o
. Short grass on untilled grou.nd | v0.14 equation’ used to aceompfﬂw th”@fféat s S
" Level country with foot-high grass, occasior\al tree 0.16 ho\&
Tall row crops, hedges, a few trees \ ﬁ | 020 Ve=VaX (ﬁ;) ’
’ Many trees and occasional buildings \ - 0.22-0.24 where V, = the windspeed measured at height N,
Wooded cqqr)try, small towns anq suburbs \ - 10.28-0.30 Vg = the windspeed estimated at height hg,
Urban areas, with tall buildings ) 0.40 ; - o i
‘ — E— E— The surface friction coefficient a usually has a value between 0.10,
(very smooth terrain) and 0.40:(very rough terrain). Typlcal values for
a can be found in the table at left. |
{ The equation above can be used with various values of ayto - -
| develop the. series of "height correction factors” presented in the
’ | table on page. 165. Here, a % listed at the top of each column, and
e . F. the leftmost column lists the height in feet. To get the windspeed Vg
. 4, ‘ at height hg whén you have measured the windspeed V, at height
: - ha, use the following simple equation:- ,
", . -
\ Ve=Va X + ,
B A HA
R — where H, and Hg are the -height correction factors read from-
- . B the table.




Appendix 2.2: Windspeed Versus Height

165

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 heightand the
anemometer height for the grove of 30-foot trees. Subtracting 30
feet from 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 a =0.28 for wooded

terrain, and reading down the column marked “0.28" in the table of .

height correction factors, we find that H,y = 0.892%and Hy=1.153.
Thus, the mean windspeed at the position of the wind machine is
expected to be: ~
4 e 1.153
Ve=10X 5892,
=129 mph .

If there were no trees nearby (level country with only an occasional
tree), and the anemomeéter measured-10 mph at 30 feet high, the
mean windspeed at the 80-foot level would be, assuming a = 0.16:
1170
Ve=10X 1000 |
= 11.7 mph. A

So the extra 50 feet of tower height gains you only 1.7 mph in mean
wirldspeed over level terrain. But remember that wind power is
proportional to the cube of the windspeed. The wind power

available atthe 80-foot level is 60 percent greater than that available
at 30 feet. o |

HEIGHT CORRECTION FACTOR , H

Height Surface Friction Coefficient, o
(ft.) | 0.100 | 0.140 | 0.160 | 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|0975| 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 1.062 | 1.089 | 1.102 | 1.126 | 1.142 | 1.156 |1.184 | 1.199 | 1.274
60 1.072 | 1.102 | 1.117 | 1.148 | 1.164 | 1.180 | 1.2147 1.231 | 1.319 |
65 1.080 | 1114 1.132 | 1.167 | 1.185,| 1.203 | 1.241| 1.261 | 1.362
70 | 1.088 | 1.126 | 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 | 1245 | 1.292 | 1.316 | 1.442
80 1103 | 1.147 | 1170 | 1.216 | 1.240 | 1.265 | 1.316| 1.342 | 1.480
85 | 1.110 | 1.157 } 1.181 | 1.231 | 1.257-] 1283 |.1.338| 1.366 | 1.516
90 1.116 | 1.166 | 1.192 | 1.245 | 1273 | 1.301 | 1.360 | 1.390 | 1.551
95/ | 1.122|1.175| 1.203 | 1.259 | 1.288 | 1.318 | 1.380| 1.413 | 1.585
100 1128 | 1.184 | 1.212 | 1272 | 1.303 | 1.335 | 1.400 | 1.435 | 1.618
105 1133 [ 1.192 | 1.222 | 1.284 | 1.317 | 1.350 | 1.420 | 1.456 | 1.650
110 | 1.139 | 1.199 | 1.231 | 1.296 | 1.330 | 1.365 | 1.438 | 1.476 | 1.681
115 1144 | 1207 1240 1308 1.343  1.380  1.456| 1.496 | 1.711
120 1149 | 1214 1248 1319 | 1356 | 1.394 | 1.474 | 1515 | 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 | 1.340 | 1.380 | 1.421 | 1.507'| 1552 | 1.797
135, | 1.162 | 1.234 | 1.272 | 1.350 | 1.392 | 1.434 | 1.523 | 1.570 | 1.825
140 | 1.167 | 1.241'| 1.280 | 1.360 | 1.403 | 1.447 | 1.539| 1.587 | 1.851
145 1171 | 1.247 | 1.287 | 1.370 | 1.414 | 1.459 | 1.554 | 1.604.| 1.878
150 | 1.175 1.294 | 1.379 | 1.424 | 1.471 | 1.569 1.903

1.253

1.620
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Wind Power Tables

ThIS appendix l|st§ -monthly average wind.

power data for742 stations in-the 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 ir

units of watts per sgquare meter; multiply by

0.0929 to convert these numbers to watts -,

per square foot.
"', These data have not been corrected -
for the various heights above ground level

of the anemometers used for each measure-
ment, They also reflect many possible distor-

“tions in the wind patterng caused by natural
terrain features and nearby buildings and )
trees. Thus, no particular set of these data
can be blindly accepted as representative: -
of a particular region. They de, however_,»
provide a rough idea of the wind power'
available and-the monthiy variatiop: n wind

power at a large number of -sites. By com-

parison of your measurements with thase of

nearby sites in these tables, yoy can obtain

a betteridea of the patterns to expect atyour

own site.

The measuring stations are listed by,
- region within each state or province; states

are listeg first in alphabetical order, followed
by Canadian’ prd’\?mces 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 86°46' W), -
6.'Average annual windspeed, or mean
windspeed, in knots (To cenvert to
mph, multiply by 1.15);

7. Twelve values of the monthly average ‘
~ wihd power available, in watts per.

soﬂare meter,
8. Average of these twelve monthly
averages.

:F‘he most Commo/nly used abbrewahons

for the location (#2 above) are:

~ APT — airport
AFB — Air Force Base ro
AFS — Air Field Station
|AP == lntematlonal Airport

) IS —island
° NAF — Naval Air Fleld
T PT — pomt

WBO~—— Weather Bureau Ofﬂce

~Try to contact the actual. station for more

detailed information ‘about local wind pat-

terns. Jack Reed's report is also worth a

closer look. Besides the data presented in
this table, this report contains rough wind-

" rspeed distributions—the percentage of time

each month that the windspeed was re-
cotded in“each of eight different speed

_ranges——for each station listed here.
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PSR N ‘{ . . N # \\\‘
: ~ \\\
" MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERNCANADA t ‘ Vo
‘ Ave. ‘ e Wind Power, Watts per Square Meter
. e Speed T ’ .
State  Location . . & Lat Long Knots J F . M A. .M J J A ? ’ 0 N ‘D Ave.
AL Huntsville [ 3439 8646 © 6.6 80 109 118 87 48 37 29 31- 56 S0 78 87 €G.
AL  Foley P 3358 8605 8.0 133 182 153 174 142 106 73 66 109 96 116 1i5 122
. // ~ . : [ .
Gadsden  *. = - 33§8 8605 5.8 -84 104 114 99 43 34 25 21 - 40 45 &3 33 6l
Birmingham APT - 31334 8645 7.3 127 157 156 137 80 G4 48 44 68 68 108 106 * 97

AL

AL |

AL Tuscalodsa, Vn D Graf APT 3314 8737 5.1 79 79 93 69 33. 21 15 21 2? 36 55 69 49
AL

T

AL

_ Selma, Craig AFB | 3221 8659 5.7 74 86 91 68 ‘42 34 - 20 26 377 31 48 54 s)

/ Sontgomery . 3218 8624 6.1 74 90 85 68 39 35 3426 39 7136 sl g2 s3|

AL _Mdﬁ&gomery, Maxwell AFB 3223 8621 4.8 s8 67 69 51 28 25 20 ‘;19‘ 271 26 39 45 9 |
AL Ft, Rucker, Cairns AAF 3116 8543 4.7 40 50 55 41 23 18 12 12 19 13 20 '35 30
AL  Evergreen 3125 8702 5.3 66 69 78 57 20 18 17 17 21 24 38 51 40
"] AL . mMobile, Brookley arm 3038 8804 7.3 105 104 128 119 . 94 .'Sa. . 43 a1 69 Kgl 72 89 @
AK -~ Annette 1S - §502 13134 9.5 320 264 216 199 110 97 7N 77 128 297 52411;39 199
AK Ketchikan - U ss2L 13139 5.8 59 53 42 52 47 37 38 44 43 67 75 " 95 57
A Cralg 5529 13309 7.9 185 159 167 132 82 95 71 S5 113 186 174" 165 128
AK  Petersburg . - 5649 13257 3.7 26 40 37 4l 32 23 22 22 24 29 22 21 33
AK  Sitka | 5703 13520 3.5 109 26 ‘34§ 42 27 23 22 14 34 44 46 93 37
| Ak Juneal e 5822 13435 7.5 119 134 123 127 95 70 60 67 108 170 157 159 11%
PK  Haines 5914 13526 8.0 218 202 203 148 74 6L 94 S4 72 160 238 159 146

- Adapted by Dr. Richard Schwind from Jack Reed, Wind Power Climatology in the United States -
| o : .
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~—MONTHLY AVERAGE WIND POWER IN "I;HéUﬁITED STATES AND SOUTHERN CANADA
t 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,
AK Yakutat APT - 15931 13940 7.0 177 144 114 100 90 71 56 64 96 181 183 169 114
Aé, “Middleton‘IS”hfS | 5927 14619  11.9 625 597 468 355 238 141 9% 134 243 sl9 sez 608 376
AK  Cordova, Mile 13 APT 6430 14530 44 46 48 42 41 ¥ 23 18, 17 32 53 47 48 36
| gé’» valdez 6107 14616 43 72 28 75 41 3% 16 13 7 7 45, 100 72 53
j;uc Anchorage IAP . 6110 15001 5.9 61 95 48 61 108 Al 61 52 46 38 38. SO 61
AK  Anchorage, Merrill Fld ? 6415;“14950. 4.5 57 66 29 27 41 40 23 22 30 30 59 23 37
AK  Anchorage, Elmendorff AFB 6115 14948 4.4 46 60 'S0 41 40 34 24 22 26 30 46 33 36
AR Kenai APT 6034 15115 6.6 96 109 94 66 61 63 56 54 53 83 85 80 74
AK  Northway APT 6257 14156 3.9 16 21 30 44 40 42 33 32 27 22 18 6 28
AK  Gulkana © 6200 14527 5.8 45 88 85 105 111 98 83 100 95 76 48 40 81
AK  Big Delta 6400 14544 8.2 447 322 239 147 148 85 68 102 163 209 300 333 - 215
AK- Fairbanks IAP | 6449 14752 4.3 1o 16 25 37 S0 44 33~ 29 28 22 13 10 27
.| AK  Pairbanks, Ladd AFB 6451 14735 3.5 10 17 3% 28 | 38 35 23 29 23 24 12 9 23
“Ak  FE. Yukon APT | 6634 14516 6.7 30 41 eig' Bl "9l 84 8 8l 74 52 31 31 64
AK  Nenana APT 6433 14905 ™ 5.1 68 44 492_ 45 46 34:_;27 26 33 42 45 44 .42
AX  Manley Hot Springs . 6500 15039 4.8 76 54 .4 109 93 89 '{§3'“'42 “ 63 104 62 52 62
AK Tanana 6510 15206 6.6 22 esm 89 83 56 53 47 29 4'501 64 56. 80 73
AK  Ruby 6444 15526 6.5 58 133 119 84 40 51 46 42 64 76 1l 54 7
AK/ Galena APT " 6444 15656 s.4 S6 6 66 77 SL 53 48 61 61 59 59 49 59
‘;méy Kaltag 6420 156845 4.7 46 103 26 8L 31 33 30 28 37 56 40 S1 56

Py

L
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Appendix 2.3: Wind Power Tables - 169 el
o . MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
. : Ave. , | T Wind Power, Watts per Square Meter .
S A , Speed ) - ’ . , 1
: Snte Location © Lat Long Knots J F M A M N | A 'S+ OF N D Ave.
(AK  Unalakleet APT 3 6353 16048 10.5 520 502 336 191 112 96 116 146 175 234 395, 376 265 -~
'AX  Moses Point apr 6412 16203 10.6 329 363 275 279 149 129 181 233 217 222 246 262 zgl
AKX Golovin " 6433 16302 9.6 188 229 246 250 142 117 178 264 271 258 369 256 a6
o] Ak Nome APT o~ 6430 16526 9.7 328 308 228 225 183 119 117 162 189 210 '2§§ 238 ”2i7>
| \Eigg\ Northeast Cape'APS 6319 16858 11.0 »/468,263? 246 347 239 137 218° 240 288 462° 692 387 505
.. AK Tin City Agﬁ;ﬂwmﬁmwﬁwlﬂﬂfwssaa~“16755’”IETB 763 919 811 658 427 271 260 334 352 522 722 728 549
_AK  Rotzebue . 6652 16238 11.2 455 418 310 204 16 187 212 234 228 270 597 366 29, -
AK  Cape Lisburne AFS. 6853 16608  10.5 432 268 335 266 227 210 303 216 266 432 44a 333 34
AK  Indian Mountain AFS 6600 15342 5.4 115 113 29 58 S7 37 30 <36 52 86 :95 ggag\ 70
AK  Bettles ABT 6655 15131 6.3 28 44 57 62 66 62 44 38 43 43 437 47 4e
AK - Wiseman | L6726 15013 3.1 28 “2 16 15 24 15 23 s 12 12 26 16 23 |-
AKX Umiat 6922. 15208 6.0 113 121 43 77 80, 93 62 53 57 Sl 121 78 4
" | A point Barrow © - 7118 i5647 10.5 215 194 162 167 165 143 145 208 211 258 286 183 ' o
AK  Barier IS B 3ooa.wf4333 11.3 512’ 468 379 279 216 145 123 208 287 470 486 425 s N
AK_ Sparrevohn AFS T 6106 747 89 73 108 76 47 35 36 4L 54 63 74 B2  gh
"k fcorath 6258 18537 4.2 . 13 27 29 37 39 35%-34 35 32 24 15 12 27
| -aK —Tataline AFS. N 6253 15557 4.4 25 37 36 37 38 27 27 29 33 3%. 24 21 3.
AX  Plat , 6229 15805 8.1 206 - 266. 205 150 116 100 81 108 ‘143 169“"185‘“134““172“”“'”"”"””
AKX Aniak 6 - ) ﬂ, 6135 15932 5.6 51 59 63 59 .49 37 .27 34 4l 47 47 42 - 40 - -
: AK Bethel APT = . X 6047 16148 9.8 229 258 224 166 125 108 110 'la";:14o' 158 185 211 171

TS
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170 The Wind Power Book =
| MONTH‘L?K‘\E@TG‘EWEB POWER IN THE UNITED STATES AND souménn CANADA '
Ave. Wind Power, W'atﬁ per Sduare Meter
__ .| swte Location - Lat tong - Knos 3 CF M A M J J a s'o D Ave.
] Ak cape Romanzof AFS 6147 16602 11.7 692 699 493 476 246 124 110 154 234 305 520 ess €0 |
o 'AK  Cape Newenham ATS 5839 16204 9.8 400 371 330 288 168 119 101 142 165 212 300 315 241 | ¢
| AK _ Kodiak FWC- ——— 5744 15231 8.8 328 271 258 198 1274V 87 52 77 120 2lxo 294 329 189
"AK  Xing Salmon APT 5841 15639 9.2 250 260 235 180 182 138 92 139 156 180 230 206 191
AK  Port Heiden APT . 5657 15837 12.9 576 564 493 361 289 273 ‘2‘25 381 466 S1 439 565 429 ’
'AK _ Port Mollor 5600 16031 8.8 158 i/sg/» 171 195 135 81 103 144 164 222 260 219 172
AX  cold Bay APT 5512 16243 14.6 -736 731 699. 580 506 465 428 507 462 606 652 631 573 .
AX  Dutch Harbor NS 5353 16632 9.6 355 376 295 223 135 125 69 105 '1.59 390 419 266 233
| ax  priftwood say _5,,35'6"'”‘1‘63'5-1\-» 8.0.-°204 203 154 148 115 72 88" 77 | n 120 161 182 131
AK  Umnak IS, Cape AFB 5323 16754 13.5 651 688 577 S14 454 251 163 249 466 603 606 723 49a-rﬁ - =
"1 Ak C wikolsxt 5255 16847 14.0 538 560 532 S66 437 321 239 283 361 634 732 662 482 |
,| AR Agak ) s153 17638 12.2 426 467 528 453 366 223 218 258 331 502 481 5257”;595‘“_" "
| Ax  Anchitka 18 5123 17915 18.0 1764 1517 1418 1062 653 448 A405"‘4‘§‘i“#Eombs"z """ 1165 1569 1025
AKX Attu 18 © 5250 17311 .11.2 551582 508 403--235- 162135 ~Y29-360 366 414 S54 368 | a
AK  Shemya 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 355 207 175 282 399 693 691 791 547 §
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 7.3 104 104 232 169 161 131 93 77 €3 73 63.778 111
Az Plagstaff, pulliam APT 3508 11140 6.4 71 70 9 95 93 86 40. 33 52 s6 69 69 69 )
2| Az Maine ; | 3509 11157 8.9 132 186 218 253 2210 224 111 68 116 178 139 \L}'B
=8
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MONTHLY AVERAGE WIND 'POWEVH IN THE UNITED STATES AND SOUTHERN CANADA

CA ’ Needlea APT’

108

Ave. Wind %Power, Watts per Square Meter
- Speed | L . |
State Location Lat Long Knots J F. M A M J S A S -0 N D Ave.
;sz,f/fﬁéﬁ?brk° 3514 11233 7.5 111 116 154w§zox 142 126 82 68 86 100 103 82 114
- AZ Kingman 3516 11357 8.9 126 156 172 %203 153 166 126 99 102 124 115 197 138
AZ Prescott 3439 11226 c7.5 5495 117 %44 138 124 75. 56 67, 57 59 44 85
AZ  “Yuma APT i 3240 11436 .6.B~ ss-"”sz’/ 68 %77 7Y 89. 93 77 45 40 S5 $1 ’ 62
AZ Phoenix 3326 1.1201; 4.8 ]:6 zé 34 ; 39 37 35 43 il .28"’1 24 322 151 29
2= Phoenix, Luke AFB 3332 11223 4.6 21 31 41 52 49 43 49 39 2§ 21 z0 18 34
AZ - Chandler, Williams AFB __ 3318 11140 4,1 17 21 28 35 34 33 ‘a1 33 28 22 18 1% . _26
| Az _Tueson APT 3207 11056 7.3 71 59 69 90 ;ev 73 575 s4 62 18 85  i;MW 'wfd
AZ Eg‘rucs on T 3207 lose TITTITUEE T g0 “EITTTY 75 54 62 18 82 2 74
AZ 'grucson, Davis-Monthan AFB. 3210 11053  5.7- 48 . 48 57 631 56 GO @51 35 a2 40 43 as 49
AZ %Ft. Hauchuca oL e *§132"ilozo .7 49 'ser B4 96 B0 66 m 39; .27 .30 30 34 41 = §3
AZ fnouglas' - 3128 10937 <7 6.4 B84 94 166 143 128 86 61 46 47 63 62 75 . 87
AR fwunu: Ridge APT 3608* 9056 - §.0 93 81 103 ,104 58 44 27 22 28 43 6“4 75 62
AR aygghev§}ié,égawwghg_, 3558 A g9§5 6.4 85 106 108 111 66 41 26 25 36 39 61 71 65
AR Pt. Smith APT 3520 -9422 - 7.4 76 86 116 104 Bl 62 S1 45 SO .5 66 15 73
AR Little Rock 3444 9214 7.6 82 91 105 9 501, 58 46 46 48 S0 73 71 70
MR Jacksonville, Ltl. Rk. AFB 3455 9209 5.8 61 67 85 70 47 34 28 24 28 29 45 49 48
AR . Pine Bluff, Grider P14 3410 9156 6.5 102 89 102 87 51 39 31 29 35 45 71 81 64
AR Texarkana, Webb Fld 3327 9400 7.7 92 108 128 115 77 69 48 49 62 61 ‘74‘ 87 80
| 3446 11437 6.7 108 125 128 112 98 67 67 58 18 113 124 ‘éif




\\\\
" 17z N The Wind Power Book
) ~ MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
= t . ) Ave. , Wind Power, Watts per Square hetgr | . o
’ | . Speed [
{Sta‘te Location A Lat Long Knots J | F M A M J J A S "0 N - D Ave.
! CA  EL Centro NAAS | 3249 11541 7.7 98 126 171 208 225 189 80 73 79 es‘?/ég/ 76 127
CA  Thermal 3338 11610 9.1 . .66 79 103 149 191 153 125 114 119,//55//'7g“\;63 m
cA  Imperial Bech.,.Ream F1d 3234 11707 5.9 \é\&q 51 s4 s4 52 45 35 32 30 31 43 \42\ 43
CA  San Diega, North 1s 3243 11712 5.3 32 41 56 S6 49 41 33 32 - 35 31 30 32 39
CA  San Diego 3244 11710 5.4 30 33 40 47, 47 400 30 29 27 25 22 21 n
CA ~ Miramar NAS 3252 11707 4.4 23 24 28 30 \bq\ 19 16 17 18 19 20 2 22
CA'  San Clemente IS NAS  * 3301 11835 6.3 S3 72 89 97 67\\\Q8 33 32 33 32 54 69 55
CA  San Nicholas IS 3315 11948 9.9 152 :iée 295 306 348 24:\\}61\'166 164 140 180 159 209
cA’  Camp Pendleton 3313 11724 5.2 30 35 45 61 53 43 EB\; 44 36 24 28 29 38
cA  Oceanside w}; 3318 11721 8.0 129 122 108 82 67 59 49 \\4? 64 66 96 116 87
CA Laguna Beach : | :333? 11747 5.0 35 38 44 57 30 300 27 zg\\\zs 25 22 32 34
éhgfwg§l,T°f9;§C5§g,;i;;;ﬁjﬁ;wi;;;4§kM11744m 4.8 45 38 331 30 26 22 19 19 1523 36 43 28]
CA  Santa Ana MCAP 73342 11750 4.6 43 43 47 46 37 31 30 26 25 ‘\25\‘ 36 43 37
CA  Los Alimitos NAS ’3348; 11807 4.8 36 39 47 44 . 41 32 28 ':5'“"”5“*”13\*\g6 37 |
CA  Leng Beach APT  ° 3349' 11809 4.9 27 40 45 48 43 35 34 _ 32 ;i 27 'z;‘i\zs 35
CA Los Angeles IAP 3356 11824 5.9 40 57 69 70 63 49 43 44 39 36 38 \is\ 48 |
CA  Ontario N 3404 1737 7.7 36 117 109 118 148 124 135 135 92 71 46 127 \\Lgs
CA  Riverside, March AFB 13353 11715 4.4 35 43 40 44 49 s1 52 49 37 28 29 32 4 )
CA  San Bernardino, Norton AFB 3406 11715 3.5 43 43 33 zi/ 25 22 22 20 19 17 28 29 28 \*\\
CA  vVictorville, George AFB 3435 11723 7.7 99 134 170 ,183 163 135 87 85 74 70 87 90 118 )
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Appendix 2.3: Wind Power Tables - 173 - o
R ’ ' S ! . ‘ ) 4 ;
. - s . . - r ! .
Tl MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA o
: i " Ave. ' Wind Power, Watts f)i“r Square Meter. . \
. . Speed S ) . : o
-State  Location  Lat Long Knots / J. F L M J J A s O N __ D Ave.
— ‘ Lt T SN o |
CA ~ Daggett 3452 - 11647 9.6 94 ‘173 315 290 355 236 177 159 145 121 107 14 137
CA' Chipa Lake; Inyokern NAF 3541 11741 7.1 121 156. 238 249 225 186 124 126 113 124 103 93 155
“.|.CA.  Muroe, Edwards AFB 3455 11754 7.9 90 118 187. 206 236 230 155 131 99 87 82 83 141
| cA  raimdale 3438 11806 10,2 163 205 226 267 315 328 254 200 165 .158 120. 109 225
]ea 7 palmdale Apr 3438 11805 8.8 121 146 233 234 234 229 173 141 107 104 111 122 163
~ ]\GA - Sapgus 3423 11832 .3 105 128 88 96 95’ 108 101 88 67 76 105 90 . 89
cx\\ van Nuys 3413 11830 4.6 105 82 66 SO 43 21 22 " 19 18" 22 - 90 69~ . 49
CA  Dxnard -AFB 3413 11905 4.4 63 S6 49 46 43 26 '20 19 19 31 50" 16 41
CA  Point Mugu NAS . 3407 11907 _ 5.6 100 79 71 78 51 33 28 2 28 35 5 €2 55
T \\\\ T P " : “ : ) - . AN < » ’ ) .
CA  Santa Maria 3454 12027 6.5 75 B0 114 94 93 93 63 57 56 66 9 9l 82
CA Vandenberd, Cooke AFB 3444 12034 6.1 62 67 99 :97 115 67 34 33 41 51 Se 58 65
cA pt. Argquello . 3440 12035 7.2 72 105 138 135 133 79 58 5S4 S1 74 716 66 85
N s - - E - .
CA  San Louis Obispo 3514 12039 6.9 60 69 134 127 146, 173 105 120 -131 129 89 73 115
CA Estéro 3526 12052 4.3 B3 66 69 716 60 50 22 31 42 47 44 17 53
B :/_./ - - . i 12 X -
CA  Pasbd Robles, Sn Ls Obispo 3540 12038 5 34 39 S7 76 105 127 106 83 59 42 32 30 64
CA. Jolon 3600 - 12114 i.a 9 6 10 6 .11 11 8 .8 6 4 6 6 7
| cA-  Monterey NAF 3635 ‘12182 © 5.0 30 33 45 48 Sl 45 35 32 23 21- .20, 30 35
CA Ft. Ord, Fritesche AAF 3641 12146 5.7 30 31 46 61 67 63 6 59 41 34 25 24 47
CA  Taft, Gardner Fld.. 3507 11918 4.4 20 18 20 29 45 46 31 22 18 16 18- 17 26
CA  Bakersfield, Meadows Pld. 3525 11903 5.4 .27 3M 46 55 69 65 47 43 34 25 24 28 4l
+ ..\\\ 7 '
i \ ’/
[ .'\\ \ &
. . \ i3
A . :
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MONTHI;Y AVERAGE WIND POWERE IN THE UNITED STATES ANd SOUTHERN CAN_ADA ”
. o L Ave. : Wind Power, Watts per Square Mévt,er
State Lo;:atiqp ‘ Lét : Lon? Knots . J ~F M A M LJ | J A 54!) . N D Ave.
CA  Bakersfield, Minter Fld. 3530 - 11911 5.0 26 31 38 49 6L 73 38 25 22 21 10 25 14
‘CA.  Lemoore NAS ' 13620 '11953_, 4.8 21 30 38 40 -45 47 35 29 25 27 18 18 130
CA Fresno, Hammer Fld. 3646 11943 5.5 124 ¥ 42 “48 .60 62 42 33 2$w 23 17 20 135
ca Bishop APT  3122 11822 7.5 74 106 161 145 129 100 "80 "8l 85 101 A8 80 103
| CA Merced, Castle AFB 3722 12034 6.0 S6 66 72 74. 69 78 59 S2 44 44  3a 42 59
cA  Livermore 3742 12147 7.9 109 108 115 124 158 180 173 143 107 = 85 e 71 12{
CA San Jose APT ' 3722 12155; 6.4 S1 47 6l 61 86 eii %52 ‘43 »‘46 34 45 . 47 54
CA Sunnyvale, Moffett Fld. 3725;}12204 5.4' 47 50 54 59 65 '73 62 54 7541 35 32 56 sl
"CA  San Francisco IAP 3739 1522; 9.5 96 129 183 228 268 280 236 211 171 141 B0 91 176
cA  Farallon IS 1740 12300° 9.6 61 406 287 193 188 208 100 91 83v'166' 204 255 212
CA  Alameda FWC 3748 12210 7.4 92 94 122 125 129 124 99 “ai-‘ 65 65 69 8L o1
€A Oakland 3744 12212 6.8 52 75 77 92 101, 98 74 69 S7 S0 40 S1 ' 71
CA '§§? Rafa rilton AFB 3804 12231 4.8 51 52 54 52 50 S0 39 39 30 34 32 Sl 45
““CA  Fairfield; ‘5;5 AFB 3Bl6 12156,_ ﬁ16;7‘ 114-ﬁi53, 176 232 347 488 577 481 332 182 106 91 270
"cA  point Afena: 3855 12342 13.0 401 398 361 488 500 614 388 513 321 368 320 467 _ 421
ca Sacramento 3831 12130‘ 145 126 118 116 128 92 83 64 70 61 123 - 95
CA sacra£2§%oigﬁagh; 2 3834 12110 108 89 69 63 69 56 45 38 .46 59 88 72
CA Sacrgméhfé;;gecﬁéif;n AFB 3840 12124 102 98 79 83 90 62 56 49 67 15 84 79
€A Auburn  *3 ":“' &3a;jf§12104 148 109 76 77 64 65 65 $4 57 69 67 83
CA  Blue Canyon APT ;ﬂ 3917 13645’ 212 168 106 92 75 57 64 65 110 130 les 122
CA  Donner Sumgiﬁyx*//' " 3920 128 ii%ljgloo 619 729 _ 269 266 226 173 168 154 439 579 645 463
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e, ‘ : S ( b - )
e ) MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
% . ' Ave. . *  Wind Power, Watts per Square Meter *
~ State .. ‘kocation Lat Long ———Knots - ~J . F M A M J J A 'S Re) N D Ave.
| ca Beale ar3 - . .3908 12128 5.1 75 59 64 56 49 52 31 29 34 39 43 62 S0
cA  wWilliams : -3906 12209 82 163 172 179 112 126 120 78 64 78 105 112 116 111
CA _ Ft. Bragg T 3927 412349 ¢ 5.9 75 88 82 96 46 44 25 26 25 33 s0 S2 s
%1 cA  Eureka, Arkata APT 4059 - 12406 6.0 .93 93 109 102 115 87 6 42, 39 SO 6L 75 15
CA  Mt. Shasta: - . 4116 12216 11.9 456 535 349 309 343 297 177 163 182 214 295 262 309
CcA ,éeaéing : . ‘}: 4034 12224 7.9 7Y 8 94 8L 68 89 69 62 68 68 72 70 74
'CA~  Montague - | 4144 12231 5.8 65 130 120 122 130 131 123 10 76 75, 71 ST . 98
‘cA Montague, Siskiyou Co APT 4146 12228 5.3 106. 108 123 115 78 63 S9 50 45 64 82 89. 80:
‘co la Junta 3803 10331 8.3 115 136 222 204 16§ 164 94 84 85 78 139 115 134
CO  Alamosa APT .° 3727 10552 7.4 92 110 195 254 214 167 84 70 85 91 \77 74 127
- s o N
CO  Pueblo, Memorial APT 3817 10431 7.7 101 122 180 231 168 129 105 84 82 81 93 104 121
i . - v . ) . ) 1 :
CO . Colo Springs, Peterson Fld 3849 T0443 _ 9.0 142 163 ‘217 212 189 163 99 86 105 105 138 128 142
CO  Ft. Carspn, Butts AAF 3841 10446 - 7.3 85 93 145 218 127 131 63 71 68 117 74 87 .°107
CO  Denver o 39457 10452 g.s 17 139 182 183 132 126 94 83 -85 88 118 136 126
CO  Denver, Lowry AFB 3943 10454  B,1 115 - 94 131 163 112 100 95 87 102 88 126 121 109
€O Aurura Co, Buckley Fld. 3942 10445 6.7 60 . 60 79 120 79 —%7 54 52 51 SL 57 59 66
CO . Rkron, Washington Co APT 4010 10313 11.7 216 313 383 359 276 239 226 184 243 212 252 280 242
‘co  Rifle Co, Garfield Co. APT 3932 10744 4.1 17 32. 37 69 51 39 26 23 31 25 23 15 31
] co  craig 4031 10733 ,f'7€; 57 63 70. 97 80 58 50 52 54 61 56 51 62
©T  Hartford, Bradley Pld. 4156 7241 7.7 115 127 142 129 9% 75 .54 53 61 74 9% 100 93
. - ’ ¥ : , l’
‘.\@;
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‘ MONTH LY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHEﬁN CAﬁADA.
. Ave. ‘Wind Power, Watts per Square Méter

Speed - . i .

Location Lat Long . Knots J- F d M A M J J A S o) N D Ave,
New Haven, Twbed APT 4116 7253 8.7 117 122 142 120 83 65 52 60 718 89° 114 106 %8
Bridgeport APT 4110 7308 10.4 244 274 255' 219 158 114 96 101 139 192 k'214 25177186
Dover AFB 3908 7528 7.7 135 152 148 125 B85 69 49 49 73 #e‘ﬁ 99 104 9

Delaware Breakwater 3848 7506 12.7 449 570 477 430 283 196 163 190 570 403 391 slo 143
Wwilmington, New Castle APT 3940 7536 8.1 127 149 175 147 165 85 66 59 61 “84 118 126 109
washgggton:~knd;gws‘ét;/ 3848 7653 7.2 120 156 161 126 77 51 33 36 45 62 101 109 90
Washintogj‘éoizzgg AFB 3850 7701 7'5H 125 173 171";40 BA 58 45 40 S1° 72 119 112 1ol
‘Washington National agsl 7702 8;64!142 151 163 134 95 82 B2 44 67 85 103 107 105
Washington, Dulles IAP 3857 7727 6.7 104 115 118 ylil 66 42 . 37 41 40 42 66 78  68¢
 Key West NAS E‘ ,24355é 8147 9.5 158 172 172 176 122 98 ° 78 71 133 133 139 147 131
' Homestead AFB » 2529 8023 6.4 61 74 90 89 72 51 31 35 66 59 60 56 60
Miami ) 2548 8016 7.8 87 98 ‘111 ’ils 80 59 se\' 54 90 B8 78 79 89
_Boca Raton 2622 8006 8.2 80 108 125 135 109 72 S1 55 109 140 108 106 99
West Palm Beach 2643 8003 8.3 123 129 15t 145 106 79 70 67 80 105 126 102 108
Ft. Myers 2635 8152 7.0 93 111 153 156 108 79 58 70 99 9 90 101 101
Ft. Myers, Hendricks Pld. 2638 842 7.1 S9 68 98 91 74 51 38 47 76 85 58 60 69
Tampa 2758 823 7.6 85 100 100 l0L 76 6% 40 38 61 - 65 73 80 68
Tamps, Macdill AFB 2751 8230 6.9 73 95 98 B3 59 sr cf3s- 40 67 13 62 67. 67

Avon Park Range AAF 2738 120 . 5.4 50 S1 S5 64 45 30 18 24 61 73 43 45?——“45\
o:iando, Herndon APT 2833 8120 8.2 . g6 110 131 120 "69 -85 91 107 89 99 97

P
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:} .~ MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA  © 'VLW"‘TV
= ‘ . [
Ave. A Wind Power, Watts per Sﬁg_g_rg__lle;er' ’

State  Location Lat Long Knots J F, M A M J g )qA s o N D Ave.
FL . Orlando, MCCoy AFB 2827 glle 5.9 51 76 71 67 46 4l 29 24 43 48 46 Sl 49
FL  Titusville 2831 8047 6.7 57 72 72 58 44 a2 41 32 47 56 S0 s 49
FL Cocoa Beach, Patrick AFB 2814 8036 8.8 127 149 144 711374'7.7115 80 7‘52 62 130 131 143 127
FL'  Cape Kennedy AFS 2829 8033 7.4 82 107 103 %0 71 55 41 37 B2 94 15 76 13
FL Daytona Beach APT 2911 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 J0 35 "a 2 19 39 39 © 37 39 39
FL  Jacksonville NAS 3014 8141 6.9 61 80 8L 70 'S8 60 40 38 76 77 62 64 63
FL  Mayport NAAS ‘5? 3023 8125 7.2 82 105"_92 9 67 67 40 39 110 90 74 68 16
FL  Tallahassee 3 30237 ga2z 5.8 SL 59 76 66 41 28 24 28 39 43 SL 51 45
FL Marianna 3050 8511 6 .!9 92 104 115 86 65 48 43 . 36 SS 6i 71 84 72
FL  Panama City, Tynoall AFB 3004 8535 6.7 79 101 120 97 62 47 42 31 65 55 64 15
PL  Crestview 3047 8631 5.6 68 %7 85 57 31 22 16 16 35 -38 60 65 47
FL  valparaiso, Eglin AFB_ - 3029 8631 6.2 66 {4}"78 71 56 48 40 37 S5 ﬂ4§ 55 59 s
FL  Valparaiso, Duke Fld 3039 8632 7.00 104 123 105 115 78 46 33 38 40 48 84 88 75
FL  valparaiso, Hurlburt Fl1d& 3025 864l 5.5 55 63 55 sL 3 31 23 21 34 33 39 45 40
FL  Milton, Whiting Fl1d NAAS 3042 8701 7.1 107 114 125. 93 62 44 36 32 65 57 84 92 74
PL  Pensacola, Saufley Pld NAS® 3026 8711 6.8 98 109 110 ‘94 57 42 37 35 79 63 8L 99 75
PL  Pensacola, Ellyson Fld 3032 8712 7.8 87 104 116 112 86 62 48 44 65 ST 74 8l g
FL  Pensacola, Forest Sherman rd 3021 8719 8.0 110 119 113 106 79 75 's6 57 73 71 86 99 g
GA  Valdosta, Moody AFB 3058 8312 4.8 40 51 sS4 43 29 28 21 19 33 32 29 35 35

19 "~
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i e T MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
o Ave. Wind Power, Watts per Squﬁre Meter ~ % g
State Location Lat L.ong Knots J F M A M - J J A 3 0O N~ D Ave,
‘6 Moultrie | ‘L 3108 8342 6.6 73{ 89 84 79 45 32 34 30 47 60 \ 59 75 sg
GA  Albany, Turner AFB | 3135 8407 5.3 so% 68 73 55 +33 27 23  19—-33 27 \36? 41 41 w
A Brunsyicki Glynco NAS 3115 8128 5.5 39 54 53 . 52 40 36 28 25 38 39 1;5 37 40
GA Ft. SteQart; Wright AAF 3153 ‘8134 3.7 20 30 32, 23 22 14 12 10 14 16 15 23~///5§7”
| ea Savannah 3208 8112 7.5 88 108 9@;' 87 56 49 46 45 61 62 63 72 69
GA | ‘Savannah, Hunter AFB ,3201' 8108 ‘5.8 59 76 asf 70 44 40 34 31 38 43 48 47 - s1
‘GA-. .Macon - 3242 8339 8.0. 02 112 ;Qé;_;;z__ﬂQQM4.§2_ﬂ_5a~_g44_.»e%~—~ss»—~€e***73*'%‘73’“"“‘7’7~
——4ik———%ﬁnnnnrﬂﬁﬁﬁﬁﬁﬁf?ﬂﬁi";—f_—ﬂfiigi—ggggﬁf'" 4.9 sa 76 15 59 35 26 22 18 27 31 42 44 4l
* GA Pt. Benning | 3221 8500 3.9 45 64 fl, 51 28 21 13 13 21 22 32 36 33
GA wvﬁiﬁder o . 3400 8342 7.6 99 113 ?3”5 91 57 50 51 44 43 79 92 .92 718 |
GA  Adairasville " - 3455 8456 6.2 87 95 1@9 74 s6 42 36 | 33 33 49 100 71 64 |
GA  Augusta, Bush rF1a 3322 @158 '535.9 68 83 87 83 43 41 36 32 43 39 45 49 ° S3
GA Atlanéa B o 3339 8426 8.5 170 169 zﬁs 151 84 67 56 46 73 80 109 127 106
GA  Marietta, Dobbins AFB | 3355 8432 5.8 89 99 -155 96 52 - 38 34 30 40 SO .66 72 66
"l mr ’aonggulu IAP 1 2120 150§§41#;L§f§~.L;§;ﬁ131',1%4'f163 155 172 189 194- 141 128 133 144 153
— -lmr “Barbers Point,NAS . 2119 15804 8.3 106 99 104 102 93 '97 100 102 77 76 95 104 95
HI ﬁ#hiawa,~wheéler AFB . 2129 15802 5.9 48 49 61 59 60 70 72 65 43 40 39 49 54
HI ‘,Waialﬁa. Mokolefa F1d 2135 15812 7.7 *s9  s2 97 141 115 136 1s1 158 113 84 89 108 109
HI  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
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: " .
» MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. ‘ wind waer, Watts per Square Meter
q Speed ] ) i , ”
State . Location Lat Long Knots = J F M A M J J A S 0. N D Ave,
HI =~ Molokai, Homeste§d Fld 2109 15706  12.3 110 195 249 291 250 312 361 342 266 268 233 238 . 266 |
‘ Z”fﬁx Kahului NAS | 2054 15626  11.1 203 204 240 276 335 366 375 377 283 219 247 200 276
//4; HI  Hilo - 1943 15504 7. 82 8 77 11 65 67 63 67 59 56 52 14 67
/// . Hr  Hilo, Lyman F1d 1943 15504 7.8 82 86 77 71 65 67 63 67 59 B6 52 14 67
e Ip Strevell 4201 11313 9.7 275 255 189 175 161 148 127 120 127 1g8 1e8 209 168
Ip. Pocatello - o 4255 11236 8.6 211 224 230 209 163 159 113 87 102 10 j14e 176 160
;}fL_Wm}¢9h° Falls . 4331 11204 9.7 226 185 321 295- 241 214 132 139 166 184 178 172 200
zb " Burley APT 4232 11346 8.0 185 162 246 199 156 116 73 S8 72 89 114 150 133
ID  Twin Falls 4228 11429 8.7 168181 232 237 155 139 85 74 86 114 131 172 147
1D King Hill | 4259 11513 8.8 220 222 357 363 330 216 169 147 212 158 165 185 221 °
_ 1.ID  Mountain Home AFB 4303 11552 7.3 94 "136. 154 172 144 121 92 - 76 80 105 89 8l 110
ﬁ 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 9.0 120 145 151 144 115 70 53 s52 74 95 149 134 112
IL _ Glenview NAS | 4205 8750 8.4 164 164, 203 206 137 '83 56 52 72 105 143 137 128
IL  Chicago, Ohare | 4159 8754 9.7 220 242 268 272 197 140- 99 B9 140 162 258 213 193
IL  Chicago, Ohare IAP. 4159 8754 9.5 189 199 227 229 174 118 83 71 113& 129 223 176 162
IL  Waterman ) 4146 8845 9.1 23 269 222 269 134 100 50 60 77 99 210 175 16§
3 IL  Rockford o 4212 8906 8.8 112 107 135 164 126 B85 61 70 82 92 126 121 1o$
* IL  Moline o .4§27. 9031 8.9 121 151 215 200 155 93 63 54 91 113 185 141 130
IL  Bradférd 4113 8937 102 210 271 284 290 203 129 68 88 96 123 237 183 196 | o)
j
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. v L
S : MONTHLY AVERAGE WIND POWER IN THE'tINlTED STATES ANbSOUTHERN CANADA . . . IL |
i ) o _ Ave. ‘l : Wind Zf{ver, Wattjs per Square Meter ;} / |
. Speed | . P T
‘State  Location Lat ~ Long Knots . J F MoA Moty J A s 0 N D Ave.
1L Rantoul, Chanute AFB 4018 8809 8.5 158 164 103 210.(1431591\,;sg3%‘&z .66 87 145 127 121
1w "Effingham 3909 8832° 93 170 2100 251 217 116 95 73 68 .89 95 217 144 13
IL 'ﬁasﬁfingfield, Capitol APT 3950 8940 10.6 215 253 308 295 212 ;éif‘ 92 hfﬁé 119 152 263 242 198
zﬁ’“*“ﬁhincy, Baldwin Fld 3956 9112 9.9 209 229 275 220 137 997'371 'ﬁéa 95 136 211 194 161
| IL  Bellgville, Scott AFB 3833 8951 7.2 129 140 162 143 es;;égx' 36 33 46 "6 109 96 90
" {1 marion, Williamson Co APT 3745 8901 7:6 159 186 230 243 13sﬂ’eak 59..0.45 88 93 187 28 139
'w/ig . Evansville - 3808 8732 8.1 "179 139 165 154~ 9a»w6§lgfﬁéﬁf%;s- 60 71 118 117 100
IN -Tegge Hauté;'Boiman Fld 3927 8717 8.2 160 151 203 182 L;os ;7@,“43‘i;§;‘ 60 79 130 134 115
1N i":nd;anapolis 3944 8617 7.1 174 198 241-‘205;_1ﬁff§96,:“38c:159 81 108 176 16l 143
;IN‘ Colurmbus, Bakalar AFB 3916 8554 7.0 97 106 128 117~ 71 S0 36 32 44 .58 91 "B8. 74
IN  Milroy . 3928 8522 9.5 243 27ov0230 209 116 115 73 67 94 101 189 163 148
IN  Centerville 3949 8458 9.0 196 237 209 182 101 87 64 57 79 93 176 136 ;54
"IN Marion APT . "4029 8541 8.4 211 254 279 255 160 116 64 50 79 95 253 186 170
IN ;‘Perd. Grissom AFB 4039 8609 ' 7.7 123 137 158 165 109 65 40 36 53 69 131 133 100
IN  Lafeyette - - 4025 656 10.3 290 317 ’250 316 175 142, 91 ] 98 112 '126 296 222 215
IN  Port Wayne 4100 %512 9.3 149 167 230 205 154 101 73 66 96 116 214 171 146
IN  Helmer ~ ~ 4133 8512 9.6 256 243 263 242 141 100 79 78 133 153 392 215 aai-
IN. _Goshen 4132 8548 8.9. 229 209 208 221 124 104 75 73 89 103 182 148 146
IN . South Bend 4142 8619 9.8 243 243 283 256 155 128 92 92 107 127 ©,229 156 188
IN  McCool 4133 8710 10.7 284 297 311 290 183 149 82 96 130 157 311 231 .22%
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHER{N CANADA

46 |

‘, Ave. Wind Pe;Wer, Watts per Square Meter .
| 3 Speed | R L

State  Location Lat Long Knots J F M A ’M J J A S ,O. N - D  Ave
IA nguqué APT 4224 9042 - 9.4 208 209 239 317 241 150 112 135 170 198 ‘312 231 210 |
IA Burling}toﬁn | J 4046 9107 9.5 . 14“7 -160- .257, 164 94 - B85 52 44 ‘72 97 . 200 14'4 126
IA  Towa City APT 4138 9133 8.6 175 195 231 229 118 82 71 61 8l 100 205 159
IA  cedar Rapids 4153 9142 9.2 160 171 23 249 -157 97 S3_ 49 59 102 138 131 13

| IA ° ottumea 4106 9226 9.1 209 243 257 239 169 140 118 112 156 169 174 168 179
:iA Montezuma 4135 9228 11.0 270 330 330 390 256 203 103,,;;7'“150 158 271 223 g7
IA°  Dpes Mofges " 4132 9339 9.9 192 193 251 289 180 126 ~ 81 81 %109 142 219 178 ,1Q&
IA  Ft. podge Apr % 4233 9411 10.3 253 260 331 §3§;W;25€ a0 7., f@; 104 18l 185 188 19
IA  Atlantic 4122 9503 11.3 296 350 363 457 295 256 136"‘133: 155 190 264 270 g5 |
IN  Sjoux city 4224 9623 9.7 180 172 247 283 206 143 89 82 114" 155 212 170
Ks pi}'Lehvenwo:ﬁhj 3922 9455 6.3 73 84 116 11 73 57 31 33 S0 52 78 66 69

" KS - olathe NAS - 3850 9453 9.2 143 157 211 187 139 117 69 69 91 102 152 136 5
XS Tdpeka ?Q3904 9538 9.8 138 147 237 229 170 159 107 112 136 137 159 163 |,
KS - Topeka, Forbes AFB 3857 9540§r 8.6 117 134 186 185 132 115 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 1802 9638 13.0 370 436 550 550 350 310 231 257 2&;\\335' 71 AL gy
Ks Wichita 3739 9725 12.0 243 273 344 337 262 276 168 177 203 221 249 237 \55%
KS  wWicita, McConnell AFB 31737 9716 10.9 222 234 336 317 252 237 151 136 176 188 200 207 g2 |
KS Hutchinson | 3756, 9754  10.7 287 335 372 375 330 351 215 195 309 280 308 269 305

'KS  salina, Schilling AFB 3848 9738

9.1 134 168 230 221 176 150 100 112 ‘148 135 147 111 155
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i M\C\)h"!:HLY A\‘IERAG’E WIND POWER IN THE UNITED ST’ATES i;\ND SOUTHERN CANADA
7 - Ave. ] Wwind Power, Watts per Sc.iuare Meter
- ‘ . Speed . P ' :
L.ocation * Lat Long Knots J F M- A M J J A S (0] N D Ave.
XS Hill city APT 3923 | 9950 9.7 122 199 337 262 210 226 152 125 153 .140 153 131 1ss
XS Dodge City APT 3746 9958 13.5 281360 441 458 360 368 259 245 296 296 334 318 336
KS  Garden City APT 3756 10043 12.4 227 326 451 450 415 4S6 277 272 309 259 216 204
' KY  Corbin . | o 3658 8408 4.4 71 5S4 65 58. 26 15 16 12 16 18 43 44 36
KY  Lexington 3802 8436 8.9 161 158 156 ‘169 103 75 61 47 72 73 148 146
xY  warsaw 3846 8454 6.8 123 132 137 123 65 57 49 39 40 54 106 101 e
K¥  Louisville, Standiferd Pld 381l 8544 6.5 75 84 104 96 53 32 2% 27 29 36 S5 66 s
“Ky  Ft: Knox 3754 8558 6.6 108 121 126 111 64 46 30 25 39 47 98 96 76
Kf  Bowling.Green, City Co APT 3658 8626 6.6 131 115 136 113 65 39 38 32 46 57 89 9 1
Ky  .Pt. Campbell . - 3640 8730 s.e 78 88 107 89 'S1 32 27 25 29 39 60 69 5o
K¢ ° Paducah ‘ 3704 8846 6.7 109 106 122 106' 59 44 35 33 40 48 90 93 o,
1 New Orleans 2959 9015 8.0 129 137 144 114 76 52 4443 8l 9l 128 109 gl
LA New Orleans, Callender NAS 2949 9901 4.6 47 55 50 35 2 -1 10 10 26 24 31 40 3
LA ‘;fBaton.gogge 3032 9109 7.4 105 106 10295 72 52 ;id 36 50 53 79 92 g4
LA Lake Charles, Chenault AFB 3013 9310 8.3 184 ‘156 204 176 ‘125° 91 S8 57 67 67 133 140 1z
'LA;’ Polk AAF - _3105?“9311 5.7 S1L 69 78 68 47 37 23 15 21 29 S5 Sl 4
LA Alexandria, England AFB | 3119 9233 s.6 45 57 64 52 37 20 15 13 17 20 39 4l 3
LA /n99;6:, Se}man Pla 3231 9203 7.0 88 104 108 9 61 46 36 36 46 SL T3 79 g5
LA ,/Sﬁreveport f 3228 9349 8.4 128 138 145 131 92 71 57 §5 58 69 105 111 o7
;;45/ Shreveport, Barksdale AFB 3230 9340 6.0 69 74 83 72 48 36 27 27 35 34 53 59 =

v
A
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7 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.
MZ  Portland ) 4339 7019 8.4 127 145 158 140 103 80 197 61 83 101 112& 120 <1oz1#

| ME  srunswick, Nas 4353 6956 6.8 109 116 106 107 €7 64 55 48 S8 69 B0 97 . 82

I ' ME  Bangor, Dow AFB 4448 6841 7.1 132 138 136 113 83 70 sS4 S9 63 82 100 110 93

|, - ME Presque Isle AFB 4641 6803 7.8 151 lenlls{fMIGl i23 88" 17 69 9 115 110 134 129

/ ME  Limestone, Loring AFB 4657 6753 6.9 97 “ld% ;ilét,,eﬁ 69 55 48 45 60 68 ;‘73. 718 74

5_ MD  Patuxent River NAS 3817 7625 8.1 159 177° 186 148 97 76 59 59 @3 102 138 139 119

t\§7 : MD  Baltimore, Martin Fld '3450 7625 6.9 107 111 119 95 53 44 37 39 34 46 ST 64 61

MD  Baltimore, Friendship APT 3911 7640 9.6 206 253 265 209 152 117 9 79 110 117: 179 188 164

MD Ft. Mead, Tipton AAF 3905 7646 4.4 57 58 69 65 37 19 14 14 14 23 42 a1 s

MD Aberdeen, Phillips AAF 3928 7610 7.9 126 170 173 157 95 66 52 55 69 95 121 118 109

MD Camp Detrick, Fredrick 3926 7727 S.4 101 122 144 110 S1 33 25 22 130 47 96 15 72

MD  Ft. Ritchie | 3944 7724 4.6 38 3¢ 33 37 21 16 14 23 18 27 27 52 . 28

MA Chicopee Falls, Westover AAF 4212 7232 7.1 122 143 131 133 96 70 52 48 60 81 1104 114 96

| ) .

MA Ft. Devons AAF 4234 7136 §.44 45 40 66 84 44 31 29 32 33 39 48  s3 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 " 7102 11.8 314 321 314 268 195 150 128 108 131 .131 230 277 227

MA  Boston , 4222 7102 11.7 314 321 31¢ 268 195 150 128 108 131 131 230 217 227

MA South Weymouth NAS 4209 7056 7.6 125 125 146 136 84 53 - 43 56 53 71 92 102;\ 90

MA Falmouth, Otis AFB 4139 7031 9.2 188 199 198 193 147 110 87 90 112 139 148 185 149

g MA  Nantucket 4116 7003 11.6 304 346 298 277 190 - 140 104 113 169 .214 261 298 223

MA Nantucket Shoals 4101 6930 16.7 1024 1025 977 838 632 551 592 544 482 769 855 927

757
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‘f T - MONTHLY AVERAGE WIND POWER ',N THE UNITED STATES AND SOUTHERN CANADA . . )
l’f Ave, - - V;llnd Power, Watts per Square Meter
/ : Speed R . o , .
/ State ° Location Lat Long Knots  J F M. A M. J JoooA S 0 N D Ave.
= ‘MA Georges Shoals 4141 6747 17.1 1168 1175 1058 891 619‘ 575 519 378 473 739 ‘891 1156 783
fﬁ MI Mt. clémens. Selfridge AFB4236 8249 8.2 157 151 160 ‘145 96 71 56 53 71 84 156 Y44 115
kfw MI Ypsilanti, Willow Run 4214 8332 9.5 169 169 244 194 139 101 85 77 104 113 188 173 147
,f3 MI Jackson . 4216 8428 8.8 196 149 182 215 106 92 57 69 77 99— 175 147 - 127
- MI  Battle c:eék, Kelogg APT 4218 8514 8.9 161 189 '205 179 124 99 76 63 106  99. 152 180 137
MI _ Grand Rapids - 4253 8531 ‘8.7 120 134 180 158 112 77 62 54 83 B7 162 135 113
MI Lansing 4247 8436 10.8 273 298 356 287 178 112 69 74 123 146 251 269 203
MI  Plint, Bishop APT 4258 §§544,ﬂ,,;alﬁﬁ4233#§20641246f2195 140 109 85 71 120 140 210 223 167
wghxffffg;élh;;:lfri city APT 4326 8352 9.7 218 196 223 196 152 111 .92 74 '121 128 199 189 15
MI "Muskegon C‘oA‘APT 4310 86 14 9.4 156 164 140 171 121 96 €8 J0 80 155 177 166 2;3
MI  Gladwin | 4359 18429 5.9 67 71 92 76 63 40 31 24 34 33 61 53 53
MI Cadillac APT 4415 8528 9.4 210 204 239 193 172 151 104 89 139 161 208 203 171
MI Traverse City © 4444 8535 © 9..5 229 206 249 207 147 132 1100 91 160 187 250 225 178
MI . Oscoda, Wurtsmith AFB 4427 8322 7.6 117 123 121 116 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 61 S8 70
" Pellston, Emmett Co APT 4534 8448 . 8.9 183 159 192 165 154 115 105 81 115 144 175 185 147
MI Sault Ste Marie 4628 8422 8.3 114 105 119 125 113 77 62 5T 79 93 115 108 98
MI Kinross, Kincheloe AFB 4615 8428 7.6 88 105 106 120 106 69 53 56 68 61 109 93 89
| oM Eacanaba APT 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 s2 57 65 92 102 105 90

s ' i
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L _ _ - — ) T T
S | - 'MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SQUTHERN CANADA - o | .
| Ly | Avé. “ . ‘I Wind Power, Watts per Squ;_ie Meter i
State Location -~ Lat Long Knots J | F M- A 3 M J J A S (o] N D Ave.
M1 rfMa:quette ‘ . ae34 8728 7.6 78 84 (118 125 117 96 E 33 70,@&99 85 88 66 9l
MI . calumet © . 4710 8830 8.5 116 126 |136 139 106" 99’ “78 66 ' 97 108 116 112 108
"MI  Houghton Co APT . 4710 8830 8.5 - 1X6— 326 —136 139 106 9 78 66 97 108 116 _112f 108
I Tronwood, Go?eblc Co APT 4632 9008 8.5 164 198 167 290 280 174 130 139 200 éla ﬁjo 203 202 :
| MM  Minneapolis, St. pgﬁl IAP 4453 9313 ' 9.4 127 142 152 211 ‘186 133 88 86 112 130 /167 123 13¢f
MN St é;oua,'whitney_apr 4535 9411 6.9 70 70 102 129 99 71 44 8 S5 66 84 58 . 74
MN _ Alexandria . 4553 9524 10.7 221 215 262 290 249 202 128 161 182 263 1263 196 219 | = -
L om Brainerd - . 4624 9408 6.9 90 92 111 167 134 98 62 58 107 87 123 89 *1ozic
MN ° Duluth IAP T aeso o211 10.7CA21§ 229 249 299 233 147 122 111 154 196 .254,m?9§—; 202-
; MN  Bemidji APT . 4730 9456 7.3 104 120 111 244 201 155 117 120 133 141 162 122 144
MN International Falls IAP 4834 99;23 8.4 95 103 110 175 185 103 82 -88 119 122 163 117 {19
! MN  Roseau - 4851 9545 6.5 33 31 50 58 - 51 35, 16. 20 27 34 49 4l e e
M\ Thief River Falls 4803 9611 8.7 215 207 194 305 279 199 135 157 189 221 309 219 g |-
MS  Biloxi, Keesler AFB 3024 8855 6.8 B2 79 83 81 _64 49 38 35 sa S5 66 '69{ 63
MS  Jackson : 3220 9014 6.3 85 92 8y 78 46 31° 26 25 N 39 63 17 s
MS ;Greenville APT 3329 9059 6.6 89.100 104 90 66 48 327 34 49 SO 65 17 67
‘ MS  Meridian NAAS. 3323 8833 . 3.5 29 40 31 25 12 8 9 s 8 10 17 21 18
MS  Columbus AFB _ 3338 8827 4.7 52 .60 61 48 25 17 15 13 23 21 31 40 34
MO *, .Malden 3636 8959 8.3 151 117 162 152 109 75 57 53 ‘62 74 124 118 105
MO  St.- Louis, Lambert Fld 3845° 9023 7.9 95 116 143 138 94 60, 41 36 S5 60 92 .96 86

4
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA _‘
Ave. ‘ Wind Power, Watts per thare Meter . -
State Location Lat Long Knots J F M A M J J A | [ 0 N D Ave.
MO  New Florence 3853 9126 10.1 198 231 238 231 138 105 85 85 111 112 199 165 158
MO  Kirksville ) 4006 9232 10.5 250 271 297 310 181 137 111 103 118 158 231 191 184
MO <'viéhy, Rolla APT 3808 9146 8.6 153 158 211 170 92 72 54 45, 68 76 142 156 117
MO Ft. leonard Wood, Forney AP 3743‘ 9'208 6.ﬂ67 65 81 88 SO 37 ;22 21 26 50 62- 67 52;
Mo Springfield 37144;93I§/4' 9.7 183 243 230 263 123 9% To 77 97 J10 i83 170 150
MO  Butler 3818 9420 9.3 212 208" 266 226 123 124 74 65 8l 131 156 160 152
MO  Knobnoster, Whiteman AFB 3844 9334 7.4 ©6 109 146 151 94 65, 40 45 61 70 94 ¢ g1 87
'MO  Marshall 3906 9312 9.5 203 223 263 250 115 109 82 90 89 95 156 136 143
MO Grahdvieh:, Rchds-Gebaur AFB 3851 9433 8.1 105 101 156 173 113 76 55 59 74 91 ’_110 110 100
MO  Kansas City APT 3967» 9436, 9.4) 115 126 165 182 145 129 105 99 1i3 112 143 122 132
MO  Knoxville ' 3925 9400 ° 10 .ﬁ¥‘210 211 284 278 144 124 '/BA‘ 91 98 125 171 151 158
MO Tarkio 4027 9522 8.2{ 121 137 258 225 192 150/ 871 71 85 ,}13’ 135 . 94 135
‘MT  Glendive 4708 10448 7.7 131 141 145 222 217 149/<125 137 139 :144. 11} 122 149
MT  Miles city APT 4626 10552 8.6 123 137 120 161 134 1’2 87 98 104- 109 93 116 115
wr | wolt Pointi 4806 10535 8.1 117 112 143 326 248 439 126 171 245 223 183 124 179
MT  Glasgow AFB 4824 10631 8.6 - 133 131 125 178 198 /139 102 101 138 126 119& 175 133
MI  Billings, .Logan Fld ' 4548 10832 10.0 230 210 185 202 16;/ 137 110" 99 128 152 218 237 173"
MT  Livingston' 4540 11032 13.5 778 819- 57& 415 3%5 239 233 253 321 500 713 1058 500
T Lewistqn APT 4703 10927 8.6 198 185 141 163 ﬁési 108 82 95 114 125 189 151 140
MT  Havre 4834 10940 8.7 148 106 155 °1414/123 115 75 74 86 120 132 127 114
]
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" MONTHLY AVER@G/E WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA "
/o Ave. Ce Wind Power, Watts per Square Meter ;
/ o o
State Location - | Lat Long Knots J F M A M . J J A S o N D i Ave.
- MT Great Falls IAP. 4125/ 11122 11.6 444 439 300 281 194 193 6135_ 143 197 ‘3oorﬂzggfibob- 304
MT Great Falls, Malnstrom AFB  4731_ 11110 8.9 253 240 181 176 120 112 80 80 115 178 215 263 169
MT  Helena %pr | 4636 11200 7.3 145 95 142 134 63 113 85 44 111 34 61 . 65 90
MT  Whitehall 4552 11158 11.4 710 543 352 274 221 245 193 167 174 260 410:1662 344
MT Butte, Silver Bow Co APT 4557 11230 6:9 98 101 116 158 141 120 86 85 93 93 86 76 104
mT Missoula , 4655 11405 5.0 49 3 64 75 72 70 64 41 57 23 19 26 50 ;
, NB - Omaha ) 4118 9554 . 10.0 191 186 264 280 186 148 104 104 122 158 217 191 177
_ ﬁa*’ Omaha, Offutt AFB 4107 9555 7.6 118 123 189 198 138 98" 67 S8 68 93 1i2 112 5 o
" Ng, Grand Island APT o 4058 9819 11.1 177 "195 270 312 251 217 161 158, 179 180 232 200 ‘znwh
\ NB Overton - 4044 9927 10.5 209 195 323 389 276 243 155 149 162 202 299 182 222
ff’ NB North Platte B 4108 11042  10.5. 193 233 374 435 321 253 153 153, 206 246 234 166 ,,
:gvmmj | N3 Lincoln AFB | ) " 4051 9646 9.4 163- 173 258 251 193 J143 97:‘102 102 119 173 146 4
4 ’Columbdﬁ:i»~~«:~~—~~—\~~v>-4126“%972ff/ - 10,0 184 192 316 301 246 172 113 111 120 184 150 143 4
NB Norfolk, Stefan APT 4159 9726 9.7 236 235 308 387 275 215 142»?173 204 281, 361 255 256 |
NB Big Springs 4105 10207 11.7 270 284 450 450?9349,;270 210 210 217 "S54 297 251  ,q¢
NB Sidney " 4108 10302///916f3 275 267 369 395 294. 227 193 160 680 227 .;41 188 148
NB Scottsbluff APT ; 4152 10336 9.8 147 225 271 254 189 180 119 124 122 166 254 199 145
| N3 " Alliance’ , 4203 10248  10.6 203 209 274 358 289 233 189 204 233 228 238 210 23 .
NB valentine, Miller rld 4252 10033 10.0 181 %37V 267 323 286 242 199 226 230 271 338 242 53
NV Boulder City 3558 11450 = 7.6 109 152 185 230 247 293 186 197 137 95 155 Bl 173
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MONTHLY AVERAGE WIND PO;V_ER IN THE UNITED STATES AND SOUTHERN CANADA
Ave. . B , Wind Power, Watts per Square Meter - R
' ; ; ~ Speed P e

State  Location  Lat Long Knots J F M A M J .o J A ‘S (o} N D  Ave

N Las Vegas " 3605 11510 8.7 105 142 186 229 225 209 166 141 11l 122 67 ) 92 150

NV Las vegas, Nellis AFB 3615 11502 . 5.7 73 89 137 138 125 123 77 75 61 63 .66 57 - ee ,
| v 1ndfan springs arB . .3635. 11541 5.3 38, 75 141 196 154 109 . 64 46 54 . 26 63 - 54 ?’ 80

NV Tonopah APT " 3804 11708 8.7 99 1507 196 196 174 142 98 9¢ 104 113 109 .10l = 133

NV Fallon NAAS - f 3925 11843 4.7° 48 50 14 72 60 49 29 23 25 30 27 36 44 )

NV " Reno i . - 3930 11947 5.2 77 108 123 99 93 Bl 56 54 52 52 45 44 74 'L
"NV Reno, Stead AFB 3940 11952 . 5.9 79 105 125 .132 110 91 72 72 S6 64 SL 69 85
NV Humbolde . 4005 11809 6.7 61 76 140 102 103 118 98 831 €6 57 47 48 19,

NV Lovelock : . a00a 11831 6.4 109 s1 121 99 98 113 80 72 56 - 67 43 - 47 83 |

NV - Winnemucca APT % 4054 11748 7.2 79 91 117 115 105 97 89 81 73 80 55 60 86|

ﬁv Buffalo Valley & 4020 11721 6.4 66 97 94 94 102 97 77 62 57 59 S3 52 76

NV Battla Mqupéain 4037 11652 7.3 148 80 ‘147 113 132 113 85 70 61 102° 64 66 98

NV /ngw;we . o 4036 11631 6.2 57 98 112 “196’ 99 86 79 68 63 62 45 51 76
N Elko . - 4050 11548 6.2 68 76 100 92 99 ‘98 9r 76 75 73 52 60 76

NV ventosa | 4052 11448 ﬂ;’ 6.8 139 160 178 179 166 112 104 97 9 88 93 99 109
fNH: Portsmouth, Pease AFB ' 4305 7049 ; 6.6 .90 112 99 82 73 50 39 37 42 54 63 90 68

NH uaﬁcﬁester; Grenier Fld 25%6 7126 6.7 105 150 134 137 83 68 49 3 51 72 ‘95, 127 86

NH Keene L 4254 7216 4.8 63 86 69 74 67 A4e‘ .29 31 34 42 43 50 53

NJ Atlantic City * 3927 7435 9.1 185 207 207 166 169 8l 65 61 81 107 144 164 129
N7 Camden / 3955 7504 8.0 132 131 167 160 86 73 64 -55 62 82 118 111 104

| ‘ | , | | _

- "

sl
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~ MONTHLY AyEHAIGj; WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA
¢ ' AVé. ) v Wind Power, Watts pér Square Meter
State Location Lat Long . Knots J F M A M J J 5 A S 0 N D Ave.
i N Wrightsﬁbw;;<McGui:e AFB 4000 . 7436 6.6, 100 114 ‘114 "101 .48 42 30 28 40 52 73 8e g9
G d L?REh“%QF'NAS 4002, 7420, 7.4 133 158 166 131 94 62 49 41 48 60 99. 1oaf 93
5 | 9 Belmat ; 4011 7404 .é.l 80 82 83 .57 37 31 23 23 30 S0 S5 55 50
a R Trenton . 4017 7450 8.1 125 146 146 194 85 71 47 55° 70 92 1laq 120 105
o N&.,"Newarkrl ) 4042 74?0 8.7 145 145 157 126 107 80 73 68 71, 96 100 1llC 109
T cléytoh:é‘ﬁq 3627 10309  13.0 447 397 519 483 427 360 230 207 255 279 350 393 354
X gm ‘Tucumcari c T 3511 10336 10.6 273 321 :359»'365 293 227 167 154 166 207 206 206 260
: M Antogﬁchicg* o o 3508 10505. 8.9 .204 257 306 227 130 132 78 67 74 10l 145 140 = 155 |
MM ° clovis, Cannon AFB 3423 10319 2N 171 215 320 279 226" 204 126 93 111 122 160 180 '1’96,;.’;',”;';”
NM  Hobbs, Lea Co APT’ 3241 10312 104 195.23¢ 353 276 250'1515_ 138 109 118 109 166 188% 190
NM  Roswell APT . 3324 10432 8.5 148 191 273 260 216 172 101 82 84 102 16 172 163
M Lacéwell, Walker AFB 3316 10432 7.3 79 102 145 145 129 135 93 71 65 72 82 86 98
NM - Rodeo | 3156 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
t | NF° Aiamogqrdo, golléhan AFB 3251 10605 5.6 /55 59 92 101. 85 72 54 43 k)] 35 41 40 57
] NM glbuquerque. Kirtland AFB 3503 105}3”{/ 7.6 =83 115 154 190 160 134' 101 72 88 97 89 74 112
) NM  Gtto 3505 /16@00 9.6 248 311 491 372 271 264 116 102 94 176 234 228 243
Nt santa Fe et 7 3537 10605 0.3 218 200 308 308, 248 217 138 113 135 154 184 194 201
NM ° Farmington APT - "’ 3645 10814 7.1 53 74 136 151 106 10l 78 55 S0 71 8l 42 8
_Gallup | 3531 10847 6.2 .92 133 237 293 248 217 92 82 75 lla 84 54 14:
e o
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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 O N D Ave.
NM  Zuni 3506 10848 8.4 127 109 234 220 183 138 S8 S4 80 104 97 126 127
NM  El Morro 3501 10826 7.4 76 113 229 210°185 136 95 66 66 92 91 83 071"
NM  Acomita 3503 10743 9.6 150 169 283 223 156 143 96 82 75 109 143 136 169
NY Westhampton, Suffolk Co AFB 4051 7238 ° 8.1 146 145 154 133 "lo0° 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 York, Kennedy IAP 4039 7347 10.3 242 259. 260 204 151 139 .i227nl06 120 140 173 180 168
NY  New York, La Guardia 4046 7354 10.9 300 'géz 283 211 160 123 105 110 135 174 217 278 197 |
NY  New York, Central Park 4047 , 7358 8.1 114 108 117 99 57 43 38 37 6L 63 83 95 76
NY Heg}York WBO 4043 7400 11.6 436 428 384 259 211 173 “1d6 107 143 209 329 336 261 |
NY gggz Mountain 4114 7400  £12.5 476 463 550 444 311 183 171 163 271 289 396 543 350
Ny ;éeuburqh; Stewart AFB 4130 ' 7406 7.8 164 206 193 176 108 76 61 52 64 101 136 163 124
NY  New Hackensaok 4138 7353 6.0 83 ol 93 87 50 42 34 32 40 63 93 84 63
/.uy‘; Poughkeepiie,tncheSQVCéA?f’4138 7353 6.1 68 90 Mg 90 52 43 33 28 36 46 66 74 60
NY  Columbiaville 4220 7345 — 8.7 185 220 226 173° 131 104 69 - 69 97 138 164 172 138
NY  Albany Co APT 4245 7348 9.9 148 163 173 138 95 60 68 63 81 96 103 111 108
NY S;hncctady, : 4251 7357 754 1is6 116 160 155 123 "1 82 67 84 8 112 114 2
; NY Plattsburg AFB 4439 71327 6.0 €3 f 78 76 82 70 52 42 36 41 \454 66 60 * 60
NY  Massena, Richards APT 4456 7451 9.5 1761902 217 193 150 129 108 101 111 154 170 193 158
NY  Watertéwn APT 4400 7601 10.0 409 312 373 298 153 134 119 99 171 197 278 350 236
NY 4314 7525 5.7 - 91 109 94 66 26 36 S0 11 82 65

3
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MONTHLY’ AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA

N

o ‘ ‘ ‘ - Ave. , Wind Power, Watts per Square Meter ,
: State Location Lat Long Knots V 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 81 43 49 59 67 106 11} . g7
“NY  Syracuse, Hancock APT 4307 7607 8.4 158 174 166 16F 108 80 66 61 76 91 129 138 115
NY Binghampt;n, 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 9882 102 123 197 194 153
; NY  Buffalo o 4256 7843 11.5 468 430 417 411 422 281 278 383 377 334 354 306 382
| NY  Buffalo 4256 7649 10.9 254 258 322 ;239 160 151 132 118 145 160 227 251 205
é =l NY Niagaf@iFalls - 4306 7857 8.3 193 175 147 130 106 82 72 67 82 105 134 176 126
?, | NY nunkirk% 4230 7916 11.2 488 348 368 302 173 154 121 127 174 269 396 361 281
: | N¢  Wilmington 3416 7755 8.1 118 151 163 E69  i02 87 77 80 98 97 101 97 ,3368' /
NC Jack;onéille, New Rvr. MCAP3443 7726 6.0 59 72 84 79 53 44 32 31 43 40 45', a6 s1
| Ne _—7Cherry Point NAS 3454 7653 7.0 92 105 124 125 84 68 57 57 84 66 67 74 83
Ne Cape Hatteras 0 3516 7533 10.6 195 229 209 202 144 138 117 135 180 169 166 168 169 )
‘Ne Goldsboro, Symr-Jhnsn AFB 3520 7758 5.4 55 71 8O 72 45 32 30 23 30 29 42 oz 45
NC ?t-faragql\simmons ARF . 3508 7856 5.8 63 82 76 70 46 32 27 24 27 3T 53 48 .46
NC Fayetteville, Pépe AFB 3512 7901 ;4.3‘ 43" 54 60 55 34 25 24 21 21 . 23 29 "30'_ "33,
‘ NC  Charlotte, Douglas APT 5515 8056 7.4 1GL 101 120 kllé 69 57- 50 53 70 16 78, 82 82
NC  Asheville " 3536 8232 5.5 77 77 1lo 90 41 24 17 16 18 33 76 14 54
NC Hickory APT . - 3545 8123 7.2 69 69 89 79 “sb 50 50 49 49 54 63 61 62

NC Winston Salen 3608 8014 = B.1 14X 166 149 169 Qa 68 66 54 97 106 98 . F17 R
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‘—Z;”—L‘[”'" T T MONTHLY AVERAGEVYINDPOWERIN THE UNITEDSTATES AND SOUTHERN CANADA S '
Z "E~ o v _ ‘ a . Ave. . Wind Power, w#&s per Square Meter
Voo . - Speed - N
State ™. J:_ ffﬁ;z;u"; o . Lat Long Knots J F M A M J ‘u‘. s o N D Ave. | -
NC ",Giﬁ:nsﬁbio . 3605 7957 6.1 67 90& 94 .94 47 37 34 29 35 43 69 57 se
NC  Raleigh - 3552 7847 6.7 - 89 Bl 06 113 S3 SL 49 Qv 45 41 64 61 64 :
MC  Rocky Mount APT 3558 f774e 42 72 74 97 , 86 * 49. 62 51 43 45 50 57 60 ° 52 |
NC  Elizabeth city 1 3616 7611 7.4 81 89 95 98 76 /25 50 0 58 67 . 71,63 63 74 ‘
"ND . Pargo, Hector APT 4654 9648 11.7 280. 264 293 389 286 é;pl 144 160 225 280 337 279 263
ND . Grand Forks AFB. L, 4758 9724 8.9 167 132 ?183 197 166 /1o§‘”371 88 121 147 147 172 146
ND ‘Pembina — " 4857 9715 11.7 308 381 -321 341 i}s/ 261 187 ‘24% 261 329 403 409 Asoé
. |  Bismarek APT . 4646 10045 - 9.5 147 140 186 250 217 174 118 119 157 167 186 143 170
KD  Minot AFB ‘ " o 432; 10121 9.1 191 192 166 199 ;155 117 95 ;1383 127 "164 163 18l 157 |
MD  Williston, Slodlin P14 4811 10338 8.2 80 86 109 143 141 104 76  33N;;n1 98 88 78 98 | - -
XD  Dickinson a' 4647 10248 13.0. 402 365 462 486 401 402 246 208 300 332 426 334 362
O Youngstown APT 4118 8040 9.2 187 177 218 178 115 84 66 57 81 95 180 188 133
| om warren 4117 8048  .9.3. 196 183 197 197 116 95 67 59 82 1221 164 149 136, T
, o  Akron - ‘;;“;i4°§5§~812§‘_ 9.1 163 184 192 151 101 75 55 S5 70 86. 156 147 . 1léaf£4f4ﬂﬁ
| on | rermyl B | $<f';5i41§ 8107 - —f0.7 296 .29 290 277 13 1is 82  9n, 136" riﬁi“gll 279 223 °
ol Clevelénd T e 4124 8151 10.1 189 237 244 211 (147 111 80 72 104 122 230 u2027 152
\ OH ‘vicker;:j@% ’ 4125 ?bbss 10.7 284 310 303 284 150 136 89 88 130 157 284 217 217
L “OH!  Toledo P 4136 18348 7.7 109 114 138 108 76 51 39 .37 49 " 60 89 93 “_ed!'
f ‘////// OH .Archbold : 4134 8419 . 8.8 182 176 182 189 99 86 57 62 ‘84 98 182 135 ' 127 -
L oH  ’Columbus 409 9253 9.2 109 11B 136 116-¥\74 52 37 35 44 55 100 91 82
- ] T ii( ' . 5
) ’ ‘E
’ . A e
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BN " MONTHLYAVERAGEVWNDPOWERINTHEUNHEDSTAfESANDSOUTHEHNCAﬁAgA ‘ i
: Ave. _ : Wind Power, Wz:tts per Square Meter
. . . 1 . Speed . . o . o
State . Location Lat Long Knots  J F M A M Jgoo A .S 0 N "D » Ave:
OH  Columbus, Lockbourne AFB 3949 8256 6.8 109 127 135 120 77 S3 3 33 43 S8 91 o4 . 8n
oH g%yesvilier | 4047 8218 10.0 257 257 236 204 -123 124 76 76 104 151 258 204 163
OH carbridge 4004 8135 6.2 110 103 110 94 54 - 50 40 . 32 40 59 30 73 71
OR\  zanesville, Cambridge 3957 8154 7.7 160 142 188 158 87 67, 46 32 56 63 136 130 105
on  wWilmington, Clinton Co AFB 3926 8348 ° 7.8 133 148 166 157, 94 6C 44 37 48. 62 117 113 93
oy. ciﬁcinn?:i 3904 8440 8.4 133 135 150 144 90 . 63 51° 42 61 77 126 112 99
OH  Dayton . 3954 8413, 9.0 179 192 207 173 108 73 59 46 69 B4 170 160 125
OH  Dayton, Wright AFB 3947 8406 - 7.6 l6l-- 188 226 182 I22 83 S8 50 71 86 162 157 128
o Dayton, Patterson Fld 3949 8403 - 7.4 171 186 202 176 108 73 47 43 6l 79 160 145 120
OK  Muskogee 3540 9522 8.5 149 189 230 210 132 "94 " 53 71 8o 108 114 99 139
OK TﬁlsaVIAp" L 3612 9554 9.5 157 178 196 185 155 116 94 85 110 118 145 149 14
0K  Oklahoma Clty t 3524 9736 12.2 306 333, 376 386 274 250 165 153 182 216 248 265 263
oK Oklahoma City, Tinker AFB 3525 9723 11.4 263 277! 370 412 319 318 176 153 197 2303_243 248 264
oK ArdmoremAFB; Autrey F1d 3418 9701 8.7 140 165 204 203 123 113 71 72 g6 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 $916 8.0 99 134 198 ‘1aof 140 126 71 64 79 92 91 92 113
OK  Clinton-Sherman AFB 3520 9912 « ‘9.8 1R4 202 283 262 224 158 84 77 108 113 139 161 166
* | ok Enid, vance AFB 3620 9754 9.0 162 173 229 188 A38 138 88 81 100 107 136 142 139
- 0K waynoka 6 : 3638 9850 12.4° 295 416 562 556 389 310 290 250 275 309 308 261 356
OXx  Gage ' ~1618 9946 105 203 207 281 1323 257 321 168 132 173 161 167 1les 221
oR On:arié 4401 11701 6.2 s2 70 rée 143 139 107 115F 122 75 69 49 41 88
. r | . [
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a MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA I3
N . ‘ — & ‘ v
Ave. ) : '  Wind Power, Watts per Square Meter
‘ : Speed ‘ - A; e NS
State  Location ’ Lat Long Knots  J F M A M Jd- oo A s [} N D Ave.
OR  Baker - 4450 11749 7.0 44 52 47 54 47 40 -40 40 39 45 38 43 46 |
OR. La Grande 7 4517 11801 8.1 328 261 173 131 93 66 55 - 54 60 82 201 312 152
.OR  pendleton Fld 4541 11851 8.7 96 164 196 188 174 180 134 124 134 ~ 98 "127- 134 145
OR Burns o 4335 11903 - 5.9 46 46 68. ,69 57 60 49 44 467 50 43 40 S1

e E )
7 g ‘ . i P H : ‘

OR - Klamath Falls, Kingsley Fld 4209 12144 - 4.8 84 77, 99 86 62 44 _33 30 136 53 - 66 76 60

=

)

oR  Redmond, Roberts' Fld  44ls 12109 5.6 56 76 63 6L 46 36 29 30 38, 36 S8 45 47

orR  Cascade Locks | 4539 12150 13,1 651 718‘»336/”331,,3séf 151 387 -353 344 451 643 750 465
| OR  Crown Point \ . 4533 ;22i4 - 9.6 746 765 205 145 ‘107 50 36 50 ‘113 5304 12 650 308 |
"oR PortlanffIAP S 4536 12236 6.8 139 104 91 :61 44 39 45 18 ‘;g,f s1 91 131 35

~ »

OR  Eugene, Mahlon Sweet F1d 4407 12313 3 7.6 83 8 1l0 94 79 74 89 74 79 58 ' 73 77 Bl

zj//Zféﬁ North Bend 4325 12413 8.4 76 128 108 107 88 185 192 149 88 52 80 94 113
OR'  Roseburg 3,3‘* | a 45@4 12321 4.2 22 23 ,}327“”26’ 27 28 49 26, 22 16 18 19 7 23
OR . Astoria, Clatsop Co APT 4669 12353 7.2 125 \109 95 .82 69 66 71 61 ~54: 70 195 111 -84
OR ///§;I;m, McNary Fld - . 4455 “12301 7.1 160 122 100 72 56 41 52 }4 47 59 104 137 . 85
9 OR ‘Newp0fﬁ ' '443§ 12404  g.5 110 109 107 95 129 145,'151"111 69 72 95 129 113
*'| OR  Wolf Creek ' | | 4£4i1 12323 2.5 1o -11 15 16 19 19 22 18 11 9o 8- 8 14 |
OR-  Sexton Summit . 42352 12322 1;.54 323 283 “243 196 23G. 243 255 269 248 223 316 310 276 I
.{OR  Brookings ‘ . 4203  12418' 6.4 91 131 96 68 58 55 v'35. 26 37 43 72 92 63
OR  Medford o 4221 12251 4,6 33, 44 53 S0 57 51 50 49 39 28 24 40 46
‘ OR , Siskiyou Summit . . 4205 12234 8.8 ééﬁ 115 102 82 129 150 170 123 102 68 89 82 109
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! MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA x
Ave. Wind Power, Watts per Squars Meter e _i
. : o : 5 Speed- ' . ' : : ) -
"- | State Locatior) 7 - ) 1 o Lato 7 ang Knots J F M A M J o A S (o] N - D Ave.
=7 0 ea ‘fp'hn"aﬁa'elphia o /f 3953 | 7515 8.5 131 139 .170- 133 93 78 62 52 | 61 84 98 A09 103
PA 'r«':illow, Groviz‘ MAS ,A 4’-_01‘"2 7508 . 6.8 11l 1;36" ua 114 74 46 35 30 | 43 54 ee': 90 .81
.| ea v Allembown - 1 4039 7526 7.3 157 141 227 124 77 73 38 .35 S5 6l los 151 104
" | pA  Scranton ) o R 4317;_@_‘754{ 7.7 - 87 107 94 95 80 62 47 37 50 64 85 84 74
"PA  Middletown, Olmstead AFB, 4012 7646 5.5 ‘97 124 113 96 53 37 ",'3;. 28 28 41 75 82 66
PA Harrisburg ' * i., 4013 ;7'651 . 5.4 9 - 120 125 88 53 41 27 :'24 31° 42 69 68 és
PA’ Ba'rl;palace o ;_._“4’05'1 7?06,.:‘ ‘/15,9 464 477 451 411 251 198 -132 137 211 318 411 424 345
D "sgsunbu:ry,AM"i:st\c{}iéQ; <4053 7646 5.4 72 85 115 7338 29 19 18 22 32 S6 58 50
(PR, Hoodward \\f"""*\\mﬁ;\;'\'vvﬁ = 13.4 630 s64 596 550 330 257 157 163 257 403 S51 590 417 —
PA Be’lie'fo:;ﬁ:gj;' 4053 7783 6.8 133 139 ‘139 169 83 68 44 46 60 96 128 126 103
| pA-  Bucksthwn N - ‘4oq,4f 785¢ 9.3 261 308 ~321 241 131 83 73 62, 83 179 235 247 192
| A ;«éébr{nélls' g 3950.7801. 7.2 ‘168 148 183" 150 92 72 49 42 63 97 174 120 106
PA  Altoona, Blair Co ABT 4018 TBLy—=='7.9 155 180 241 164 95 79 .53 46 56 682 124 143 118
PA Kylertown - - . a106 7811c 9.8 26a 28T302__262 ‘147 98 85 77 98 146 202 - 247 200
PA  Dibols " 4Ll 7854 © 7.5 118 897127 118 79, Ia—36__35 41 45 77 109 718
, ;- s - R CET T— ,
ﬁk\\a@ggz{ S TTa148 . 7838 6.1 8L 69 76 70-. 49 30 ‘21 20 25 TI4_54 \-:;8 49
PA {e IAP ‘\‘\\\iﬁ Bb11 91 234 191 208 147 .7 92 77 67 62 . 94 1Ll 176" zl\m\\
" Mercer s ‘\\ - 169 190 “176..109 80 65 58 80 107 170 163 128 .
‘PA Brookville 4109 7906 7.4- 146 115 119132 75 60 42 45 6 75 12 104 89 |
PA  Pittsburg AKX 4630 8013  -8.5 166 170 187 ‘164\'12)\5‘#\75\"\5&\* 50 67 87148 150 120
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MONTHLY AVERAGE WIND POWER IN THE UNITED STATES“AND SOUTHERN CANAQA | / )
T ) o - Ave. | " Wind Power, Watts per SQU.are Meter | !
. ' Speed O 20 IO S e e
 lswe e o Rew v F WA M 9 5 A s o N o
PA  _Greensburg 4016 7933 9.1 239 226 207 160 94 75 72 61 80 117 186 174ﬁ 141
RI  Quonset Point MAS 4135 7125 8.4 164 164 163 156 121 34‘}k51 70 83 115 135 "123
| RI providence 4144 7126 9.5 173 189 129 180 140 117 M9e' 88 100 177 150 144°
S " | pg  providence, Green APT 4144 7126 5.6 173 189 192 180 140 117 98 B8 100 117 15¢ ‘144
SC  Beaufort MCAAS 3229 8044 5.7 44 70 62 61 43 35 28 23 35 35 42 43
. rsc Charleston - " - 3254 8002 7.5 93 124 130 117 69 64 54 52 63 59 71 | 81
Sc  Myrtle Beach/pl 3341 7856 6.1 49 65 70 78 54 51 49 44 44 40 39 lo s
sc  FPlorence 3411 7943 7.6 95 99 114 93 747 67 52 43 50 74 13 !78 72
SC  Sumter, Shaw AFB ‘Tgéss 8029 s.4 49 57 64’ 62 40 31 26 24 34 36 38 la1 a1
sc  EBastover, McIntire ANG 3355 8048 4.9 37" 68 sS4 52 33 24 26 14 32 27 31 28 34
| s columbia 3357 8107 6.2 65 74 90 96 52 43 42 34 4L 38 44 SO S5
SC  Anderson 3430 8243 7.7 %99 107 99 113 80 60 S1 51 52 73 85 ; 98 79
- | s¢  Greenville, Donaldson AFB 3446 6223 6.3 67 70 80 79 44 fza 32 27 36 37 39| 50 49
3 s¢ Spartanburg 3455 8157 8.2 121 122 156 120 95 66 65 52 60 Bl 108 100 94
SD  Sioux Palls, Poss P1d 4334 9644 9.5 158 156 215 266 190 ﬁzs 94 91 121 144 212 147 ‘161
SD  Watertown ‘ 4455 9709 10.1 189 224 284 332 251 233 120 123 185 210 240 151 212
SD  Aberdeen APT 4527 9826 11.2/4245 234 341 413 290 244 173 177 240 249 295 202 258
SD  Murom | 4423 9813 . 10.2 164 169 229 285 214 165 131 131 165 197. 239 174 187 L
8D  Pierre APT | 4423 10017 9/8 216 205 ‘255 204 202 141 124 129 149 168 230 207 191 |
8D ‘Rapid City . * 4403 10304 ;%.6 176 173 239 234 178 144 123 139 168 193 28% 205 191
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< B MON‘;:THL!A’VERAGE WIND POWER IN THE UNITED ié‘,'namss AND sppTHE"nN CANADA / . ’ .
o Ave. ” ) ’ k ) Wind Power, Wanlé/persqufa_re Meter * - .
\ State ch:glo.n: e Lat Long Knots . J +F I M A | M J b A v‘ s O N D
SD . Rapid .City, Eﬂilworf‘:h_A‘;%'B‘ 4409 10_305_' 9.9 306° 256 f;,382 354 ‘\245 191 164 172 1§6 233 320 254 :
SD . Hot Springs | =~,7 4322 10323 8.2 90 117 ilSS 297 i}a 163 . 94 1287 126 136 179 125
™ Brisﬁol‘ ‘ ,» 3630 8221 5.9 76 105 1'93 85 53 40 - 30 §3o 22 37 Sl 59 .
TN gnoxvill; APT 3549 8359, 7.0 133 135 156 161 85 66 53 '?42 47 54 99 100
TN :¢§§E£anooéa | 3502 8512 5.6 64 70 76 83 42 31 ﬁﬂie, 20 26 31 49 2
+ |  chattancoga ' 3503 8512 E}:§g£f§‘7o 86 \;56 ‘83 46 44 37 ; 20 35 4@ 67 60
£ M;hfeagle_ B *.'3518 8550 = ° 5.4 17 _ 84 ‘84 63 .32 19 ?’ié_é”16 19 33 60 70
Tuﬁbﬁmeyrna;‘é;wart AFB 3600 8632 5.2 '76. 83 87 ngg a2 29 ,;215120 22 31 53;'162
N TN  Nashville, Berry Fla 3607 @64l ;5.4,'116 114 132 117 20 67 4l ;33 44 57 87 80
' ™ Qempﬁis ggs»_ | . ) 332i:f8952 . 6.2 B84 85 93 - e4f.154- 3im: 25 $'z4‘ 29 % 61 13
TN © Memphia IAP | 3503 8959 7.9 130 137 188 125 89 57 45 42 '5§ 61 102. 110
"/} TX  Brownsville,'Rio Grande IAP.2554 9726 0.7 231 229 281 292" 277 2117 185 141, 102 104 150 186
. | 4x HarlingtonAFB % 2614 9740 - 8.8 124 175 212 207 172 160 132 129 82 . 75 101 109
NI - S Kingsville NAAS o 2731 9749 e.s,tiil«;lép 162 183 171 157 142 115 107 77 104 98
¢ Corpus Christi 12746 9730 10.4 189 szg\fzsdj 252 199 197 158 150 107 114 157 154
L™ Corpus Christi NAS f 2742 9716 2,_711.3 209‘_25% 272 286 .263 225 189 153 150 144,206 132
1T ‘ Laredo AFB : - 2732i 9928 0.0 30 122 153 ’185 2053 174 122 101 . 93 82
TX  Beeville NAAS 2823 9740 7.3 . Bl 101 124 129 111 ,85 ™1 61 60 52 76 72° g5
TX  Victoria, Foster AFB 2851 9655 - 7.9 13¢ 173 198 138'-112 97 67 11 53 58 103 124 09
7" | 1T@x  Houston 2939 9517 j~ 101 191 216 240 258 186 139 85 z;*,ipl 117 185 159 ;153 |
- P C{ ‘ . - : | | .
_ //,/ . 6 L
; | .
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MONTHLY AVERAGE WIND pqw,lsn IN TRE UNITED STATES A

e TFT -

;‘;ﬂ-.? L ,;’_','Q,A':ve!s‘ } ',5, . WIndPoﬁer,WattspequuaréMeter b

k‘_g“' . ) . . - 4 . Spegd e ) | ] o
- | State TLocation . . Lat .-Lgng .~ Knots _ J F M A M J J A . S (0] N D Ave.
5 A i L% ,‘ = g : ‘ = _ " v & - - . ._‘;L‘.-;, ;-.q . %}2' "3 » R - — . . »
".ef | _TX . "“Houston, Ellington AFB 2937 9510 = 6. .. 86 96 114 104 8Y - 56 38 41 56 54 82 75 72

- . S X . ) e ‘\ b LN o - e ) . . e -
" TX % Galveston AAF . - 2916 9451;§ *11,dr 262 261 298 257 227 200 149 144 147 148 239 217 210
S - e ’ e R - . v . S e

| Tx  pt.-Arthur, Jefferson gg, 2957 9401 f9'1*1153W~186”*184' 190 156 95 64 54 115 85 121 134. 128 |
1"Tx7 - Lufkin, Angelina Co APT  3114',79445 "‘6;} 65" "72 76 70 45 30 27, 22 26 ,38 S6 62 49

';:fﬁzﬂ -~ Saltillo ! IR 3312 95L90V.'\~8-7 “131. 172 171 185 100 86 72 ,'53 71 84 102 104 112
i R i T . -l, s ’ U ' ¢ L : ) § . \

| ™  san antonio ST - 2032 dg28 -eih 99 113 114 123 104°104 83 62 65 71 94, 87 98
‘e e - S ) } - .,‘ ) : . . ) i Voo . ® , 4 = SR
“1X.  San Antonio, Randolph AFB .3 "94 w105 '115 109 9% - B2. 64 58 61 56 90 B2 84 |.%
e ’ g ol ; ° . » A o e
79 84 .85:105 109 9 83 63 S3 52 53 72 63 ° 77

e

2932 9817

‘TX  San‘Ahtonio,; Kelly AFB ~  2923..9835

. Y : A » e _ ]
141, 144 185 189 187 166 136 108' 95 107 135 103 142 .
[58 o ; ‘

&

. | TX < EHonde.AAF ~ -

7
6

£ TX - San- An‘t?réz.o, Brobks AFB 2921 9827 8.9

g | 2920 9910 6 ,

A 86 95 134 120 117 92‘;>97f*'4e \§z 63 74> sS4 @6 | -

L %

.2 118 121 ‘142 “115 127 102 64 65

9

.j; 59 82 88 94 -9éﬂ 9 51 45 \,42 32 S0° 49 64
-l T - Kerrvild ) 2959 9905 . 1
;}*?; i TX . San Marco;'--r, | 235} ;ZSE‘t 78 108 105 98

mx | Austin] Bergstrom AFB 3012 9740 -~ 7.8 145 140 167 145 118 119 88 73 S8\ 74 117 116 115’

¢ | T -Bryan - - o 3038 9628 .- 7.0 ‘fB; ios 108 103 89 74 49 48 38A\\47J L3 89 78
| Killeen, Fort Hood AAE 3108 9743 8.1 123 138 151,155 10 109 8L 59 60 75 s B .

.| XL Pt Hoe, srsy AAF 3108 9750 " 9.2 1637179 198 208 162 153 12F 87 72 ‘102 147 158 146

- TX _’kaci, éénnally AFB, 3138 9704 -, 7.7, 217 111 '135 128 101 90 72 61 s6 68“ 1°4 101}\ 95
™  Dallas NAS 3244 9650 9j%¢ 155 166 210 199 154 1ea 97 82 85 99 135 131 137 .

3

Ft. Worth, Carswell AFB 3246 9725 8.2l 138 154 216 194 141 133 71 60. 72 89 129 121 124 .

‘Mireral W

.
~

[N

fllS,APT s 3247 ﬂéaoa . 9.2 1zof 146 203 201 162 154 103 79 78 88 1ll1 110 l28-

™ : i

PS4
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R s FiN CANADA é’
. ; Wind Povyér, Watts per Square Meter
_ "State  Location D ots J. * F ' M A M J J A s o N l' D -Ave.
i: / iy vi%nerar ﬁe}ig; Ft“walters'! 3zsoﬁ,9gda" é.? 117 ,195 192 184 149 136 92 71 ‘71 82 99 103 11
: T :“Sgntéux‘j o ARE 323%J'ééi4f‘- 7.14 92 136 157 163 87 83 55 55 60 55 112 77 9
T o S;;rman Perrin, Avé ‘ - 3343 -9640° 9.1, 1;za'1§4-“217 213 142 121 79 73 81 106 153 153 13
™ G&lnsVLlle ‘!“?_d; o 3340+ 9708 7 l1.1 7244 303 338 357 226 lea N4l 134 155 163 222 188 22
X " Wichita Falls < 3358 928" 9.9 166 '178 244 222 176 158 110 95 107 114 168 154 15
| o sbtiene, oyers Az 3226 9951 7.7 81 104 165 147 124’ 102 61 S1e 58 ee o1 87 . 9
foi: san &nge‘o Mathis ria 3122 10030 8.9 117 'f545v1953‘184» 170 147 9 86 90 90 113 108 12e
; ?i¢ san Angelo,,coodfillow A;é >3124 ioo;ﬁ 8.7 108 152 191 179 169 . 157 85 81 91 .88 114 102 12
'I'X" Del RlO Laughlln AFB. %922 . 10045 7.6"~ 71 107 114 120 118 '117 ° ‘951 68 59 37 56 . 60 8
- x| osnadian % 3300 10022+ 13.0+ 390 416 570 596 430 344 263 231 310 337 370 ETEREY
T ﬁ'DJihartgApT".’ ,'- - 3é01: 10233 12.9 370 371 476 477 477 559 334 278 280 228 266 305 " 3s
K Am&&i}lo English F1d 3514 1Q142 11.7 229 229 359‘ 329 290 240 166 135 180 200 "o 222 24
™ C“iYHIESS ' ) 3426 10017 10,2 152 - 194 272 269 221 204 118 93 117 126 128 147 17
™ Lubbock Reese AFB 3336 10203 9.4 155 211 201 268 204 188 89. 67 88 99 140 169 16
TX  Big Spring, Webb ArB. 3713 10131 10.1 155 197 264° 266 226 216 128 101 1124 124_ 135 139 - 17
> - Hldland FE ) 3156' 10212 6.9 81 143 146 155 133 123 94 76 85 84 89 102 10
= Wink, Wxnkler‘Co APT 3147 103127 8.5 95 148 204 181 181 193 119 98 72 75 81 128 11
‘ert - Marfa APT T Bols 10401 749 128 182 165 192 146 117° 84 65 85 84 88 19 12
X - Guadalupe Pass, T 4%156‘;19448 15.8 887 j892%fé99 932 868 603 422 342 401 760 827 71
X 2l Paso “ B ST 5.8 176 257 hgge 299 222 173 131 111 102 128 153 163 18
: ' J N : :
T -
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) MONTHLY AVERAGE WIND POWER ui'q THE UNITEP,
" Ave. . ‘;}\ i .
, Speed | T
- State  Location Lat . Long Knots. "4 ~ F. "M A o N
‘TX El Paso, Biggs AFB 3150 10624- 5.8 68 99 144 144 f LLTe 2 33 49
uT St George 3703 11331w~v*”571?6’56*’*5éf”liiuwwé;“WZJETNW;if 53 162 40 “25 14 .
. uT Milford'xmf 3826 11300 10.2"179-124£"(2za 275 302\ 241, 220 fjs 167 173 172 :
T , Bryce Canyon APT 31742 11209 6.4 69 65 - 93 79 94 | 90 40 ;j 53 48 53
— ‘Wﬁﬁ”“"”ﬁanisoille o 3822 11043 4.6 43 41 115  ga 1qé \108" 35 38\\“43 40 36 e
uT - Tooéle,\Dquay PG __ 4011 11256 4.8 38 '4a7i,69 81 %1 69 52 /57”\\46
| uT  parby, Wendover AFB 4043 11402 5.3 59 .62 90 90 71 82 q;f'lsl 49
UT . Wendover 7fﬁ_ﬂ;ﬁozw,_W~5;4ﬁg”4e~«wsswvéeiww103WM~gi”'”éo/;”35”'f35“”'§5M”w
ot ";@ésm;;;g; 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 :h¥{, 9 |\
UT  salt Lake city 4846 11158 7.7 77 84,100 100 96 96 82 106 73 B
UT Coalville ) 4054 11125 3.9 26 35 39 322 30 28, 17 18 37 /// A
VT ’Montpélier, Barre APT s412 7234 7.2 162 167 152 118 ° 99 97 X 69 60 94 103 102 125 /lixh\' fk
VT  Burlington, Ethan Allen AB 4428 7309 7.7 114 111 '133 100 85 70 i’ss 52 70 82 100 114 . 90 \\\,
VA Norfolk MAS ' 3656 7618 e.af*154 182 171 139 103 84 75 80 111 127 130 128' 121 }
VA Oceana NAS 3650 7601 7.6 135 136 150 126 84 62 s2 s2 g3 93 97 107 o8 \X'
’ VA Hampton, Langley AFB 3705 7622 8.5 146 187 193 166 122 86 73 81 117 137 135 146 136 V\
| VA Pt. Eustis, Pelker AAF 3708 7636 6.5 79 90 g9 74 51 42 32 32 43 46 61 64  58° : \
VA South Boston 3641 7855 5.0 49 49 65 65 34 33 32 124 28 36 40 38 40 |
VA ‘Danville APT 3634 7920 6. 69 63 84 78 43 36 32 31 33 35"4; 39 }45 ;.
s . ’ '/
: ¢ : o
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Appendix 2.3:QWihd_Fl!v;erf’Tﬂhles o ) L

: j .
L : MONTHLYAVERAGE‘\AL)I[ND POWER IN THE UNiTéb\STATEs@dpso
< State ~ Location T - Lat  Long jl Knots J F Mo .A
| VA Roanoke . 3719 7958/ 7».’]1 152 R07 171’““%3.::»4;r
VA - Richmond- - 3730, 772(/31 . 6.7 59 68 79 - 18
VA Quantico MCAS ~ "3830 7719 6.0 55 63 75
: vA  Ft.selvoir, Davison AAF. 3843 77ﬁ1 3.8 42 60 60 |
WA  Spokane IAP o 4738 1‘,1]732 7.2 T 92 111 106
. w;\ Spokane, E’.airchirld AFB . 4738 ;11739 . 7.2 1lg 138  '154
WA  Moses Lake, Larson‘:AFB 4711 jill"919 © 6,2 68 62 ~9'8>
WA Walla walia B T T asos/ 11817 . 6.7 '87 100 114 93 e 65
WA Pasco, Tri Clity APT 46‘1@.‘/ 11907 6.8 ‘342 331 46 :3;72#'_.245,%21‘2‘ 1
WA  North Dalles - ‘45#) 12100 8lo &5 72 171 1ss ,264»’ 279 334 -
WA | Yakima - 4638 120377 6.4 60 53 69 L1578 L%, 54
WA Chehalis o ‘ c;?étzo _1220‘,:5 6.4 109 8 82 59 53 *
. WA Kelso, Castle Rock . - ;ﬁsoa 12254 6.9 128 107 87 /éé; 65
: WA  North Head : f;4616 12404 ~ 13.0 547 521 495 j369* 430
“ WA Hoquium, Bowerman APT ;é 4658" 12356 8.2 141 112 o8 88 86
T ¥ Moclipy / 4715 12412 7.6 82. ei",5i5° 8l . 68
| %A ratoosh 15 /4823 12448 - 12.3 763 603 443 269 276 22 569 735 388

WA Tacoma, McChord AFB 4709 12229 4.6 50. 48 53 49 .38 30 25 B TR TR
WA  Ft. Lewis, Gray AAF 4705 12235 3.9 3 28 30 30 23, 19 };i7 ’?*éf:i f'3357 27 24
WA Seattle Tacoma 4727 12218 9.5 194 210 211 173 yo 120 94"’ 195 a9
WA Secattle e : 4741 12216 5.6 69 61 58. 487 32 28 25 6§i 45

Fa = T ‘ '
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" MONTHLY AVERAGE WIND POWER IN THE UNITED STATES AND SOUTHERN CANADA. .~ B
= . :  1“_ : . : : : : ”ﬁ . el «

- ’ K : ‘ k
- State .- .Location S

“Speetl

~Knots_ -

N . B

FooM A M

P

Jy A s.

.

ey ff-gﬁyvindfPowef‘,JWa‘t'ts per Square Meter
@ T Core T

‘ . WA br

WA ) - Everett, éaige‘gpg
whidbey IS NAS
WA Bellingham APT - ¢

‘ﬁv qﬁarleston

| wv- . .Plxins, Randolph Cg AQ?

| WV ®° Morgantown APT _

Green Bay =

LR

‘ ~f'ﬁaq§§00;fTrquxi§idf '
ij;IW'V“Camp‘boﬁgigs;‘VGIk Fla
CWI ;a_prossé;ApT -
WI taé”clgéﬁéff c
Wy Che?énéé;ﬁ?? |
WY L‘?:rﬁ'mié: |

. ﬁedi;ihé'soﬁ
BittérWCreek*
Rock‘%pring§
Y |
W

NS

‘Casper AAF
Sheridan

Yarmouth

' Milwaukee, Mitchell Fld ‘4.

70
185
g ‘13i
éﬂ%ﬁs
80

73

132 .92 -

150,
2, 76

13 453

%4l7

o

.;évg;fseﬂ

#

.¥4é7

44 a0

-
e,

124

57

. L o
“158  ‘ZS.; 54

2

)

66 43
37

574 327

61 '62: .53 28,

90 101 92

73 .86 670 37 26

212 197 173 129
212" 246° 238 195 120

s

“148 199 197

79 @-77 64;%

15397

‘a3

Er L

116 145 201 171

113 102 168 155, 907

434 399 242- 176

506 - 520° 339, 313 300

- A

758 825

@

518..343 296

550 623 397 297 230

476. 551 357 311 264-
3 e % )

359 266 201 222

73
v

84

71 80 94 88

173 190 153 109

24

- 95

UL,

BLURES

150

63,

38 34 39
13
;

. 3 S‘T’.

43 50

28
24
“131
2

28

125 132,

250 223, 328"

223 210

216 "189 . 936

145 - 150, 219

60 56 .

L, 67 84

.

62

- 39

34

131
159
SR
64 -
128
: 109

220

259

423
284
250 -

218

123

65

oo
160 188

27119

76
Li79 134

134 106

[

~3387 379

544726

2

370 Y471

oy

362

56" ’

402 © 463

108

el

Tt




Appendix 2.3: Wind Power Tables.
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S

MONTHLY AVERAGE WIND POWER IN THE UNITED STATESAN[I) SOUTHERN CANADA

" Wind Poﬁr. Watts per Square Meter

94

Ave,
. Speed '
State Location Lat Long Knots J F M A’ M J J A S O
NB Frederickton 4552 6632 7.7 $153 124 148 116 99 86 69 . 64 70
Qu Mont ;oit 4836 6812 11.2 356 358 310 220 197 157 134 152 188 245
‘ % o
QU Baqgtgille 4820 1100 9.3 206 180 202 166 1\64 141 95 97 128 147
QU St. Hubert 4531 7325 9.1 224 213 163 153 I&s ,138‘ 100 83 110 136
oN Ottova 4519 7540 8.2 123 120 125 111 99 79 s8 S3 70 88
QN %?é%ton 4407 7732 8.9 203 176 166 148 125 103 94 80 100 122
oy Toronto 4341 79138 g.6 198 177 157 150 1110 87 69 68 B85 105
on London 4302 8109 9.2 239 229 233 214 139 85 66 65 82 107
on Sudtaity 4617 8048 12.2 318 392 310 324 328 290 218 195 252 294
o Vhiite River 4836 US17 4.3 19 26. 20 ﬁz 37 33 24 21 24 28
o Fercora 4948 0422 8.6 31 95 91 111 104 74 63 70 80 ap
¥ Winnljeq 4954 9714 10.7 206 21p° 227 293 266 177 116 138 174 209
P Rlvers 5001 10019 10.5 216 171 187 206 276 1947 137 149 200 235
SK Regina 5026 10440 11.9 327 286 315 350 340 24) t 162 186 2086 232
SA' voose Jow 5023 10534 12,3 399 343 314 344 390 299 197 214 346 319
AL Medicine dat 5001 11043 8.9 164 159 146 215 176 138 96 110 159 165
AL Lethbridge 4938 11249 12.5 625 563 356 450 370 319 202 246 279 510
BC Penticton 4428 11916 7.% 265 187 141 104< 76 64 52 49 64 132
BC vancouver 4911 12310 6.5 72 75 85 63 53 " an 52 39 48 62
BC Victoria 4839 12126 G.5 B4 0o 74 17

297
161
203
117
181
177

173

30
112
219

218

279°

149

187

546

21

B8a

€8

98 .

Ave
k-
127 104
er
148 .
V77 54
100
151y
1524y
176 - |
3112
.24 27
P6 90
210 206
200 204
300 218
367 322
177 158
567 419
274 137
75 64
79 60
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¢

Wind Power Maps

~ This a)pendix 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 010929. For comparison, note that
~ windspeeds of 10, 15 and 20 mph yield wind powerwvalues 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 parncular machine will be some fracnon |
usually 10-50" percerit of that available.
The windspeed measurements upon which these maps are
i based were made at differing anemometer height, wen though the N
- standard height is 10 meters (33 feet). Np attempt was made to -~
_ correctforthese differences orfor the effects of local terrain features
- e R | on wind patterns. Smallvariations in windspeed from one station to
g T ' \ ' | the next are amplified by the cubic dependence of wind power on .
S ' : - windspeed. These measurements were smoothed by averag'in,,g all
values over circular areas 300 miles in diameter before making the
A - maps. The isodyns 'were also adjusted subjectively to conform to
” major geographlc features like mountain ranges and coastlines.
“These maps indicate considerable wind power is available i in
R ‘] the Western Great Plains and along the New England and Pacific
e 2 R ‘Northwest coastlines. Southeastern and southwestern areas of the
’ - United States have very limited wind power potential.

&
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—

[ . : - Winter Average Wind Power Available, in watts per square meter.
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Spring Average Wind Power Available, in watts per square meter.
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Summer Average Wind Power AQ{'aiIabIe, in watts per square meter:
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';;‘:: Sep Ot Nos  Dec  Jan  keh  Mar  Apr May ‘;“'I’JI‘
19 [ 93 3ol 555 592 462 <K} 108 9 2551
13 iz 127 426 663 694 557 433 iR 19 3u7o
6 1] 22 213 357 415 R 211 42 U 1504
22 o 8 130 527 543 417 3o %y o | 2291
~23 ite 30 1284 1572 163t 13lo 1293 R79 592 I()S(ﬁ . .
-53 642 1203 LBIY 2254 2159 1901 1739 1ue8 553 (14279
SOOSD B RN DL oy | Degree-Bay Tables
A SO SRR LSS The hourly,,mqnthjy and yearly heat losses from a building depend
A S L O on the temperature difference between the indoorand outdoor air.
o o ao o2ee 307 1w s s ol ewm | Toaidin the estimation of these heat losses, the American Society
Y e urr sse s S sse H; y n;: ~of Heating, Refrigeration and Air-conditioning Englneers (ASHRAE)
99 127 ges Tl 756 577 43 il 9 ‘ publishes the expected winter design temperatures and the
S AR A B monthly and yearly total degree-days for many cities and towns in
S ;| ni|  the United States. ~s ,
32258 329 418 499 si6 470 172 | 4043 The maximum heat lossate occurs when the temperature is
SO A S S 53 | Teos lowest, and you need some idea of the lowest likely temperature in
J TR B your locale in order to size a conventional heating unit. The design
55045 127 309 481 527 400 353 255 180 | 2870 temperatures in the accompanying tables provide this mformatlon for
S-SR SRS 0SS A S S LA B the United States. They indicate the temperatures below which the
oer o ns a3 sl e die 18 e mercury falts foronly 2% percent of the time in an average winter.
‘ Degree- days gauge heating requnrements over the long ran.
o Tha Gie 'ser tosr nim esn wes ses e | sens One degree-day accrues for every day the average cutdoor
PSS S 4SS SO LGRS ol Rt temperature is 1°F below 65°F. For example, it the outdoor air
-5 ss 3260 TS0 ede qoss 8T 7T o4 Ts ) se2 | temperature remained constant at 30°F for the entire month of
e s0m ers eke 1059 bee Es3 s 2us | sers January, then 31 X (65 — 30) = 1085 degree-days would result. Of
DT e T el ez sie e el | gourse, the temperature varies over the course of a day, 8o this is an
: oversimplified example.
S T T Both monthly and yearly total degree-days for the United
e 3 21T S1e A3 8T Te2 ele 2es 7a | a2l States and southern Canada are listed in these tables, but only the
5w e s a1 s e ase 15 ol x| months of September through May are included here because very
S Nt O L R e littie heating is needed in the summer. The yearly total degree-days
T S are the sum over all 12 months. More complete listings of monthly
1 o N R and yearly degree-days can be found in the ASHRAE Guide and
Data Book (for the United States), and in the Handbook of Air-
1S s P S Conditioning, Heating and Ventilating (for Canada).
O S S Y s
# ) = ,&; ' V |
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L% T
Avg . : Avyg. . : iy X
3 . Ycarl R , Design | . ; 3 Y carly
State Ciry Winter Tc:f: Qct Nov  Dec ‘!’?n 4I-’cb Mar  Apr  May To(aly . State ~ City Winter T nfp Sep  Oct Nov Dec jJan Feb  Mar = Apr* May ‘T:::ly
Temp £ ] +« Temp - E
Tampa e+ 36 0 v . 60 171 1202 148 - 102 0 v| 683 Mich.  Alpena 297, <5 273 580 912 1268 1404 1299 1218 777 446 | 8506
Wost Palm Beach 684 10 v O 6 65 87 6t 3l 0 0o} 253+ " Detroit 37.2 4 87 360 738 1088 1181 1058 ‘936 522 220 6232
Yo S e ' . oY , Escanaba 296 - 7 243 539 924 1293 1445 1296 1203 777 _456 | 8481
" g g iy g 1 A enge ity R ) 1i TTETT O TIS9T U465 B43 1212 1330 1198 10660 639 319 | 7377
otz ~~Arens =~~~ SSSTETTITICSTZ 1S YusTe32 U B4 529 431 141 22) 2929 » Flint - 33 !
G T A e TS THuses ' ! Grand Rapids - 34.9 2135 434 804 1147 1259 1134 1011 579 279 | 6894
Atlanta 517 -18 18 123 417 648 636 518 428 147 25| 2961 o : ) ‘
Augusta 545 20 (1] 78 333 552 549 " 345 350 90 0t 2397 - N / o
'-' Columbus 5+8 23 . 0 B7 333 543 552 434 338 96 v 2383 Lansing 34.8 2 138 431 131163, 1262 1142 1011 579 273 | 6909
L Macon 562+ 23 oo 71297 sz 505 403 295 63 0| 2136 Marquerte . ' 302 -8 240 527 936 1268 1411 1208 1187 - 771 468 | 8393
Rome 99 lo 24 Tel 474 701 710 577 468 177 34| 3326 Muskegon 360 - ¥ 1200 400 762 1088 1209 1100 995 594 310 | 6696
Sdvanaah 578 24 0 47 240 437 W7 353 154 45 o) 1819 Sault Ste. Marie  27.7  -12 279 SBO 951 1367 1525 1380 1277 .810 477 | 9048
. i ) - (
Mlawai thlo S T S R R S o L Minn_ Duluth 234 <19 330 632 1131 1581 1745 1518 1355 840 490 | 10000
Honotula - 742 ot e, 0 e o 0 u v u v v “=. Minneapolis 283 -14 189 505 1014 1454 1631 1380 1166 621 288 | 8382
/ ' : " Rochester 288  -17 186 474 1005 1438 1593 1306 1150 630 301 | 8295
ldaho  Boisc 397 4132 415 792 1017 1113 854 722 5809 . , .
' Lewision o 6 123 403756 933 1063 815 094 35:‘;' " Miss.  Jucksdme 557 21 0 65 315 502 546 414 310 87 0| 2239
Pocatello 348 - & 172 493 900 1166 1324 1058 903 17 Mendan y 554 20 0 81 339 518 543 317 310 . 81 o | 2289
o . . . Vicksburg 569 23 0 53 279 462 12 38+ 282 69 0| 204
1. Chicago 375 -4 81 326 753 1113 1209 1044 890 ~ 6155 | - N . ,
Motine 36+ -7 99- 335 77+ 1181 13i+ 71100 918 6408 Mé Columbia 23 2 s+ 251 651 Beer 1076 w7+ 716 124, 121 | 5046
- Peoria . - 3815 -2 87, 326 759 11131218 1025 849 6025 - . KansasGry . 430 439 220 612 905: 1032 818 682 294 109 | 4711
Rockford- * . 348 - 7. 114 400 837 1221 1333 1137 961 2 68333 1 St Joseph =1 60 285 708.71039 {172 939 769 348 133 | 5484
_ Springficld $06. -1 772 291 ‘6% 102371135 935 769 354 36| s429 o4 4 60 251 627 936 1026 848 704 S312 121 | 4900
‘ o ’ o 1 o« g 5 45 223 600 877 973 781 660 291 105 | 4900
Ind. EvEiRtille 450 6 86 220 6u6 896 955 767 620 237 68 | 4435 - ‘ X : e .
’ Port Wagné = 37.3 0 105 378 783 1135 1178 11028 890 471 1891 0205 Mont.  Billings <10 186 487 893 1135 1296 1100 970  S70 285 | 7049
Andianapalis . . 39.6 0 20 316 723:1051 1113 949 809 432 177 5699 | & Glaggow S35 270 608 1104 1466 1711 1439 1187 648 335 | 8996
South BfndA N ) 366 ) -2 I’?l]“ , i 1070_* 953 5.157 239 6439 . _ i Great Falls . 3?8 =70 258 ,541}, - 9“2 l _]| 69 7H’49, f‘]“j’* Hi6d "61:2" 3841 775071
L o T o ) s ) " Havre < 281 =22 306 595 T1065 1367 1584 1304- 1181 657 338 | 8700
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- .
Canada . Yearly
Province and City Sep Oct Nov Dec Jan Feb Mar Apr May Total
Alberta ‘

T ey Cao oo das o 1850 200 770 460 R
Edmonton 440 750 1220 1660 - 1780 1520 1290 760 410 | 10320
Grande Prairie 450 800 1300 1750 1820 1600 1380 830 460 | 11010
Lethbridge 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 \ ‘
Atlin 560 870 1240 1590 1790 1540 1370 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 | 8040
Estevan Point 310‘;3 460 580 710 * 760 670 700  "580 470 | 6090
Fort Nelson 460 920 1680 2190 2200 1870 1460 890 - 460 | 12690
Penticton 200 ~ 520 ,820 1050 1190 = 960 780 490 260 | 6410
Prince Geofge 460 750 1110 1440 1570 1320 1110 740 480 | 9720
Prince Rupert  * 340 510 680° 860 " 910 810 790 650. 500 | 6910
Vancouver .220 440 lssov_ 810 . 890 740 680 480 320 | 5520
o1 Victoria ~*260 470 660 790 870 720 690 520 370 | 5830
Manitoba ] ,"" l
Brandon 350 730 1290 1810 2010 1730 1440 820 420 | 10930
Churchill 710 1110- 1660 2240 2590 2320 2150 1580 1130 | 16910
Dauphin 320 670 1250 1740 1940 1670 1430 830 420 | 10560
The Pas 440 840 1480 1980 2200 1850 1620 1010 550 | 12460
Winnipeg 311 686 1255 1778 1993 1714 1441, 810 411 | 10658
New Brunswick ’ o
Bathurst 310 650 1010 1480 1690 1520 1300 880 520 | 9670
L chatham—— 270 640 970 1450 1620 1450 1250 850 , 490 | 9290
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Canada . ) Yearly
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 71570 1340 870 . 480 9950
Moncton 260 590 910 1340 1520 1380 1190 830 480 | 8830
Saint John 280 500 880 1800 - 1440 1310 1160 830 510 | 8740 |
Newfoundland |
Cape Race 350 600 800 --1Q80 1240 1170 1150 950,/*/7’;56 9290
Corner Brook - 320 640 ~ 890 1200 1410 1360 1240 900 640 | 9180
Gander 320 660 920 1230  1430° 1320 1270 970 65Q | 9440
Goose Bay 440 840 1220 1740 2020 1710 1530 1101 770 | 12140
St. John's 320 610 ~7820 1130 1270 1180 ~ 1170 920 - 700 | 8940
Nova Scotia . o, ~
Halifax 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 T 1040 1180 1100 1010 750 510 | 7520
Ontario _ '
Fort William 370 740 1170 1680 1830 1580 1380 890 540 | 10640
Hamilton 140 470 800 1150 1260 1190 1020 670" 330 7150
* Kapuskasing 420 790 1280 1770 2030 1750 1550 1030 600 | 11750 7]
Kenord 320 710 12704 1800 1980 1670 1420 860 430 | 10740
Kingston 160 - 500 820 1250 1420 1290 1110 710 :..3’80 ‘ 7310., 
-1 ~Kitchener - 170 520 860 1240 1350 1240 - 1080 680 330 | 7620
London 150 490 840 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 | " BOA0 |
Sault Ste. Marie 340 650 1010 1410° 1580 1500 1310 820 470 | 9590
; Sioux Lookout 350 780 1310 - 1850/ 2060 1750 1510 950 520 15 |
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Canada ' 3 : 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 | 9870
Timmins 410 780 1270 - 1740 1990 - 1680 1530 1010 . 550 | 11480
Toronto - 154 465 777 1126 1249 1147 1018 646 316 |* 7008
Trenton 160 470 840 .1280 1400 1280 1080 670 330 | (7630
White River | 440 . B20 4270 1770 1990 1740 . 1550 1010 590 |[~iA850
Windsor *% 120, 410 780 1130+ 1220 .1100 950 580 270 | 6650 |
Prince Edward Island ‘ ,‘ | T |
Charlottetown 240 550 850 1210 1460, 1370 1220 870 560 | 8710°|
| Quebec : ' o L : S . | \
| Bagotvile 370 ° 740 1160 1730 1950 1710 1450 940 570 | 11040 \
Fort Chimo < 700 1040 1440 2010 2410 2170 1920 1460 1010 | 15600 | . -,
FotGeorge ~ . - 550 890 1270  1880° 2340 - 2090 1950 1330 920 | 14480 | e
Knob Lake 670 - 1080 1500 2010 2410 2040 1810 1300 - 910 | 14890 J
Megantic f © 330~ 660 ‘('1000} 1480 1640 . 1490 1290 - 870 500 | 9670
Mont Joli 310 660 1030 1440 1650 1470 1310 910 , 550 | 9750
Montreal 180 530 , 890 4370 ' 1540 1370* 1150 ‘700 300 | 8130" |
‘| " Nitchequon - 590 . 970- 1430, 2050 ' 2340 2010 1820 ' 1310 i,,“”§1‘o/~‘,“r’“45336f';f 3‘
1. PertHagison  , . 730 | 1050 - ‘1430 ¢ (2050,* 2470, . 2290 ' 2190~ 1610 1140 | 16880 | .
._Q,UQbec‘,,f/‘ 4 250 . 610 990 1470 ° 1640 1460 1250 ~ 810 400 |. 9070 |
+ Sherbrooke ™~ 240 590 620 1400 1560 1470 7190 750 370 | 8610 | .
Three Rivers |, 250 610 980 1490 1690 1490 1250 770 370 | 9060
Saskatchewan " 4 . R
North Battleford 380 750 1350 1820 1990 1710 1440 800 400 | 11000 .| -
Prince Albert 410 780 1350 1870 2060 1750 1500 850  4%0 | 11430 o
Regina 370 750 1290 1740, 1940 1680 1420 790 420 | 10770 Co e T
Saskatoon 380 760 1320 1790 1790 1710 1440 800 420 | 10960 .
/ 7 .
,// A1
/ - &
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Rotor Swept Area

The rotor swept area, or frontal area is a parameter frequently used

oo Thill A~ P I = HA D

in wind power calculations. This area, denoted by the letter “A" is
the total surface area perpendicular to the wind direction that is
swept by the rotor blades. It is measured |n square feet or
square meters. ! @

The Wind Power Book

.The first |I|ustratron on the facrng page rndrcates the sweptarea; .

for a prope!lor—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:

A—"—T

><D2 O785XD2

blade tip as shown. A convenrent ‘graph presented at left will help~
you convert drameter measurements into rotor ggvept area or
vice versa.

For vertical-axis, Cross- wind machines similar to the second

r' rIlustratrom(r e, those with a unlform radrus about the axisof rotatron)
“the swept area Is: :

¢ .,; I “f?\

A Helght >< Wldth

s “
N r =

Thrs is the formula to use with. Savonlus and strarght bladed

Darrieus rotors. ,

In an eggbeater-style Darneus the blades assume theshape
of-a troposkein — a complex mathematical curve involving elliptic’
integrals. Fortunately, this shape can be approximated fairly well

" with a ;‘S?arabola and the swept area is about equal to:

=267 X Radlus X Half Height.

The radius and half-height of a typical eggbeater Darneus are
rndlcated in the third llIustratron

-

" where 7 = 3/“1 4159 and D= drameter is measured from bladetrpto “

o e

R & T k R A
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600 - Savonius Rotor Design - e
i - - t 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
500 o | . - Equation 1 together with the values of the relevant parameters and
‘ : I : o dimensions of the machine. Férexample, say the rotor efficiency is
/ g|Xen by the graph on page 95, and you exp%:t itto operate at a tip-

speed rﬂflﬂ of TSR=08. Then you would read E=0.15 from tl}al

graph for the efficiency of this machine, and use this number. in
Equation 1. Suppose also that the height of the rptoris 9 feetand—— .
its width for diameter) is 3 feet. Then the rotor swept area is

= 27 square feet. Putting this and other lnformatnon into

1 , YOU get:

Power—1/2><p><V3><A>< EXK
| 1/z><ooo:23><v3><27><o15><4r31

S=0020Xx V. . . \g

Here,you have used K= 431 so that power is expresseH in watts if

“/, the windspeed V is given in miles per hour. Thus, if V=10 mph;the

/ ' output power of this Savomus rotor equals: 20 watts. Performing......... oo
similar oalculattons at windspeeds ranging trom 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 I|tt and drag forces onan S-rotor.

S _— " 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-

. , . wind force. Many people esttmate drag and forget lift; this oversight

N = ' I s E I could be disastrous.

» o 10 20 30 . 40 - Usethefollowing formulas to estlmate liftand drag forces ona

Windspeed (mph) . T Sa»:emus rotor: —a
" Power ciirve for a typical Savonius rotor. | ) Lit =1.08XC, >< p X V2 X A

N ‘ o Drag—108><CD><p><V2><A

|

Power (watts)




~ Appendix 3.2: Savonius Rotor Design

Then, in our case,

= 1/24506 -
=495 pounds.

Eal

where C, is the lift coefficient (see Chapter 5) and Cyp is the 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 graph of Ii%t_: and drag coefficients, £ 16
'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 coefficignt is Cp=1.2. E=
Thus, at a windspeed of 20 mph, the lift and drag on this rotor are: Q 19
“Lift =1.08%1.4X0.0023 % 202X 27 s
=376 pounds; i
. Drag=1.08X1.2X0.0023 X 202X 27 ® 08
=322 pounds o O
The total force on the Savonius is the vector sum of the liftand drag IS 0.4
forces. To calculate the total force, use the following formula: . L‘—j '
I — - 2
‘Force = \/(Lift)2 + (Drag)® - ©
» D’) O
S
O
Force = 1/(376)? + (32.2)2 04

219 -
-
: | I | !
02 0.4 06 0.8 1.0
| R Tip-speed ratio, TSR

" This force is the total load on the support structure. Note that both

lift and drag increase-with the square of the windspeed—double
thg\windspeed means quadruple-the force. In our example, then, the

_,,r;g__t{@r would experience a total force of 198 pounds in a40 mphwind. — -

Propellor-type rotors usually employ some kind of governor 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 rdtation, the torque produced by therotor increases and
fights the brake. Moving the vanes so that the S-rotor becomes a
cylinder with no exposed vane surface might work. Some people
design the tower support systery to hold the rotor up in the highest

| expec;ted ”wipd and just hope for the best.

v
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Simplified Rotor Design

There are several methods of sizing a rotor/«-g'
~ generator system to supply thé annual energy.

you need. The twelve-step design proce-
dure presented here is a “halfway” method
for designing a high-speed propellor-type
wind generator. It is much mere -detailed

* than the simple procedure given in Chapter

5, but less rigorous than the approaches

the Blbllography As leng as the?erody-

- namic sophistication required,is not too °
“high, this method is a rellahlp design

[ — ¢

~at your site and the peék of the energy’

distribution occurs at 15 mph——a low wind -
site. From the last tabfe in Chapter 4; you
estimate the overall system éfficiency of the
machine to be about 25 percent. The fol-
lowing design example results in a machine
with a cut-in windspeed of about 8 mph and
a shut-off, or g‘évi{mng ,windspeed ofabout

~ outlined-in some of the references cited i 40 mph. Thus, it will achieve its rated power

“over tﬁe important windspeeds avallable at
this site |

S

" procedure. |
‘Start by determining the windspeed at
which the energydisfribution curve foryour A
site hits a peak. See Chapter 3 for more
" details on measuring such. a dlstrlbutlon

Allow this peak-energy windspeed-to- be
your first cut” at a rated wmdspeed—the

"speed at which your machine attains its

rated powér By this choice, you are approxn
mately centering the machine’s prime powdr—
producing range under the wind resourc‘e
___curve. La@r refinements in your_desigh
calculations may be necessary, butthis first
~ pass should give you a wind machine fairly
well matched to the site.

The design procedure will be illustrated
by an example of a typical small wind gen-
erator. Suppose you have an-electrical
generator with a rated power output equal

to 1000 watts. You have monitored the winds

¥ * power to

Step1 Calculate tme notor dlamefer Use Equa- -
K tion 1 to ;guate the generator rated

e oulput power of your
. System at the peak energy windspeed:

In ourexample E 025 V=15,and K=431 .
for power expressed in watts and windspeed
in mph Assume C,= CT—1 -Then, ~ ~ .

1000 = ‘/W53XAX025X431

1000
1/2><ooo.23><153><025x431

A= 2391 ft? .

or A—

Then the diameter of this machine is D= 17.5
feet. Had we assumed a higher system effi-
ciency, say 35 percent instead of 25, We
would need a smaller rotor, D = 14.7 feet, to

x
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develop the same rated power A hlgher
peak-energy windspeed, say 20 mph instead
of 15, would also result in a smaller diam-
eter, D = 11.3 feet.

~ Step 2. Match the rotor/generator to the site
winds either by matching the rotor rpm

direCt/y or thfough selection of an ap- ”

speed ratio /nto the range appropr/afeu ,

for your -machine.

 If a low-speed generator (DC battery-charger
type) is selected, {ry to usethe rpm required
by the generator at its rated power as the
_rotor rpm at the peak energy windspeed. In

ourexample, suppose the generator requires

" 300 rpm to achieve its rated power of 1000

watts. Then 300 rpm could be chosen to be

~ therotorrpmat 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

apppop,rlaie_vaLue,__ B
Im a constant-rpm wmd{machme, such
as an AC device where the rotor drives an
induction motor linked to the hduse wiring,
the generator rpm must hold very elosely 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 rotorrpm in our example would be about

. s

300'(TSR = 12.5). To achieve 150 rpm (TSR

=6.2), a 12:1 gear ratio is required.

Step3 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.

AtaTSR=6,a solidif’y of'0.05 and a three-

bladed rotor are the best ChOlces torour ™

example
z

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 multiplying 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, which is 8.75 feet (17.5 + 2) in
our example. Thus,

SRA=5X@>%95=411

SRs=6X3+875=206,
SRc=6X2+875=137.

o

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 actual design
calculations. ‘

ROOT
CENTER |{-
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Step 5. From the fol/owihg graph, fevaG. ‘From the following gre;ph, read vallies

(Greek “phi”) for each station. : \sta,.gon.

, 60 32
50 28
¥ ’(7) ' - .
/a_ 3 40 \ . 2.4 .
2 |\ \
:9 s
. o ‘ |
L] [ 9 30 % 20
o . e . Ny \
, s T : , v
. ' E —N N 5 16
) § \\ / 8 \
- | ; o
N . / g , ' v T
N \-\A- y A“-v \\
. : % 2 4 6 8 0 98 \
' Speed ratio, SR ’ \I\
o , - 0.4 — ‘\
In our example, ¢ S | T

N by 6@0 = g/
;M‘ -l
Bald-H)
¢5(2.06)
Lpc137)=241°.

—176°, In our.example, .

SRS SPg=1.10, o

priate values of the wind angle ¢ ~~ _of the Shape Parameter SP foreach .




‘Appendix 3.3: Simplified Hntfiﬁr Design

Step 7. Choose an airfoil 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 FX60-126 airfoil as used
in that box. At the maximum lift-to-drag ratio,
- L/D =100, this airfoil Has a lift coefficient G,

= 1.08 at an angle of attack equal to 5
degrees. Repeat this step-for as many air-
foils as you care to try, uding drag polar
plots from the references. We contlnue here
with the FX60-126. f

Step8 At each radius station, ca/culate
S chord Iengths using the formula:

_ Ir'XSP |
" C. XN’

where r is the radius at each stat/on
and N is the dmber of'blades.

\«kls

- Ifris eXpress Zin feet, then the chord
lengths ¢ will be glven Ln feet multlply by 12

o H08X3 % .;.;s;rp,
| 6X037 o |
Ca= Jogx3 —0B9M=8Zin),

A .

Ca=102ft (=122 in),
cc=1.60ft (=19.3 in).

. Lift coefficient, C

=

. 23

16
* EX60-126

12

o
fool

|
I
|
|
|
|
|
|
| v |

16
1?'2
08

10.4

0.004

' 0008\012 /
Drag coefﬁ(:lent CD |

=04

.4 -8

Angle of attack {degrees) °

Drag polar plot for the FX60-126 airfoil.

Step 9. Calculate the blade aspect ratio AR
g which is just the blade span divided by
the average chord length. . {

From Step 8, the average chord length ¢ is:

o= O.4Q+O.691—1.02{1;60 —094ft
The blade span, or total radius, is 8.75 feet

s@"ihe aspect ratio is,

= 875 _
AR*,094<_

93..

B

Lift ‘Goefﬂ‘cient, C b
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N o
"Step 10. The lift coefficient curve mustnow be
corrected for the' blade aspect ratio.

This empirical correction adjusts the
angle of attack for.optimum L/D. Star}
with the angle of attack a, where the
lift curve crosses the x-axis. Then the
corrected angle of attack a. is given
by the formula: »

I
CHOBD LINE P

T st —— —— o, e ——a pm n wat amn —— —— — — —

PLANE OF ROTATION

. SPEED RATIO=u/V

WINDSPEED=V

BLADE ANGLE ()

G o 3
8:=8,+ DTL1 x(1+ AR)
where C_ is the lift coefficient at op-
timum L/D and AR is the blade aspect
ratio from Step 9.
In"our example, C, = 1.08 and AR'= 93.
From the drag polar plot on page 223, note
that a, = —5°, approximately. Thus,

hommst 198 (14 &)

011~ 93
= —5+ 982 X 13225
2 —5 +13 = 8°

For more mforrnatlon on this aspect ratio
corre tlon ConsultAlrcraft Des:gn by K: D.

Woo

Step 11. With this corrected angle of attack
a., &alculate the blade angle 0 (Greek
“theta”) from the formula,

0= ¢V ag, @
where the wmd angle ¢ is taken from '
Step 5.

In our example, a; = 8.0°, so,

6 = 6.5~ 80 = —1.7°,
6,=90 — 80 =10°,

fo= 176 —80 =96,
Bc=241-80=16.1°.

o~
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Step 12. Now make an accurate 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.

Atthis point,you can experiment with 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

. the Bibliography. | o
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Water Consumption Tables

In order to determine the appropriate size of the pump androtorina
wind-paowered water-pumping system, you should first estimate the
flow rates likely to be required. These estimates will depend upon

k"the intended uses for the water and the frequency of use. But only

rough estimates are pr:‘actlcal because dlﬁerent usgrs may hav%f\

very different habits of water use. =
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
Depending upon the dryness of climate, lawn-watering can require
up to 100 gallons per day for each 1000 square feet of lawn.
Farm water use is more-complex: The-ameount of waterusedfor

denklng purposes, for example, will depend on the number and

type of animals, their age, the air temperature, and the feed or

pasturage being used for them. Average water requ1rements 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.

—
A




Appendix 3.4: Water Consumption Tables - 22 |
WATER CONSUMPTION OF LIVESTOCK ‘ : WATER CONSUMPTION OF FOWL (per 100 birds)
Animall , V Conditions ‘Gallons ﬁér Day | .Animal -+ Conditions Gallons per Day
Holstein Calves, 4 weeks old " 12-1.4 | Chicks 1-3 weeks old . ) 0.4-2.0
—8weeksofd— "7 7 T T TR T T T T T " 3l weeksold T T T 430
12 weeks old 2224 ~ 6-10weeksold” T3040
: 16 weeks old S , 3.0-3.4 o  9-13 weeks old _ } 4.0-5.0
20weeksold, - . 3.8-43 , . :
' , : Pullets — 3.0-4.0
26 weeks old , 4.0-5.8
o _ Hens Nonlaying i 5.0
Dairy Heifers Pregnant 7.2-8.4 o . \ ,
. - Laying (moderate temperatures) 5.0-75
Steers Maintenance ration . ) 3 4.2 '/ - Laying (temperature 90°F) * - .90
' " Fattening ration “ LG 8.4 : ; |
' } Turkeys . 1-3weeks of age , 8-18 -
LS LT - . )
Jersey Cows - Milk production ¥2-32 gal/day 7.2-12.2 : 4-7 weeks of age 26-59
,, _ i © 9-13weeksofage . - 62-100
Holstein Cows Milk production 2V2-6 gal/day - - 7.8-21.9 : .
: , ‘ 15-19 weeksofage , . - 117-118
Milk production 10 gal/day 22.8
. . 21-26 weeks of age 95-105
Dry ‘ 108 . ) : L
Piglets Body weight = 30 Ibs. : 0:6-1.2
Body weight.= 60-80bs. 0.9 L. )
Body weight = 75-125 Ibs. . 2.0 ' : .
Body weight = 200-380 Ibs. . 1.4-36
Sows - Pregnant | 3.6°4.6 s
Lactating ' 4.8-6.0 -
Sheep | On range or dry pasture ' 0.6-1.6 L
On range (salty feeds) 20
O rations of hay or grain 0.1-0.7 ‘ _ ,
On good pasture v Very little ) l '
) _
i . y

o i
N
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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 whle startlng Such a surge
have and how you use them. To determine ~ doesn't contnbute;very much to the energy
these needs, you must.examine all your  demands,butit might putan excessive load

4 appliances—including electric heaters, .on the batteries, lr\verters or Gther dellcate
power tools and lighté—and monitor or * system components .
estimate their use patterns. First determine In real appllca ns, all the efectric de-
; SO, the pawer Qrawn by each appliance—ubually  vices will rare|y, nf'éver B‘e on at the same :
¥ ) ~ =+ - 7 expresSed in watts or horsepower and written time. The maximum (or “peak”) power that

on a data label somewhére 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 tabte 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 tevice is in use. For

table is intended as a rough guide; more  devices such as television sets, toasters,

accurate power estimates require specific "“not curlers, lights and kitchen appliances,

information about the appllances you are  this_estimate should be easy: you or your -~
using. ‘ family-cgtermine how long they'reon. =~ .’
If all the appHances were “on” at the For er devices like refrigerators,
same time, t ower drawn would be the  freezers, and electric water heaters, a ther-
, ) sum of thef rated- power levels of all the ‘mostat controls the.on-time or “duty cycle.”
appliances.™¥n 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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Watts Hours/Month kWh/Month
Household Appliances >
Air conditioner, central e — ) 620
Airconditioner, window (2)  ~ . 1566 . 74 116.
Blanket 190 80 % 15
Blender 350 3 1
. Bottle sterilizer w 500 30 < 15
Bottle warmer © / 500 3
Broller . 1,400! 8.5 -
Clock = 1-10 — ©1-4
Clothes drier : | 4,600 20 92
Clothes drier, electric hea‘ﬁf (,641/2) ‘. 4,856 18 86
Clothes drier, gas heat - 325 18
Clothes washer — — 8.5
Clothes washer, automatic - 250 12 .
"’6Iothes washer, conventiorial : 200 12
Clothes washer, automatic " 500 18
Clothes washer, wringer 275 15 .
Clippers 40 - 60 - — 05"
~ Coffee makér 800 15 12
Coffee percolator 300 - 600" . i— 3-10
Coftee pot _ , 900 10 . 9
Copling, atticfan (1/6 - 34) " 124 - 560 — 60 - 90
Codling, refrigeratiQ§n Cwg — - 200-500
. Corn popper 460 - 650 — 1
Curling iron 10-20 " 0.5
Dehumidifier " 300-500 — 50
Dishwasher 1,200 30 36
Disposal ('2) 375 R
Disposal 500 3
- p——i o

.1!

S e

POWER AND ENERGY REQUIREMENTS OF ELECThIC APPLIANCES

Item (with Horsepower)

<l
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POWER AND-ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES 1
ltem (with Horsepower) - Watts Hours/Month .  kWh/Month “
oniny . - 250 2 5 =
Electric baseboard heater 10,000 160 1,600
Electr_écuter, insect 5- 250’ — 1, o
Electronic oven 3,000 - 7,000 — 100
Fan, attic  (v2) 375 65 ’ 24,
1" Fan, kitchen o 250 30 8
Fan, 8 - 16 inches 35-210 — 4-10
Food blender E 200-300 - — 05
. Food warming tray . - 350 20
Footwarr,pér B 50 - 100 — 1
Floor polisher v 200 - 400 — 1
Freezer, food, 5-30 cu. ft. 300 - 800 — 30- 125
| Freezer, ice cream 50 - 300 — 0.5
’ Freezer, 15 cu. ft. 440 330 141%::
Freezer, frost free - 440 180 57
- | Fryer, cooker N 1,000 - 1,500 — 5
Fryer, deepiat _ 1,500 6
Frying-pan~ ) . 1,300 12 14.5
_ Furnace, electric control © 10-30 — 10
Furndce, oil burnef 100 - 300 — 25-40
Furnace, blower 500 - 700 —_— 25-100
Furnace, stoker . 250 <600 — 3-60
" Furnace, fan , — — 32 -
Garbage disposal equipment (Vs - ¥3) 190 - 250 — 0.5/ -
Griddle o 450 - 1,000 — s |7
Grill 650-1,300 — s |
Hair drier 200-1,200 | " — 0.5-6
_ Hair drier 400 5 2/,
Heat lamp 125 - 250 — 5
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POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES
Item (with Horsepower) Watts Hours/Month  kWh/Month
~ Heater, aux. | \ 1,320 30 40 N
Heater, portable ) 660 -2,000 — 15-30
‘Heating pad 25-150 — o
Heating pad 65 ‘ 10 1
| Heat lamp ' 250 10 3
 Hi-Fi stereo - — 9
“Hot plate 500 - 1,650 * — 7-30
 House heatfg 8,000 - 15,000 — 1,000 - 2,500
| Humidifier B 500 — 5-15
Fron 1,100 12 ;13
" lroner 1 500 12 18
Knife sharpener 125 — 0.2
‘Lawnmower 1,000 8 8
Lights, 6 room house in winter — — 60
Light bulb ' 75 120
Light bulb 40 120 4.8
Mixer 6 1
Mixer, food ) — 1
Movie projector —_ —
Oilburner 100 50
Oil burner (Va) 64 16,
Polisher 6 2
Post light, dusk to dawn = — — .35
Projector P 500 4 T
Pump, water (37/5) 450 44 20
Radio, console 100 - 300 — 5-15 '
Raaio, table " 40-100 — 5-10 *
Range 850 - 1,600 — - 100-150 =
Record player 75-100 — - 1-5
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L

- POWER AND ENERGY REQUIREMENTS OF ELECTRIC APPLIANCES

Item (with Horsepower) Watts Ho'ur_s(Month kWh/Month
Recorder, tape 100 10 1
Refrigerator i 200 - 300 — 25-30

,vRefrigerator, eonventional § = — 83 —~
Refrigerator-freezer 200 150 30
Refrigerator-freezer, 14 cu. ft. 325 290 - 95
Refrigerator-freezer, frost-free 360 500 180
Roaster 1,320 30 40
Rotisserie 1,400 30 42
Saucepan ~300-1,400. = 2-10
Sewing machine 30- 100 —  T—os5-2
Sewing machine 100 10 1
Shaver 12 — 0.1
Skillet 1,000 - 1,350 - — 5-20 °
Skil-Saw e T 1,000 6 6 -

" Sunlamp 400 10 4
Sunlamp 280 54 15
TV, black and white (AC) 200 120 = 24
TV, color (AC) ' 350 120 42
Toaster 1,250 4 - 5
Typewritefﬁ 30 15 . 5
Vacuum cleaner 600 10 6
Vaporizer 200 - 500 — 2-5
Waffle iron 550 - 1,300 — 1-2
Washer, automatic 300-700 — 3-8
Washer, coaventional (AC) 100 - 400 — 2-4
Waterheater (6) /, 4,474 90 | 400
Water heater 1,200 - 7,000 — ~ 200-300
Water pump, shallow.  (12) - ., 35 —_ 5-20

Water pump, deep (va-1) 250 - 746 — 10-60.

#
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POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT . (

P

°

It‘gm Horsepower Watts Kilowatt-hours
,Barn Equipment " |
Barn cleaner 2-5 1,500 - 3,750 120 per yr.
Corn, ear crushing 1-5 750 - 3,750 5 per ton
Corn,'ear shelling Ya-2 185 - 1,500 1 per.ton
Electric fence — 7-10 7 per month
Ensilage blowing 3-5 2,250 - SJ.SQ 2 per ton _
Feed grinding -7 750-5,600 © Va-1vaper 100 Ibs.
Feed mixing Va-1 375 - 750 1 per ton '
Grain cleaning Va- Ve 185-375 1 per ton
Grain drying 1-7% 750-5,600  5-7 perton
Grain elevating’ ., Va-5 185- 3,750 4 per 1000 bu.
Hay curing 3.7 2,250-5,600 60 perton
Haéhoisting ‘ Yo-1 - 375-750 3 per ton
-Milking, portable Ya - Ve 185-375 14 per cow/mo.
“Milking, pipeline ¥ -3 375-2,250  2Vzpercow/mo.
Silo unloader 2-5 1,500-3,750  4-8perton
Silage conveyor T—B 750-2,250 1-4perton
Stock tank heater 6 — --200-1,500  varies widely
| Yard lights ! - 100-500 10 permo.
Ventilation 1/6-Va 125:- 250 2 - 6 per day per 20 cows.
Milkhouse E;uipment :
Milk cooling Ye-5 375-3,750 1 per 100 lbs. milk
Spaceuﬁeater, - — 1,000 - 3,000 800 per yr.
Water heater ' — 5,000 -{§.OOO 1 per gal.
Poultry Equipment | |
Automatic feeder | Va - Y2 185 - 375 10 - 30 per mo.
Brooder 200 - 1,000 V2 - 1 V2 per chick

per season

\,
\

-
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POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT

: i
POWER AND ENERGY REQUIREMENTS OF FARM EQUIPMENT

Item

Horsepower Watts Kilowatt-hours ltem Horsepower  Watts Kilowatt-hours
Burglar alarm — 10-60 2 per mo. Misceiianeous '
Debeaker — 200 - 500 1 per 3 hrs. Farm chore motors %2-5 ' 375- 3,750 1 per hp per hr.
Egg cleaning or washing — — 1 per 2000 eggs Insecttrap d — : 25-40 3 per night <
Egg cooling ' 1/6-1 125-750 1 Vs per case Irrigation pumps 1and up ""7750 and up 1 per hp per hr.

*Nightlighfing ~ — » 40-60 10 per mo. per 100 birds l Wood sawing 1-5 750 -3,750 2 per cord
Ventilating fan — . 50-300 1 -1 V2 per day B J ’
Water warming — 50-700  varies widely
Hog Equipment | )
Brooding — 100 - 300 35 per brooding period
per litter ' o
Ventilating fan — 50-300 Ya - 1 V2 per day 5 .
Water warming — 50-1,000 30 per brooding period :
: : per litter ; v
Farm Shop ) -
Air compressor Va- V2 185- 375 1 per3hr. - P
Battery charging — 600 - 750 2 per battery charge
Concrete mixing- Ya-2 185 - 1,500 1 per cu. yd.
Drill press 176-1 125 - 750 V2 per hr.
Fan, 10-inch = 35-55 1 per 20 hr ‘ N
Grinding; emery wheel Va -3 1y85 -250 1ger 3hr.
Heater, portable — 1,000 - 3,000 10 per mo. ,
Heater, engine — 100 - 300 1per5hr. *
Highting N — 50 - 250 4 per mo, { o .
Lathe, metal Va - 1. 185-750 1per3 hr
Lathe, wood - Ve - 1 185 - 750 1per3hr.
. Sawing, circular, 8 - 10inch Ya-V2 250-375 V2 per hr.

Sawing, jig Va -3 185-250 1 per3hr. ‘ .
Soldering, iron — 60 = 500 1 per5hr. |
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GLOSSARY

'

AC—alternating electric current, which re-
verses its-direction at regular mtervals
see also current.

airfoil—a curved surface deS|gned to create
‘aerodynamic. lift forces when air flows
around it.  _ ,

_ampere, or amp—a measure of electrlc 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. -

mampere-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 instrument used for meas-
uring the windspeed. |
asynchronous generator—an electrical 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 atthe
correct. frequeney or phase; see also

"s,ynch,ronous 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

wmd machine.begins to produce power.
cut-out speed—the windspeed at which a
wind. machine is shut down to prevent
hlgh—wmd damage; Also called fur//ng
-speed. :

Darrieus rotor—a verticgl-axis, lift-type rotor,
generally with tweor three blades, that
has high-efficiency and low torque.

) DC——dlrect electrical current, which flows i in ~

'« only one direction- -along a wire.
drag—an aerodynamic force -that retards
themrmal motion.of lift-type rotor blades,
S or actually causes vane motlon and
produces power in drag type wmd ma-
- chines. e

eTficiency—a number, usually expressed as

- a percentage, equal to the power out-_

--put.ot-a device divided by the input
. :power to that device; see also power
coefficierit ﬂ
energy—a measure of the work that mlght
_be,or has been done, usually expressed
in kilowatt-hours (kWh) or horsepower-
hours (hphr); see also WOrK.

fantail—a pﬂropellor—type wmd rotor mounted

sideways on a larger wind machine (hoti-
zontal-axis) and used to keep that ma-
chine’aimed into the wind.

- fetch area—the terrain over which the wind
‘ usually blows before reaching a wind

R

—

machme or turblne

wind: machine must be shut down to

prevant hlgh -wind damage; also calted

cut-out speed. o

B

gear ratlo-——a ratio of the rotational speeds
(in rpm) between the rotor powershaft
and the pump, generator, or other devrce
powershaft; the term applies both to
speed-increasing and speed- decreasrng
transmissions.

gin pole—a pipe, board or tower used for

improved: leverage rn ralsmg a tower b

by

head——the total helght a pump must lift water.
horsepower (hp)—the standard English sys-

tem measure of power, equal to 550
foot—pounds per secend; see also power.
horsepower-hlour (hphr)—a measre of en-

~énergy and horsepower |

’

inverter—a device that converts direct cur-
rent to alternating current; see also AC,
DC and synchronous inverter. = %

A

kilowatt '(kW)g—a measure of power in the

metric: system equal to 1,000 watts; see .

also watt and power.
kilowatt-hour (kWh)—a measure of electrical
energy in the metric system equal to
1,000 watt-hours, calculated,by multiply-
ing kilowatts times the number of hours;
- see also k//owatt horsepower and watt

P P
i . ’ 5

~ergy in the English _system; see also |

__furling speed-—the windspeed-at-which the
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lift—the aerodynamic ‘for"ée that "pulls” a
ro_tor_btéde along its rotary path.

megawatt—a measure of power in the metric
system, equal to one million watts or
1,000 kilowatts; see also watt and Kilo-
watt

panemone—a drag type vertloal axls wind
machlne the term could describe a Dar-
rieus rotor, but is generally used only for
drag-type machines. ,

power—the rate at which work is performed

or energy is consumed; mechanical
power is equal to force times veloorty, '

~ .while electric power is equal to the volt-
age times the amperes. of current flow
power coefficient—the ratio of power output
- topowerinput, usuallyforawrnd machine
. rotor; often referred to as the effrolertoy,
see also efficiency, rotor efficiency, |

rated power—the expected power output of
“a wind, machine, either its maximum"
pewer output or an output at some wind-
speed less than the maximum speed
before governing controls start to reduce
the power

‘rated speed—the wrndspeed at whloh at |

3

‘wind machine delivers its rated power, it
can.be the speed at which a governor*
takes over or a lower wrndspeed see |
also rated power. |
resistance—the tendency of alrhost amyr

return time—the time elapsed before the

wrndspeed returns to a:higher, specified

. value, such as. the cut—ln speed of a
windmill or rotor. :

rotor—the rotating structure of a wmd ma-

chine, also called the wmd-wheel that

includes blades and powershatft 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 »»axie,: ‘d[ag-type '
rotor that generally has tow efficiency

but high starting torque.

sine wave—the type of alternating Current“_

generated by utilities, rotary lnverters and
AC generators. :
solidity—the ratlo of the blade surtace area
% a rotor to the total frontal area (or
swept area)-of 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 stereds and TV sets adversely.
synchronous generator—an alternating-
current generator which operates togeth-

er with another AC power source and,

must turn at-a precise rpm to hold the
frequency and phase of its output current

The Wind Power Book

‘equal to those of the AC source; see
R also AC, DC, inverter. :

1548
A\

electrical device ‘to |mpede the flow of
,\ *C- - electrical ourrent
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synchronous inverter—an electronlc device
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
atthesame frequency as the outside AC
source; see also'AC, DC, inverter. ‘

torque—the moment of force produoed by
the rotor blades that causes a power-
“shaftto turn. .,

tUrbuI,ence—,raprd Windspeed fluctuations;

.~,gusts are maximum values of wind
*turbulence.

-

. ycoltage*the electrical potential, or pressure,

that.causes current to flow through a
wire; it is measured in volts.

5

\

- watt—a measure of electric power in the

metric system, equal to one ampere flow-

ing through a potentral drtference otone

volf

watt-hour—a measure ot glectrical- energy,

“in the metric system, equal to one watt
times one hour see also watt k//owatt-
hour. CE :

wind furnace—a wind system that conve,gts.‘*

available wind power into useful heat
see also wind mach/ne

wind generator—a wind machine that pro-
.duces electrical power see atso wind

mach/ne T _

S .k—

wind machine—a device that extracts useful
power from the wind, but mainly one that
produces a mechanical or electrical out-
put; also called wind. system or wind
turbi

windmifi—an archaic term for wind system

that is still- used 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. 5
wind rose—a two- drmensronal graph show—
- 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.eagh windspeed, for a given site.

| windspeéd profile—a two-dimensional graph

indicating how the windspeed changes
with height above the ground or water
wrndwheel—see rotor :
work—a form of mechanrcal energy equal
"to a force multrptred by the distance
t;hoved 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

I
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N , ‘rr propellor-type rotor, 95-99, 99 ' Enhanced-performance maohlnes 86
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M gl
of Amenca’s feading authorities on small
wing-power syslems. He has designed
and built dozens of small.wind
machines, ncluding a series of wind
generators marketed Dy Kedco, Inc. He

’ w(1981) President of the

Wind rraz:{g? Association.

| previously as Vic

f;féi?ﬁlé_i!“ mu« s also me
sident of Hetion, Inc . a
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Jack 1as served on the Facul ty of
é@dddrd College and the Southern
Caltarnia Institute of Architecture,
teaching courses on renewable energy
technology and apptications. Formerly
technical editor of the Wind Power
Digest, he has contributed many articles:
to that journal and ta Alternative Sources
of Energy Magazine. He has two
previous books to his credit Simplified
Wind Power Systems for Experimenters,
published by Helion and Wind Power for
Farms, Homes and Small Industry, a
D@mﬂm@«m of Energy publication he
wrotle with Richard Schwind

When not away lecturing or consulting,
Jack tves on nis northern California
ranch with his wite He len—and therr
many windmitls and farm an mals.







